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Basic Chemistry

Thiz Crunosihy posser on Mars.

AP on August 6, 2012, NASA's Curosify rover successfully landed on the surface

of Mars. Previous misslons, including the leng-ived Spint and Opporfumify rovers,

focused on exploring the planet and detecting whether water once existed on Mars.

Curiosiy was designed 1o explore whether Mars at one time may have had the

conditions to support life by looking for elements that we know are associated with L3 Chemistry of Water B

life on Barth. 14 Acids and Bases 12
Curiosiy possesses 8 collection of highly sophisticated instruments that can

detect trace levels of specific elements and minerals in the Martian soll and rocks.

For example, ChemCam uses a small laser to blast away portlons of rocks. As

the rocks are waporized, another instrument records the types of elements and

maolecules that are released. ChemCam can determine whether the rocks were

formed in the presence of water, a molecule that is essential for life as we know it

Amcther set of experimenits |s called SAM (Sample Analysis at Mars), which contains

an instrument, called a spectrometer, that can be used 1o detect the presence of

caron, pdrogen, nitrogen, and oxygen in the Martian sodl. Other spectrometess on

Curiosify are also able to detect the presence of elements and chemical compounds

that are assoclated with life. in its first year of operation, Curlosity detected water in

the soll of Mars, and it Is providing insights inte whether the conditions on Mars may

have supposted &fe in the past In the process, we may better understand how life

evotved an our planet.

Az you read througih the chapter, think about these Essenthal Questions:

1. Why do Inving crganisms require matter and free energy, and from where oo they
get it? ZRAAS

2. How do subatomic particles determine the chemical properties of an atom and its
bonding tendencies? 38343 2AZ g3

3. How are water's umque properties impomant o life on Earth? S0830E3 8560

CHAPTER QUTLINE
1.1 Chemical Elements 2

1.2 Molecules and Compounds &

1 R E Fadsg Biniogy T

FoLLowiIng the BIG TDEAS

kKnowledge of the properties of atoms, the bonds they make, and the unlgue properties they possess help expiain
the structure and functions of life systems.

alech HMSSE

BIG IDEA )
The chemistry of life, 1= atomic and molecular structure, will explan how [ife works at al levels of organization.
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1.1 Chemical Elements

Learning Outcomes

Lipan comphetion of this section, you should be able 1o

1. Degeribe how protons, neatrons, and electrons relate o
aboemic sruciure.,

2. Use the periodic lable o evaluabe relatianships betwesn
atormic nurnber and Mass riumbeer.

3. Deetcribe how warialaons in an slomes nucheus sccount bor
its physical propesties.

&, Determine how electrons are configured around a Aueleus.

Throw a ball, pat vour cat, rake lesves, turn a pape; evervithing
we touch—om the water we drnk to the air we breathe—is
composed of matter. Matter refers o anything that takes up
space and has mass. Although matter has many diverse forms—
anvthimg from molien lava bo kidney stones—it exisis in only four
distirect states: solid, lquid, gas, or ].'ll..i‘\.l'l'l.ﬂ.

Elements

All matter, both nondiving and living, is composed of basic sulb-
stances called elements. An element is a substance that cannot be
broken down to simpler substances by ordinary chemical means.
Each element has its own unique properties, such as density,

solubility, melting point, and reactivity. It & quite remarkable
that, in the known universe, there are |.'||:'|]'. 42 naturally ocourring

elements {see Appendix ) that serve as the budding blocks
of matter. Other elements have been artificially constructed by
physicists and are not biologically important.

Both the Earth's crust and all organisms are composed of
elements, but they differ as to which ones are commaon. Chnly
six elements—carbon, hvdrogen, nitrogen, oxygen, phosphors,
and sulfur—are basic to life and make up abowt 95% of the body
weight of organisms. The properties of these elements are es-
sential to the uniqueness of cells and orgamsms, such as both
the hiuman and the teee in J-':Hun_' 1.1. Other elements, such as
potassium, caloium, ron, magnesiom, and znc, ane also mportant
i life

Atoms

In the early 18005, the English scientist John Dalton (1776
1844 Jr_'n.l.-JLIPLLf the atowinic theory. which LAV that ebenernis
consist of timy particles called stoms (Gl |IE|'m|:l:. “uncut, indi-
visible™). An atom s the smallest part of an efement that dis-
plays the properties of the element. An element and its aboms
share the same name. One or two letters create the atomic
symbaol that stands for this name. For example, the symbol H
means a hydrogen atom, the symbol En stands for radon, and
the ‘-'nl.'l.1bi.1] Ma (L. rndrinm) is wsed For a sodism atom
E:"h:.'.mu-l.ﬁ have identified a number of subatomic parbcies
that make up atoms. The three best-known subatomic partickes
are positively charged protons, uncharged neutrons, and nega-
tively charged electrons. Protons and neutrons are located within

Figure 1.1 A comparison of the slements that make up the Earth’s crust and living organisms.  The grogh inset shows that the
Earih’s crnust primarly comains the clemanis siboon [SiL aluminem [Al}, and moggen (O Living organisms, such s the tree and hurman, peimarly cantain

the alements axygen {0, nitrogen {N}, carkan [, and fnydeogen (H) Bickogical molecides slso ofion contain the slements sulha [S] and phosphonss [F)

14 1 i




CHAFTER 1 Basic Chemistry

the mucleus of an atom, and electrons move about the nucleus.
Figure 1.2 shows the arrangement of the subatomic particles in
a hebium atom, which has only two eectrons. Since the precise
location of the electrons i difficult to establish, we often indicate
their probable positions using shading (Fig 1 20). When we ame
using a masdel of an alom—for exampie, o predict a chemdcal
reaction—we indicate the average kocation of the elecirons using
electron shells (Fig. 125

The concept of an atom has changed greatly since Dalton’s
day. Today's physiclsts are using high-energy supescolliders, such
as the La.tge Hadron Collider in Europe, to explore the intricate
structure of the atom.

It is also iwportant to note that the majority of an atom is
empty space_ If an atom could be drawn the size of a football feld,
ihe nuclews would be like & gumball in the center of the feld,
and the electrons would be bny specks whirling about in the
upper stands. We should also realize that both of the models in
Figure 1.2 indicate only where the electrons are expected to be
mast of the tme. In our analogy. the electrons might very well
stray outside the stadium at Hmes.

Atomic Mumber and Mass Mumber

Atoms have not only an atoemic svenkbol but also an abomic number
and a mass number. All the atoms of an element have the same
number of protons housed in e nocleus. This s called the atomde
numiber, which accounts for the unique properties of this type
of atom. Generally, atoms are assumed o be electrically neutral,
meaning that the number of electrons is the same as the sumber
of protons in the atom. The atomic number tefls vou not only the
number of protons but also the numbser of electrons.

= jproion
= naubron
§ = oiectron
a b
.l::r- e ":.*_w-: j
Elexiric Atomic Mass Unit
Particla Charge [AMLY LLocatian
Broton +1 1 Mo
Meutron 1] 1 MuCious
Electron -1 ] Eferciron sheil

[t

Figure 1.2 Model of helium (He).  Atcems contain substomic
particies, which ane located as shown. Protons and neutrons ara found
within ther nucliews, and elecirons ane outside the muckeus. a. The shading
shows the praboble lacation of the elecinons in the helium stom. B Tha
average localion of an eleciron & sometimes represenied by an eloctson
shll €. The slectric charge and the afomic mass unils (AU of the
submomic partdes vary os shown

Each abom also has (t8 own mass aamber, wehich 15 the sum of
the profons and newtrons in the nuckeus. Probons and neutrons are
asshgred one atomic mass unit (AMLU) each. Electrons are so small
theat their AMU is considered zero in most caleulations: (Feg. 1.2¢).
By convertion, when an atom stands alome (and not im the periodic
table, discussed next), the atomie number 5 written as a subseript
to the lowes left of the atomde symbol. The mass nember ls written
as a superscrigt bo the upper beft of the abomic symbaol:

s number —1

Whereas each atom of an element has the same atomie number,
the mumber of neutrons may vary slightly. laotopes (G, isog,
“equal”} are atoms of the same element that differ in the number
of nevtrons. For example, the edement carbon has three naturally
oceurring lsotopes:

I‘EC lzc IEC

It is important o nobe that the erm mess 5 used, not weigld,
because mass is constant, while weight changes according to the
gravitational force of a body. The gravitational force of the Earth
is greater than that of the moon; therefore, substances weigh
less on the moon, even though their mass has not changed.

The term atomic mass refers to the sverage mass for all the
isobpes of that aom_ Since the majority of carbon i carbon 12, the
atowmie mass of carbon i closer to 12 tham bo 13 or 14. To debermine
the numiber of nedtrons from the atomic mass, subiract the numbes
of protons from the abomic mass and take the closest whole number.,

—— JIOATEC T
%—Hmw

77 ——

The Periodic Table

Onee chemists discovered a number of the elements, they began
to realize that even though each element consists of a different
atomy, certain chemical and phyvsical chasacteristics recur. The pe-
rindic table, developed by the Russian chemist Dmitri Mendeleey
(EB34-1907), was constructed as a way to group the elements,
and therefore atoms, according ko these characteristics.

Figure 1.3 §s a porthon of the perodic table, which is shown
in total in Appendix O In the periodic table, the horizontal rows
are called penods, and the vertical columns are called groups.
The atomic number of every atom in a period increases by one
if vou read from left to nghl All the atoms in a group share
similar chemical characteristics, namely in the tvpe of chemical
bonds that they form. For example, the atoms in group VI are
called the noble gases, becanse they are inert and rarely react
with another atom. Helium, neon, argon, and krypton are all
examples of noble gases.



aicemic nusmber
atcemic symibol
A Ul 118 Y
Alslesl7]|s]|a]»
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Figure 1.3 A portion of the periodic table. In 5o poricdic
table. slemaents o ksted in the order of thedr atomic numbers but ane
aranged =0 that anch clemaent i phaced inoa group (eamical colume] and
period fhorzomal row) All tha atams in a particular growp henee e samss
numbes of valence sle-cinons and therstore share comenon Chemical
charsctosistics. Each poriod shows the numbsar of slectron shells for an
clement. This abbreviated penodic fabde contains the elements most
mportant in bioiogy; the compiate peniodic table is in Appendia C

Radioactive Isotopes

Some sotopes of an element are unstable, or radicactive. For ex-
ample, unlike the other bwo solopes of carbon, carbon 1 changes
over Hme inbo nitrogen 14, which is a stable sotope of the dement
nitrogen. As carbon 14 decays, it releases variows types of energy
in the form of ravs and subatomic particles. The radiation given
off by sadioactive sotopes can be detected in various ways, The
Gelger counter is an instrument that is commonly used to detect
radiation_ In 1896, the French plysicst Antoine-Henri Becruerel
(1852-1908) discovered that a sample of urandum would produce
a bright Image on a photographic plate even In the dark, and a
similar method of detecting radiation = still in use today. Mane
Curie {1867-1934), wiho worked with Becquerel, coined the term
radivachiify and contributed much bo ks study. Today, biolo-
gists use radiation to date objects from our distant past, to create
irnages, and fo race the movement of substances in the body.

Low Levels of Radiation

The chemical behavior of a radinactne bolope is essentially the came
a5 that of the stable sotopes of an elenwent. This means thak you can
put a small amount :n‘r.udumhwmjnpemasnmpiea:ﬂrlhmmm
& brcer by wiach bo detect modecular changes. Melvin Cabvin and his
co-workers used carbon 1 fo detect all the varsous reactions that
ocour during the process of photosynthesis.

The importance of chemdstry v medicine i nowhere more
evident than in the many medical uses of radicactive stopes.
Specific tracers are wsed in imaging the body's organs and Hesoes.
For example, after a patient drinks a solutson contaming a minube
amount of iodine 131, i becomes concentrated in the thyroid—the
only organ to take i up. A subsequent image of the tnrodd inds-
cates whether it is healthy in structure and function (Fig. 1.4a).

Fositron-emission tomography (PET) & a way to determine the
comparabive activity of beswes. Radioactively labeled ghicose, wiach
emits 4 subatomae p.m-lu:]e]:mma a positron, is ingected ingo the
body. The radwabion given off is detected by sensors and analyzed by
amup-tn_ﬂhsmdinacdaruwmahhm1whthhm&hmt
taken up the ghscose and are therefore metabolically active. The red
areas surrounded by green in Figure 1.4 indicate which areas of the
brain are most active. PET scans of the brain are used o evaluabe
patients who hae memory disorders of an undetermined cause or
suspected brain tumors or seirure disorders that might benefit from
surgery. PET scare, uhiliring radinactive thallbum, can detect signs of
coronary artery disesse and koaw blood fow bo the heart

High Levels of Radiation

Radioactive ssrbstances in the emironment can harem cells, damage
DA, and case cancer. When Mare Curte was studving radia-
thon, its harmiful effects were not known, and she and many of her
co-workers. developed cancer. The release of mdioactive particles
following a meclear power plant sccident, & ocourred in lapan in
2011 ollowing a tsunamd, can have far-reaching and lomg-lasting ef-
fiects on human health. The harmiful effects of radiation can be put o
good wse, however (Fig. 1.5). Radiation from radssactive isotopes has
been used for many years to sterilize medical and dental products.
Radiation is now wsed to sterilize the US. mail and other packages
io free them of possible pathogens, such as anthrax spores. High
radiation is often used to kill cancer cells. Targeted radiolsobopes can
b inkroduced info the body, o that the subsiomic partcles emdtted
diestroy ondy cancer cells, with little risk to the rest of the bodyv.

Figure 1.4 Low levels of radiation.  a. Medical scan of the
thyroid gland [cofored image) ndicales the presence of a bumar that
does nat el up rackoactive iodine, b A posiron-emisson (omography
{PET) scan reveals which porthons of the brain are mast active (green
and red codors)

1 e i i L Pl e ce o e, [l g anyicl o So e, [ ortey o F Fatia nal i e s of sl £



CHAFTER 1  Basic Chemdstry

a. b

Figure 1.5 High levels of radiation. a. Radiabon used bo kil
baciesria and fungl an peaches reduces spollage and allavws tham to slay
fresh for a longer period of time. b. Physicans use tagebed radiation
thesapy 1o kil cancoer cels.

Electrons and Energy

Various models may be used to Hlustrate the structure of a single
atory. While the number of neutrons and protons may easily be
depicted, sinoe they are located in the nucleus, it i not possibie
o determine the precise location of any mdsadual electron al
any given moment. One of the more comnon modeds is the Bohr
model (Fig. 1.6), developed by the physicist Niels Bohr [1885-19%2).

In the Bohr model, the electron shells (also called electron
orbitals) aboat the nucleus are used to n.-].'m.-:-éﬂl the average
energy levels of an eleciron. Because the negatively charged
electrons are attracted to the pﬂm‘tueh {'Iﬂ:de nascleus, it
takes energy o push them away and keep them in thelr own
shell. The more distant the shell, the more energy it takes.
Therefore, it is more accurate to speak of electrons as belng at
particular energy levels in relation to the nucleus. Electrons
may move between energy levels. For example, when we ex-
pl-r:.ru the processes of photosynthesis, vou will learn that when
atoms absorb the energy of the sun, electrons are boosted o
a higher energy bevel. Laker, as the electrons

[F1]

shell = closest bo the nudeus and can contaln bwo electrons;
the sevond shell can contain eight electrons. In all atoms, the
lower shells are filled with electrons before the next higher level
containg any electrons.

The sulfur atom, with an atomic number of 16, has two
electrons in the frst shell, eight electrons in the second =hell,
and six electrons in the outer, third shell. Revisit the periodic
table {see Fig. 1.3}, and note that sulfur is in the third period.
In other words, the period tells vou how many shells an atom
has. Also note that sulfur is in group VI The group tells you
how many electrons an atom has in its outer shell.

Begardless of how many shells an atom has, the outeremost
shell is called the valence shell. The valemce shell s important,
because it determines many of an atom’s chemical properties. If
an atorn has only one shell, the valence shell B complete swhen it
has two electrons. In aboms with more than one shell, the valence
shell is most stable when it has eight electrons. This is called the
octet rule. Each atom in a group within the periodic table has the
same number of electrons in iks valence shell. As mentioned pre-
viously, all the atoms in group VI of the perbodic table have edght
electrons in their valence shell. These elements are also called the
noble gases, becawse they do not ordinarily react.

The electrons in |J'n.- valence shells plm an tmportant role
in determining how an element undergoes chemdeal reactions.
Aboms with fewer than eight electrons in the outer shell react with
other atoms in such a way that after the reaction each has a stable
outer shell. As we will see, the number of eecirons in an atom’s
valenoe shell determines whether the atom grves up, accepts, or
shares electrons to acquire eight electrons in the owter shell.

Check Your Progress 11

1. Contrast algsret number and mass number.

2. Examine the periods and groups from the periodic table to
dislerrine the sietlon canfiguration of chiane.

3. Explain how two Solopes of an element vary with regasd to
heir atamic structure.

I Pooo'S ey [rifferk Kosiich'Ge By imeege s

return bo thelr original energy level, energy
is released and transformed inbo chemdcal
energy. This chemical energy supparts all
life on Earth; therefore, our very existence s
dependent an the energy of electrons.

Let's take a more detailed look at the
Bohr models depicted in Figure 1.6. The first

ehaciron
elactrom shal
merchaies

‘u’dﬁn:e shaii .
carbson
12

i * ]
H W N

Figure 1.6 Bohr models of atoms.  Eectons
oftit the nuckeus at parbcular energy lewels (sloctron

shels) Thee first shell comtains up o two electsons, t &;
and theseafter aach shall is mos siabia when it
contans § siectrons. Atoms with an atomic number
abowe X may have more elecions inthelr auter
shiels. The outermost, or valenoe, shel helps
determing the atom's chemecal propeiies and how

ix 1l
PNy OEhaT ok mants. I Can inhorsct With. lu LFPI 1?5



1.2 Molecules and Compounds
Learning Outcomes
Upan compéetion of this section, you should be able 1o
1. Describe how elements sre cambined nto molsculesy
and compounds,
2. L=t the dl"ﬁfE‘ﬂl[j’p’HﬁTbﬂr‘m thal occur betwesn elements.

3. Explain the dGfference batween & poler and & nompolar
eovalem band,

A msalecule exxsis when two or mone elements bond together; it &5
the smailest part of a compound that retains it chemical proper-
tes. A compound is a molecule containing at keast two different
elements. In practice, these two berms ane used Interchangeably, but
in bsology we psually speak of molecules. Water (HO) s a molerule
that contizins atoms of vdregen and oxvgen. A formaula tells vou
the number of each kind of atorm in a molecule. For examgple, “the
formula for glurnse is:

one mobecule

CsH1206

T
A o = e T a . ik £ e

of carbon of hydragam of carggan

Electrons possess energy, as do the bomds betwesn atomes. Or-
ganisms are divecily dependent on chemicalbond energy o main-
taln thelr organdzatson, As vou may know, organdsomns routinely break
down glurose, the sugar shown above, o obtain energy. When a
chemical reaction ecours, as when glocose (s broken down, electrons

©@

sodium atom [Mal chicrine atom (1)

shift in thelr relatsonship o one ancther, and energy 5 released.
Spontaneous reactions, which ocour freely, ahvays release enargy.

Iomic Bonding
Sodium (Naj, with anly one eectron in iks valence shell, tends b
be an electron donor (Fig. 1.78). Once it gives wp this electron,
the sevond shell, with bs stable configuration of eight electrons,
becomes its outer shell. Chlortne (C1), on the ather hand, tends
0 be an electron acceptor. [is valence shell has seven electrons,
5o i it acquires ondy one more electron it las a stable outer shell.
When a sodium atom and a chlorine atom come together, an
electron is transferred from the sodium atom to the chlorine
atom. Mow both stoms have eight electrons in their outer shells.

This electron transfer, however, causes a charge imbalance
in each atom. After giving up an eleciron, the sodium abom has
one more prodon than it has electrons; therefore, it has a net
charge of +1 (symbolized by Na®). After accepting an electron,
the chlorine atom has one more electron than it has protons;
therefore, it has a net charge of =1 {svmbolized by C1°). These
charged partickes are called lons. Sodium (Na*) and chloride
{C1"} are not the ondy biologscally important jons. Some, such as
potasstum (K*), are formed by the transfer of a single electron
bo another atom; others, such as cabeium (Ca”*) and magnesium
i), are formed by the transfer of two electrons.

lonic compounds are held together by an attraction between
negatively and positively charged lons, called an bonde bond.
When sedm reacts with chlorine, an onic compound called
sodivm chieride (NaCl) resulis. Sodium chlorde is an example of
asalt. It s commonly called table salt, because i ks used to season
food (Fig. 1.75). Salits are solid substances that wsually separate
and exist as individual jons in water.

Figure 1.7 Formation of sodium chloride {table salf).  a. During the
formation of sodium chioride, an cleciron & ansfianred from the sodium atom 1o e

chiloring stom. Al he compiation of the neacton, sach atom has eigiht elacirons inthe
autor hedl, bat each alsc cames & charge as shown B. in 3 sodivm chionde crysiad,
lonic banding betwesn Na* and OF causes the atoms 10 assume 4 theee-dimensions
Eattice i wihich each Sodnm o0 £ susTounded by e chionde lons, and aach chilorde
bon = surcandod by S Sodiem ns The resul crysiniz of Tal a< in table sadt

+ l-—
chioride kon (€]
1

]
soidium chioride (MNall)

sodium lon Ma)
1

K vy Ja e e thicGs v E duca ion
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Covalent Hunn:l.mg

A covalent bond resulis when two atoms share electrons in
such a way that each abom has an octet of electrons in the
outer shell {or two electrons, in the case of hvdrogen). Ina
hvdrogen atom, the outer shell s complete when it contains
two electrons. If hvdrogen is in the presence of a strong elec-
tron acceptor, it gives up s electron o become a hvdrogen
fom (H*). But if this is not possible, hydrogen can share with
another atom and thereby have a completed outer shell. For
example, one hydrogen atom will share with another hydro-
gen atom. Their two electron shells overdap, and the electrons
are shared between them (Fig. 1.8a). Because they share the
electron pair, each atom has a completed outer shell.

A more commaon way to symbolize that atoms are sharing
electrons is to draw a line bebween the bwo aboms, as in bhe siroe-
tural formuoka H=—H. Just as a handshake requires two hands, one
from each person, a covalent bond between bwo aloms requires
two electrons, one from each atom In a molecular formula, the
lime is omitted amd the molecule & simply written as H,.

Sometimes, atoms share mone than one pair of electrons o
complete their octets. A double covalent bond occurs when bwo
atoms share two pairs of electrons (Fig. 1.85). Toshow that oxvgen
gas (0} containg a double bond, the molecube can be wrilten as
O = 0. It is also possible for atoms to form triple covalent
bonds, as in mitrogen gas (M), which can be written as N=N.
Single covalent bonds between atoms are quite strong, b
double and triple bonds are even stronger.

Nenpolar and Polar Covalent Bones

When the sharing of elecirons between bwo aloms is equal, the
covalent bond is said to be a nonpolar covalent bond. However,
in some cases one atom s able to abiract eleckrons o a greater de-
gree than the other atom. In this case, we say that the atom that
has a greater attraction fnrnhha:edpmnfdeﬂmm has a greater
electronegativity. When electrons are not shared equally, the
covalent bond is a polar covalent bond.

The shape of a molecule may also influence whether i is
polar or nonpolar. While carbon is larger and has more protons
than a hvdrogen atom, the symmetrical nature of a methane
mdecule cancels out any polarities; thus, methane is a nonpo-
lar molecule. Not 3o in water, which has this shape-

Oygen bs partially megative (i)

L |
T
Hydrogens are partiaily positive (5 )

In water, the oxygen atom is mone electronegative than the hydro-
gen atoemns; as a result, water molecules ase polar. Mareover, be-
cause of its nonsymmetrical shape, the polar bonds cannot cancel
each other, &ruihwliapdarnm The more elecronegative

7
‘Structural Meole-cular
Electron Modei Fowmula Formula
H—H Hz
a Hydrogen gas
=0 0
b Owygen gas
€H,

c Methane

Figure 1.8 Covalently bonded molecules.  Ina covalent

beand, aloms share elecirons., alowing each atom 8o hewe a compieted
ourter shell ac & mokecule of hydrogon (H;} comtaines two hydnopaen atoms
sharing a pair of electrons. This single ocvalent band can be represonted
in ary of the throe ways shown. b & molecule of orpgen §0,) contains
two awygen atoms sharing two pairs of eledirons. This resulits ina doubis
oowalent bond. .. A molecule of m-n'ﬂunnttH_,‘:lcnnhlrrsm carbon abom
bonded 1o Jour hydvogen atoms.

end of the molecule is designated shightly negative (5, and the
hvdrogens are destgnated slightly positie i§*).

Water is not the only polar molecule i living organisms. For
example, the amine group (—NH.,) is polar, and this cavses amino
acids and nodese acids bo exhibit polarity, as we will see in the
next chapter. The polarity of molecules affects how they interact
with other maolecules.

Check Your Progress 1.2

1. Compare and contrasl sn o bond with a eovaler
boand.

2. Describe the process by which kons ane fonmed.

3. Explain why methans is nonpolar bul water i polar



1.3 Chemistry of Water
Upon compéetion of this section, you should be able o
L Describe how wabér associates with othes molecules in solution.

2. Describe why the properties of waler are empoartant to life.

3. Analyre how weler's solid, liquid, and vapor states allow life
1o exisi on Earth.

Figure 1.9 recaps what we know about the water molecule.
The structoral formaula ab the top shows that when water forms,
an oxygen atom is sharing electrons with two hwdrogen atoms.
The ball-and-stsck. model in the center shows that the covalent
bords betwesn oxygen and each of the hydrogens are at an
angle of 104.5°. Finally, the space-filling mode gives us the three-
dimensional shape of the molecule and indieates its polarity.

Iy bology, wie often state that structure relates b functson. This
i true at a varkety of organizational kevels, induding molecules such
as water. For example, hormones have specific shapes that allow
Ihemtnbemmgnmmtqliumlhmﬂwkﬂdv We can stay well anly
when antibodies recognize the shapes of diseasecausing agents,
the way a kev fits a lock, and are able b remaove them.

The shape of a water molecule and iis polarity result in the
formation of hydrogen bonds. A hydrogen bond is caused by the
attraction of a slightly positive lvdrogen to a shightly negative
abom in the vicinity. In carbon diowide, O = C =0, a slight dif-
ference in pulant\ bebtween carbon and the oxygens is presend,
bul becanse carbon dioxide is symmetrical, the opposing charges
cancel one another and hydrogen bonding does not accur.

Hydrogen Bonding
The dotted lines in Figure 1.9k indicate that the hvdrogen
atoms in one water molecule are attracted bo the oxvgen

0aE ‘

Epace filling Model

Ourygen attracts the shesod
gloctrons and & patialy nogathee.
&

H

& &

Hydeogens ane partiaily posihe.

2 ‘Water (H30)

Figure 1.9 Water molecule.
aleciron model does not indicate the shape of the molecule. The bal-and-stick modal
shosws that the baa bonds in a waber moliecule are sngled at ¥4.5°. The space-fillng
model also shows 1ha W shape of a wader mokecule. b, Hydrogen bonding between waler
malecules. Each water molecule can hydesgen bond with 1up to four ofher molecules.

n thuee dimensions. 'When in a liguid siabe, wearler is constantly loming and breaking
hydrogen bonds.

b. Hydrogen banding boteson walsr molecukes

a. Three modeds for the strudure of water. The
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atoms in other water molecules. Each of these hydrogen
bonds s weaker than an ionde or covalent bond. The dotted
lines imdicate that hydrogen bonds are more easily broken
than the other bonds.
bonding is not unigue to water. Other biological

maolecudes, such as DNA, have polar covalent bonds volving
an dectropositive hydrogen and usually an electronegative oxy-
gen or ndtrogen. In these instances, a hydrogen bond can occur
within the same molecule or between nearbsy molecules.

Although a single bvdrogen bond s more easily broken than
a single covalent bond, multiple hydrogen bonds are collectively
quite strong. Hydrogen bonds between cellular molecules hefp
mainktain their structure and function. For example, hy-
drogen bonds hold the two strands of DMNA bogether. When DMA
makes a copy of itseli, hvdrogen bomds easily break, allowing
[NA to unzdp. But normally, the hydrogen bonds add stability to
the DNA molecule. Simdlarly, the shape of protein molecules is
often makntained by hydrogen bonding bebween different parts
of the same molecule. As we will see, many of the important
propertbes of water ane the result of hydrogen bonding.

Properties of Water

The first cell(s) evolved in water, and all lving organkms ane
T0-9r% water. Because of hydrogen bonding, water molecules
cling together, and this association gives water its unique chem-
ical properties. Withowt hydrogen bonding between molecules,
water would freeze at —100°C and bail at -91°C, making most of
the water on Earth steam, and life unlikely. Hydrogen bonding
is responsible for water being a Hguid at termperatures bvpically
found on the Earth's surface. It freeres at 0°C and boils at 100°C.
These and other unique properties of water make it essential
to the existence of life as we know it As noted in the chapter

Bo0-
=t
o B0
- 540
4! 00+ calovhes
i
el

a. Calories lost when 1 g of Hguid water freezes and

calories required when 1g ol ligusd waler evaporaies.

opener, the search for life on other planets often begins with
the search for water.

Water Has a High Heat Capacity

A calorie 1= the amount of heat energy needed o raise the empera-
ture of 1 g of water 1°C. In comparison, other covalently bonded
hquﬂsrwﬂtmpﬂ&mﬂyamwmhmmﬂwh
rise in Eempesature 1°C. The many bydrogen bonds thai link water
molecubes together help water absorb heat without a great change
in temperature. Converting 1 g of the coldest lquid water to ice
requires the loss of 80 calories of heat energy (Fig. 1.10a). Water
holbds on to its heat, and its temperature falls more slowly than that
of other bquids. This property of waker is important not only for
aquatic organisms but for all life.

Because the temperature of water rises and falls slowly,
organians ane better able to maintatn thelr normal internal tem-
peratures and are protected from rapid temperature changes.

Water Has a High Heat of Evaporation
When water boils, it evaporates, meaning that i vaporizes ingo te
ermironment. Corwverting 1 g of the hottest water o a gas reguines
an imput of 340 calories of energy. Water has a high heat of evapora-
bbom becasese hydrogen bonds must be broken before water boiks.
Water's high heat of vaporization gives animals in a hot
enviromment an efficient way to release excess body heat. When
an ardmal sweats, or gets 5p1n.5hed body heal is wsed o vaporize
water, thus cooling the animal (Fig. 1.106). Because of water's
high heat of vaporization and ability to hold on to its heat, tem-
peratures along the coasts are moderate. During the summer,
the ocean absorbs and stoses solar heat, and during the winter,
the ocean releases it slowly. In contrast, the interfor reglons of

continents experience abrupt changes in temperatures.

b. Bodies of organicms cood when their heat is used
o ovaparale waton

Figure 110 Temperature and water.  a Water can be a solid, a liquid, or a gas a1 naturally SCouring ervionmental tomperatures. At Foom
temparature and pressue. waker is a Bguid. When water freezes and be<omes a solid jical, & grees off heat, and this heal can help keep the environmental
temparatura higher than expecied. On the other Rand, when waler evaporates, | lakes up 3 lrge amount of heat as i changes I'mmallq.hdtnugu

b. This means that splashing wator on the bady will heip keep body temperature within a normal range.
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Water [s a Solvent

Dhuse o ibs polarity, water facilitates chemical reactions, both outside
and within living svetems. As a solvernd, it dissobves a great number
of substances, especially those that are also polar. A solution con-
tains dissobved substances, which are then called solubes. When
jonic zalis—or example, sodium chloride (Na(lj—are put inbo
water, the negative erds of the water molecules are attracted o
the sodivm ions, and the positive ends of the water molecules are
attracted to the chloride bons. This attraction causes the sodium
jons and the chloride ions to separate, ar dissociate, in waker.

H
: An iordc salt 5

& mmr..ﬂ in water E&F
2 eﬂ %G@

Water is also a solvent for larger polar maolecules,
amamorda (NHL).

s

such as

A polar mobecule . &

dissolees n water.  § Y
58 @ i
5 : 5§ ﬁ'- H

Molecules that can attract water are sakd to be hydrophilic (Gl
lrydrias, “of water™; phieo, “love™). When bons and molecales
disperse in water, they move about and collide, allowing reac-
tions o occur. Norsonized and nonpolar molecules that canmod
attract waber are sald to be hobic (Gk. phobos, “fear”).
Hyvdrophilic molecules tend to attract other polar molecules;
similasdy, hydrophobic substances wsually associate with other
nonpolar molecules. Gasoline contains nonpolar molecules;
therefore, it does not mix with water and is hydrophobic.

Water Molecules Are Cohesive and Adhesioe
Coheslon refers to the ability of water molecules to cling to
each other due to hvdrogen bonding. At any moment in Hme,
a water molecule can form hvdrogen bonds with at most four
other waler molecules. Becase of cohesion, water exists as
a liquid under the conditions of temperature and pressure
present at the Earth's surface. The sirong cohesion of water
maolecules s apparent because water flows freely, yet water
molecules do mol separate from each other.

Adhesion refers to the ability of water molecubes to cling ko
other polar surfaces. This is a result of water's polarity. Mulki-
cellular andmalks often confain internal vessels in which water
assists the transport of nuirients and wastes, because the cohe-
sion and adhesion of water allow blood bo (il the tubular vessels

of the cardiovascular systern. For example, the Lguid portion
of our blood, which transports dissolved and suspended sub-
stances about the body, & 90% water.

Cohesion and adhesson also conbribute b the tramsport of
water in plants. Planks hove their rooks anchored in the soil, where
they absorb watey, but the leaves are uplifted and exposed to solar
energy. Water evaporating from the beaves i immediately replaced
with water molecules from transport vessels that extend from
the roots to the leaves (Fig 1.11) Becaise water mobecules ane

Figure 1.11 Water molecules are cohesive and adhesive.
Cahesion and adhesion plry an important roke in the moverment of water in
@ plant. When waler ovaporaies from tha keaves, the wabar column is pulled
wpwand due io tho cobesion of wabor modecules o one another and e
adhesion of waler molocules o the sdes of tha
vessels, This capillary sction i critical for
pil=nts to funchon

Winter molecules Cing bogather and
adhers 10 sides of wssels in stoms.

‘Walor enbers a piant at root cedls
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cohesmwe, a tension 5 created that pulls the water column
up from the ooty Adhesion of water o the walls of the trans-
port vessels also helps prevent the water column from break-
ing apart. This capillary action 15 essential to plant life.

Because water molecules are attracted o each other, they
cling, together where the liquid surface ks exposed to air. The
stronger the force between molecules in a bguid, the greater the
surface tenslon. YWater's high surface tensson makes it possible for
humans to skip rocks on water. Water striders, a common insect,
can even walk on the surface of a pond without breakirg the
surface.

Frozen Waler (Ice) Is Less Diense Than Liguid Water

As Hgpuld water cools, the molecules come choser topether. Water
is most dense at 4°C. but the water molecules are still moving
about (Fig. 112). At temperatures below 4°C, only vibrational
movement occurs, and hvdrogen bonding becomes more rigad
but also more open. This means that water expands as it reaches
0°C and freezes, which is why cans of soda burst when placed
in a freezer, or why frost heaves make northern roads bumpy in
the winter. It also means that fce is less dense than liquid water,
and thersfore sce floats on Bquid water.

If ice did mot float on waber, it would sink (o the bobtom,
and ponds, lakes, and perhaps even the ocean would freese

Figure 112 lce is less dense than water. a Wator s more denss
ai 45T ihan at 00T Most subsiances conbract wihon fhey sobdity, but wator
sxpands whan it froozes, bocouse in ice, waber molecules foem 2 Lt oo

In whichi the nyisngen bonds are tarther apart than i Bouid waber. b This
proparty af water aliows |ce o fiow, providing habitats for some agquatic
spaches and probecting other spocies thas ive beneath the ico.

11

sohd, making life impossible in the water and on land. Instead,
bodbes of water alwavs freeze from the top down. When a body
of water freezes on the surface, the lce acts as an insulator to
prevent the water bebow i from freezing. This allows aguatic
organisms bo survive the winter. As ke melis in the spring, it
draws heat from the environment, helping prevent a sudden
change in temperature, which might be harmful to life.

Check Your Progress 1.3

1. Explain how water's struchene rédates 1o the formation of
Frpdragen baonds,

2. Explain how hydragen bonds relate to the praperties of
waled

3. Explain haw apraying water on your bedy helps caal it ol

o e

&
& Bqui d wastor 1 :q-
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1.4 Acids and Bases

T T R S T L
|

o B i i o o S Rl =rrom —

Upon compleiion nlﬂm mumyﬂu:hﬂuld be ahlem
1. DEtinguish between an scid and a base.
2. Explain ihe relaborship bebwigen HY o0 OH- concentration

and pH.
3. Ansbyre how buffers prevent large pH changes in solutions. |

.

When water ionizes, it releases am equal number of hydrogen jons
(H*) (somsetimes just called protons”) and hydrosdde lons (OH"):

H—O0—H 3/ W + O

water hytrogen hydroside
ioni llan

Omly a few water molecules at a time dissociate, and the actual
number of H* and OH- s very small {1 % 107 moles/Tber) *

Acidic Solutions (High H™ Concentrations)
Lemon julce, vinegar, tomatoes, and coffes are all ackdic sobutions.
What do they have in common? Aclds are substances that dissoc-
ate in water, releasing bvdrogen jons (H*). The acidity of a sub-
stance depends on how fully it dissockates in water. For example,
Iydrochloric acid (HCT) & a strong acid that dissociates almost
complebely in this manner:

FICl — H* + 1~

If hydrochlosic acid i added o a beaker of water, the number
of hydrogen jons (H*) increases greatly.

Basic Solutions (Low H* Concentration)

Milk of magnesta and ammonda are commaon basie solutions
familiar to most people. Bases are substances that either take
up hydrogen jons (H*) or release hydroxide jons {OH ). For

example, sodmm hydroxide EM&DHJ is a strong base that dis-
soctates almost completely in this manner:

MaOH — MNa* 4 OH-
If sodium bydroxkde s added to a beaker of water, the number
of hydrosade lons increases.

pH Scale

The pH scale is wsed to indicate the acidity or basicity (alkalin- “_ i

itv) of a solution * The pH scabe (Fig. 1.13) ranges from 0 to 14. A
pH of 7 represents a neutral stake in which the hvdrogen jon and

1 A bydrogen abom condains one clectron and one probon. & bydrogen lon
has only one prolon, s it s ofien simply callisd a peobon.

2 In chemistry, & mole |Ld¢ﬁm!uh.ﬂ2=]ﬂ“ufmyﬂ.n maderule, oF .
For wample, 602 = 10% atoms of T2C wousld have a mass of exactly 12 g. The
sami nismber of ghooose moleries {1 mole) would have a mass of 180 g

3 pH iz defiesd = the megative log of the ndrogen lon concentration [H- | A
log, ks the power bowhich T80 misst be mbsed o prodooe 2 given nomber

hvdrmdade fon concentrations are equal A pH below 7 is an acidic
solution, because the hydnogen ion concentration is greater than
the hvdrondde comcentration. A pH above 7 is hasic, because the
[OH | &5 greater than the [H* ). Further, as we mve down the pH
scale from pH 14 ko pH 0, each undt i 10 times more acidic than the
previous unik. As we move up the scale from 0 o B, each unit is
1 tiemes e basic than the previows unst. Therefore, pH 5 is 100
thrmes mose acidic than pH 7 and 100 times more basse than pH 3.

The pH scale was devised bo eliminate the use of cumber-
some numbers. For example, the possible hydrogen on con-
centrations of a solution are on the left of this lsting and the
pH i3 on the right:

[H*] BH

ke g e
0O0DDO01 = 1 10§ -
oogoobs = 1 X 87 )
foon000s = 1% 16" q

To fusther [Mustrate the relationship between hvdrogen bon
concentration and pH, consider the following question. Which of
the pH values listed indicates a higher hydrogen ton concentra-
ton [H*] than pH 7, and therefore would be an acidic soluthon?
A number with a smaller negative exponent indicates a greater
quantity of lvdrogen lons than one with a larger negative expo-
ment. Therefore, pH 6 & an acsdic solution.

The Big Idea 4 feature “The Impact of Acsd Deposition”
describes detrimental environmental consequences of low pH
rain and snow. In humans, pH needs to be maintained within
a narrow range, or there are health consequences. The pH
of blood is around 74, and blood is buffered in the manner
described next to keep the pH within a normal range.

Figure 1.13 The pH scale. The pH scale ranges from 0 to 14,
wiih O baring tha most acidic and 4 baing the mast basic. pH T neutral
pH} has egual amours of nedeogan lons {H') and hydroxide lons
1OH-) An acidic pH has mone H* than OH- and a basic pH has mare
OH™ than H™.
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BIG IDEA 4: Interdependent Relationships

The Impact of Acid Deposition

Acid Deposition

MormalBy, rasimeater has & pH of about
5.6 because the carbon dioxide i the air
comhbines with waber to ghee & weak solufion
of carbonic acid. &cid deposition. includes
rin or snow that has & pH of less than 5, &
well 4% dry acidic partickes that fa¥ 1o Easth
from Ehe atmcsphere.

When fossil fuels such as coal, of, and
gasaline are burmed, sulfur dicasde and nitro-
gen axides combine with water 1o produce
sulfuric and nitric acikds. These pollutants
are generally found eastward of where they
onginated because of wind patierns. The
e of wery 1al smokestacks causes them to
be caried even hundreds of miles away. For
ecample, acid min in southeastern Canada
results from the burning of fossdl fuels in fac-
tories and power plants in the midwesiern
Uniled Stabes.

Impact on Lakes

Acid rain adversely affects many aspecis
of bicdogical systems. Aluminum méay leach
from the soil of lakes, particularly in arcas
where the soil & thin and lacks lenestone
{calcium carbonale, or 'Cnl:l'.'laj &t & buf
fec Acid rain may converl mercury 0 lake
bottom sediments (o toxic methy] mercuny
Methyl mercury accumulates in fish, which
wikdiife and people eat. Over time, methy
mercury can accumulste o body lissues
mnd Cause Serious sensory and muscu-
lar health problems Acid rain in Canads
snd Mew England has caused hundreds
of lakes to be devoid of fish, and in some
cases, any e sl all

Impact on Forests

The leaves of plants damaged by ackd sain
casi no longer carry on phodosyrthesis s
before. When plants are under stress, they
become susceptible o diseases and pests

a0 19eS =i 295 JM00 2005 2D 2045

Figure 14 Trends in U.5. acid rain emissions. The buming of fossl fuels in factones,
ausoenobiies. and other industrial processes produces chomioés e SO0 and KO, that lead to acid
depasiion and destnection of the environment. Clean air legislation and stricher emission standards
o the past several decades have resulbed in steady deoreases in 50, and MO, dhemicals that

lead to acid rain. Source: EPA gov

of all types. Forests on mountaintops re-
cerer more rain than those al lowes Bevels:
therefore, they are more affected by acid
main. Forests are also damaged when taxic
chemicals such as sluminum ane leached
fromm the soil. These kill soil fung that assist
moots in acquining the nutients trees need. in
Mew England and the southern Appalachiane,
milsons of acres of high-elevation foresis
have been devasiated Sulfs dioxide and
nitragpen axides, the main precursors of acid
main, have been steadily decreasing in the
United States due bo clean air legesiation and
srict emissson EBmits (see Fig. 18]

Impact on Humans and Structunes
Humans may be affected by acid rain Inhal-
ng dry sulfate and nitrate particies sppears

o increase the occumence of respiratory

limesses, such a2 asthma. Buildings and
monuments made of limestone and marble
break down when exposed bo acid ram. The
pairt on homes and automobiles & Bewse
degraded. Howewer, damage to natoral
systems and human strectures due fo acid
rain & lilely to decrease if we continue ef-
forts to reduce chemicals that contribute 1o
acic rain.

Cuestions to Consider

1. What acid rain trends are evident fram
the EPA data?

2. How might manufactisers modhy indus-
trial processing to reduoe sulfur dioxide
and nitrogen oxide contamination?

3. How might we prevent methyd mercury
from entering béclogical systems and
reciuce the amount aiready presem?™




Buffers and pH

A buffer i5.a chemmacal o a combanatson of chemicals that keeps pH
within normal limits. Many commencial prodhcts, such as shampoos
or desdorants, are buffered a5 an sdded incentive for us to buy them.
In bving organkms, the pH of body fuids is maeniadned
within a narrow range, or else molecules don't function correctly
and owr health suffers. The pH of our Blood when we are healthy
is always about 7 d—that is, just slighily basic (alkaline). i the blood
pH drops toabout 7, acidosis resalis. f the blood pH rises to about
7.8, alkalosis results. Both conditions can be life threatening, so the
blood pH must be kept around 7.4, Mormally, pH stability is pos-
sible because the body has bullkin mechanisms o prevent pH
. Buffers are ome of these § mechanims.
Buffers help keep the pH within normal limits because
they are chemicals or combinations of chemicals that take up
excess hydrogen ions (H*) or hydrexide lons (OH”). For ex-
ample, carbonie acid (H,O0,) is a weak acid that minimally
dissociates and then re-forms in the following manner:

dissociates
Htll':Ji'_'ll1 — g

carbonic acid  re-forms

I-IGI:I:'
bicarbonate on

REVIEWING the BIG IDEAS
==

and fusion. 2.4 243 [F

441 commentary

B SUMMARIZE -
AP Answering the Essential Questions

Living organisms need matter and free energy o maintain homeostasis,
grow., and reproduce. Energy deficiencies ane disuptive 1o mdividuals,
popuiations, and ecosystems. To offset entropy, available energy finput)
must exceed the energy that an organesm uses joutpat). Sources of free
energy inchede radiant enemgy from the sun and chemical energy stored
in the bonds of molecules.

Composition of matter Living organisms are composed of mat-
ter which, in turn, is composed of pure substances called elements.
Of the 92 natwally oocwming elements, onfy siv=carbon, hydrogen,
ouygen, nitogen, phosphones, and sufur—make up about 95% of the
body weight of arganisms. However, traces of other elements also are

needed for life processes. For exampie, without sodium and potassiem,

As in a8 systems. chemistry invalves inpuls and outputs, with resufling changes in free energy, biological Systems must
increass inputs of free energy 1o maintain order. 2.A1a.3

The movement ol slecirons between molecules aBaws enengy Wansier in living organisms. 2.8.2.0.3; 28 2.9.3

Water is a polar molecule that farms hydrogen bands wilh other water motecules and wilh other polar molecules; the
abdity bo torm hydrogen bonds s the basis lor waters unique properiies that ane essential i [fe, ncluding perlormance
as & universal sebvent, high specilic heat capacity, cahesion, adhesion, thermal conduetivity, and heats of vaparization

AB biological systerms, ncluding molecular oned, are eomposed of interacting parts that result in emergent properties
net only at the atomic and molecular level. but at the organismal, population, communily, and ecosystem levels.

Blood always contains a combination of some carbonic acsd and
some bicarbonate lons. When hydrogen jons (H') are added to
blood, the following reaction reduces achdity:

H* + HCO,~ — H,CO,

When hvdrmade jons (OH") are added to blood, this reaction
reduces basicity:

OH™ + H,00, —= HCO,” + H,0

These reactions prevent any significant chamge in blood pH.

Check Your Progress 1.4

1. Explain the ditfference in H* concenlration Betwesn an
meid and a base.

2. Determine how much mone acidic a pH of 2.0 is than a
pH af 4.0,

3. Summarize how bullers play an impodant robe in the
phiysiclogy of living orgarnisms,

the nenvous system could not condsct impuises along neurons, without
iron, hemoglobin in red biood cells could not camy ocooygen.

Each efement comsists of tiny particles called atoms comprised of
even smalber subabomic particles that include positively charged pro-
tons, uncharged neutrons, and negateely charged electrons. Prolons:
and nevitrons are bcated within the muclewss of an afom, and clectrons
orhit the nucleus. These sishatomic parficles, especially the position and
mrangement of electrons, determine an alom's unique properties and,
consequently, an element’s physical and chemical properties. Because
the negatively charged electrons are atiracted to the atom’s positheety
charged nuchkeus, the potental enengy of elecirons increases as the dis-
tanoe from the uceus increases. In one model of the atom Bohr moded,
electrons are |ocated in shells representing energy levels, and each shefl
con hold a specific number of clectons. The frst shell closest o the
nuclews can hold two elecirons, and each additional shell can hold eight
electrons. Electors oocupying the outermost shell ane called valenoe
elecirons. The valence shell determines manmy of an atom's chemical
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properties. An stom & most stable when its valence shell contairs the
madimwsm number of elecirons, either two or eight, and will combine with
other atoms to fil the vallenoe shell by transferring or sharing clechons.
When an atom donates an eleciron, i loses enengy;, when an atom gains
=n electron, it gains energy. Remember, it's all about the slechons.

Malecules and bonds The transfering or sharing of electrons
betweon atoms resulls n molecules consistng of two or more atoms
aof the same element such as O or different elements suchas CH 0,
[glucose) Because electrons possess energy, the bonds between
atoms also contan energy, and organismes tap into chemical bend
energy to camy out e processes such as growth and reprodsction.
For exampée, when glucose is broken down, electrons shift in el
relstionship to one another, and free energy is released, thus becom-
ing awailable for u=e by the ocrganism. Types of bonds inciede ionic,
cowalent, and polar covalent

Recall that the purpase of bonding is to fill outermost valence
shiells with the maximuem number of ebectrons. In fonic bonding, atoms
transfer valence electrons o each other, with one alom acting as the
electron donar, and the second atom acting as the electron accepior
This complete transfer of electrons generates two oppositely changped
atoms called ions. An exampie of ionic bonding = the formation of
sodium chiorde (MaCl) or common table salt in which an electron is
transferred from the sodium atom to the chiorne atom. Thes electron
transfer resulls in a charge mbalance in each atom Ma* and CI7)
which are then held together by electrostatic atiraction. When it
comes 1o fons, opposites attract!

Covallent bonds form when teo atoms share electrons in thes
outer shelis. For example, because the wvalence shell of hydrogen con:
tairs only one elecron, the atom eftbher combines with another hydro-
gen atom to form M, a distomec gas, or gives up its lone efectron to
become a hydrogen ion {H*} fwe will get back to the imporance of haw-
ing hydrogen jons avaliable when we study photosynthesis and oelular
respaation). When the sharing of chectrons between two atoms is cgual
f=.g. Oy or CH,), the covabent bond is said to be nonpolar. Howewves, if
one atom abiracts electrons o a greater degree {is more electonega-
trer) than the other atom, the bond is called a polar covalent bond. An
example of a polar covalent bond is water (H 0} in which the oxygen
atom & more efectronegative than the hydrogen atoms, consequenthy,
the copgen atom acquires a shghtly positive charge, and each kydeogen
stom scquires a skghtly positive charge a5 electrons ane draswn tovwand
oxygen. The eiectrons are still shared, but they are shared unequally
because of the differences in electronegativity. The polarty of mal-
ecules often resuits in wnigue properies and affects how they interact
with other molecules.

Hydregen bonding At all levels of biclogical ceganization, from
malecules and cells to populations and ecosystems, there is a relation:
ship between structure and function. The shape of the water molecule
and its polarty make hydrogen bonding pos=sibie when the slightly pasi-
tree fydrogen of one water molecube is attracted 1o the shghtiy negative:
owygen of another water molecube in the scnity. Hypdrogen bondimg
occurs in other bickogical molecules, including DMNA In fact, without
hydrogen bonds, DA would not be able to copy itelf. Although hydro-
gen bonds are weaker than either fonic or covalent bonds, they help
molecules maintain their streciure and functicn. With resgect o water,
hydrogen bond formation contributes to uniguee properties that ane vital
to sustain ife on Earth, including high heat capacity, high heat of evapo-
ration, cohesion, adhesion, sisface tension and the abllity 1o dissoive
other moleoules. Without water's ability to stick to itself {cobesion) and
to ather polar substances (adhesion], water would not be able to travei
up alarge tree to the leaves where photosynthesis ocours.

B ASSESS

Choose the best answer for each question.

11 Chemical Elements
1. The atomic number lells you the
a. number of newtrons in the muclews:
b number of protons in the atom.
. number of itz electrons if the atom = newtral.
d Boih b and c are coerect

Z. Isctopes differ in Eheir
a number of protons.
b abomic member.
. number of neutrons.
d number of electrons,

3. The periodic table provides ws with what informaticn?
a  the atomic menber, symboi, and mass
b how many shells an atom has
. how many electrons are in the outer shell
d Al of these are correct.
4. Which of the substomic partsdies contributes almost no weight to
an atom?
a protons inthe clectnon shalls
b electrons in the nucleus
. neulrons n e neckeus
d electrons at various enengy levels

1.2 Malecules and Compoaunds

5. An stom that has two cledrans in the valence shall, such s
magnesiam, would most likely
a share to acquire a compheted ouler shell.
b bose these two electrons and become a negatively
chamged ion
c lose these bao electrons and become a positeeety
chamged ion.
d. Bind with carbon by way of hydrogen boads.
E. When an atom gains eledrons, it
a forms a negatively charged son,
b forms a posi#tivedy charged on.
. forms covalent bonds.

d forms onic bonds.

7. An unequal sharing of electons is a chamacteristic of alan
a ionic bomd.
b polar covalent bond.

. nonpolar covalent bond.
d Al of these are cormect.

1.3 Chemistry of Water

E. Hydrogen bonds are formed as a result of which of the following?
2 Bonic bonds
b monpolar cowvalent bonds
. polar cowalent bonds
d Mone of these ame correct

9. Which of thesc propesties of waler can be attributed o hydrogen
bonding betwesn water malecules?
a Water stabilizes temperature inside and
outsde the cell.
b Water maolecules are cohesive.
. Water is a sofeent for many molecules.
o All of the abowe are correct.



For guestions ¥0=13, match the statements with a propesty of water in
the oy
KEY:

0
L
=

1.

= ‘Water flows because it is cobesane.
b. Water holds its heat.

o Waler has neutral p.

d. Wader has a high heat of vaporzation.

Sweating helps cool us off.

Cur blocd s composed mastly of water and celis.
Owr blocd s pust about pH 7.

We uswally maintasn a normal body temperature.

1.4 Acids and Bases

.
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H_CONaHC 0, i a buffer system in the body. What effect will the
addition of an acid have on the pH of a schution that is buffered?
2 The pi will rise. c. The pH will not change.
b. The pH willl lower. d Al of these are correct.
Which of these best describes the changes that oocowr when a
salution goes from pH 5 to pH 77
a The solution i now 100 times more acsdic.
b. The solution & now 100 times more basic.
. The hydrogen ion concentration decreases by only a factor of
20, &= the solution goes from basic o acdic.
d. The hydrogen ion concentration changes by only a factor
of 20, as the olution goes from acidic to barsc.

B ENGAGE - I
AP Applying the Big Ideas

i

mwmm“tfqmmhﬂgmd
waier because it is the current understanding of life i that it requeres
water 10 susisin, They have detected conclusively that the dwarf
planet Cenes, found in the asieroid belt between Mars and Jupiies,
nof ondy comtamns a thick mantie of ice that, § melted, would =mount
to mare: fresh water than is present on Eaeth, but aso emits plumes
of water vapor when it & located close to the sun.

o Describe TWO kinds of data that could be collected by
scientists to prossde a direct answer to the quesbon, how can
scientists detesmine that a substance they sampie on Earth or
elsewhere is water and not another substance?

b. Explain how the data you suggested in part fa) would provide a

mmmmmﬂmMIﬁmﬁh&:b
their properies andior function, citing specific examples.

AP Applying the Science Practices

How do pH and temperature affect protease activity? Protesses ane
enrymes that break down protein. Bacterial proteases offen are wsed

in detergents to help remove stains such as egg, geass, blood, and
sweal from clothes.

Data and Observations
& protease from a newly isolated sirain of bacteria was studied over a
range of pH values and tempesatunes.
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Think Critically #3 =& =7

1. Identify the range of pM values and temperatires =ed in the
expariment

2. Summarize the resufts of the two graphs.

3. Infer if a laundny detergent is basic and reguires hot water o be
most effective, would this protease be vseful? Explain



Trans fats aro an Ofgane moleculs found in processed foods

AP A iife is interconnected, because it uses a common set of chemicals to bulld
larges, more complex molecules. These macromotecubes—namely, carbohydrates,
lipeds, proteins, and nuclelc ackds—are combined to produce different structures,
which lead them to have different functions. However, at times, some of these
macromaleoules can produce health Issues i humans. For example, historically we
hawe assoriated cardiovascudar health problems with high levels of chalesterad and fat
in the diet. Howewer, we now know that trans fats are worse offenders than saturated
fats when it comes o cardiovasoular health. While trans fats are found naturally in
small quantities i mék and meat products, the maority of trans fats are obiained from
processed foods. Histoncally, the food ndustry added trans fats not only to increase
the shelf life of processed food but aso to enhance the flaver and texture The Food

and Drug Adménistration (FOWM) now directs that trans fat content must be disclosed on
Mutrition Facts panels of food products.

An understanding of the stnecture and function of carbohydrates, Bplds, proteins,
and nudlelc ackds ts Important not only for knowing the main bullding béocks of cells but
also for undesstanding how to establish a healthy diet.

Az you read through the chapter, think aboul these Essential Questions:
1 What elements comgrise each of the four growps of macromolecules? 28381
2. Howe are complex polymers synthesized from simpler monomers? LDLa3 10264

3. How does the molecular structure of the four groups of macromolecules determine
thie function{s) of each group? $81653 481a%3

4. How can changes In emwronmental conditions change the function of a macra-
moiecws? 3.ALab 3,018 3.C1d

ForLowing te BIG IDEAS

The Chemistry
of Organic
Molecules

CHAPTER OUTLINE
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24
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Organic Molecubes 18
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FProteins 28

Mucleic Acids 32

The diversity of béologlcal life s the result of changes in DMA sequences and the blomolecules for which they code.

Carbon’s stable and versatile covalent bondeng keads (o tremendous vanety nthe carbohydrates, Bpids, proteins, and

nucleic acids observed (n kving arganisms.

Muclelc acids are unigue among the omolecules in thelr abdity to store and transmit genetic information.

Macromolecules fonm the functional basis for all cellbar Sysiems.
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2.1 Organic Molecules
Learning Outcomes
Upan eompéetion of this section, youw should be shle to
1. Explain how the propedies of carbon enabbe it bo produce

diverse arganic mokecules.

2. Explam the elabordhip bebween a functional group and
the chemstal reaclivily of an organic molecule.

3. Compare the robe of dehydration synthesis and hydnolytic
reactions in onganic chemising

Chemists of the nineteenth century thought that the molecales
of cells must cordain a vital force, so they divided chemistry
into organke chemistry, the chemistry of Iwmg Organisms, and
Inorganic chemistry, the chemistry of nonliving matter. We still
use this terminalogy, even though many types of organic molecules
can now be synthesized in the laboratory. Today, we simply wse
the term arganie to ientify those mobecules and compounds
that contain both carbon and hydrogren atoms.

These are only four classes of organee molecules in any
livimg orpaniem: carbobyvdrates, Hpads, proteins, and nusclede
acids. Collectively, these are called the binmolerules; despite
the limited mumber of Bypes, their functions in a cell ane quite
diverse. A bacterial cell contains some 5,000 different organic
mwderules, and a pland or an anbmal cell kas twice that nuaber.
The diversity of life (Fig. 2 1) is possible because of the diversity
of organic molecules, Despite their functsonal differences,
the varlety of organic molecules i based on the unlgue
chemscal properties of the carbon stom.

The Carbon Atom

What i there about carbon that makes ongare
mlecubes the same but also different? Carbon is
quibte small, with only a total of six elecirons: two
elecirons in the first shell and four electrons in the
outer shell. To acquire four electrons to complete its
outer shell, a carbon atom almost always forms covalent
bonds. Carbon can form covalent bonds with as many as four
other elemanta

Motharsa

that make up most of the weight of living organisms. The
ability of carbon to share electrons with other carbon aboms
plays an impartant role in establishing the shape, and therefore
the function, of the biomolecules. This is because the C=C
bond Is very stable and allows the formation of long carfbon
chains. The molecules bermed hydrocarbons, such as the octane
muslecule below, are chalns of carbon atoms that have additional
bonds exclusively with hydrogen atoms.

H—I—j‘— —::T—::I-lj—clf—c}ll—cHl—u
wodd b b

Figure 21 Carbon and life. Cabon & the bask of I s we know it The

Generally, carbon forms those bonds with
other atoms of carbon, plus hydrogen, mibrogen,
onygen, phosphorus, and sulfur—the same elements

stucture af carbon allows for the formation of () the lipids that stone energy In this
canoia plant; {by carbobydrates hat provide stnuciurg for ihis rea; o the peoteins thal
form the hemnoglobin of ned Dlood colis; and |d the genefic mabenal that aliows this
Boiness bo pass on informabion o her oftspeing.

{8 gt P o n i o i, (ol P’ Al r et | rrascen, o} Slows Ganchmes nan e c noe P oo Liem sy AR Gedly e e, 1o bn michs | a@ean po S it cloeam
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In additson to long, limear molecules, hrdrocarbons may alao
form a ring structure when placed in a waler environment:

H H

W

cyclohexane

In addition to forming single bonds, carbon can form double
bonds with itself and other atoms. Double bonds aren’t as fex-
ible as single bomds, and they restrict the movement of bonded
atoms. Double bonds affect a molecule’s shape and therefore
influence its function. The presence of double bonds is one way
to distinguish between saturated and unsaturabed fats, which
are important to heart health. Carbon is also capable of form-
ing triple bonds with itself, as in acetvlens, H=C=C=H, a
gas used in industrial welding. Brarh:heimwa}mfwmalmv
carbon atom, allowing the formation of Inng, complex carbon
chains. This Aexibility makes carbon the ideal building bock for
biomalecules, and it plays an important role in establishing the
diversity of organic molecules that we observe in nature.

The Carbon Ekehhmmﬂﬁmﬂimulﬂmupa

The cardson chain of an onganic molecule is called ks skeleton,
or backbone. Just as a skeleton accounts for your body's shape,
s does the carbon skedeton of an arganie molecule account for
its shape. The diversity of vertebrates, species with a backbone,
resulis from the overal] shapes of the organiams and the tvpes of
appendages (fins, wings, limbs) they have developed. Likewise,
the diversity of organic molecules comes from the attachment of
different funchonal groups o the carbon skeleton.

A functional group Is a specific combination of bonded
atoms that always has the same chemical properties and these-
fore always reacts in the same way, regandless of the carbon
skeleton to which it is attached. The majority of the chemical
reactivity of a biomolecule can be stiributed to Hs functonal
groups, rather than to the carbon skeleton to which it is attached.

Typically, the carbon skeleton acts as a framework for
the posibioning of the functional groups. Table 2.1 lists some
of the more common funtional groups. The E indicates
the “remainder” of the molecule. This is the place on the
functional group that attaches to the carbon skeleton.

The configuration of the functonal groups determines the

roperties of the blomolecule. For example, the addition of an
=(H {hydroxyl group) to a carbon skeleton turns that molecule
into an aleohol. When an —0OH replaces one of the hdro-
gens in ethane, a 2-carbon hydrocarbon, it becomes ethanol,
a type of alcobol that is familiar. Whereas ethane, like other
hydrocarbons, is hydrophobic (not soluble in water), ethanal
is hydrophilic (soluble in water), because the ={¥H functional

Table 2.1 Functional Groups

Hypdramd *—ﬂi-] Alcabal as e Podar, farms
mthamal hydrogen bond
Brosent in sugars,
SOMmE amino acids
Carbaryl P Alfehyta azin~ Polar
!_c“H Toemraikdeiye
Presemt in sugars
o Ketone a5 in Polar
acobar
!_é_! Frosent in sugars
Cartsmcyd acid Pokar, acidic
jacidic] ﬂ—c”ﬂ as in acetic acid
O Frosent in fatty
achds, @ning ackds
Armirg ~H Amine as in Bolar; bazic, forms
‘_N‘“‘H irygtoghan hycrogen bonds
Fresent in amino
acds
Sufttydngl i_ﬂq Thiol 2z in Formes desuifide
athanethaal bonds
Present in soma
EMino acids
Pnosphate 1il Cinganéc Pofar, acidic
phasphale as in
BO-P-0H il Prusantin
molecules nuclootices,
Rhasahalmids

& . —

R = remainder of mol ecule

group makes the otherwise nonpolar carbon skeleton polas
Becauwse cells are T0—90% water, the ability to interact with and
be soluble in water profoundly affects the function of organic
molecules in cells.

Another example 5 organic moleculbes that contain carboxy]
groups (=COOH). Carboxyl groups are highly polar. In a witer
environment, they tend to jonize and release hydrogen jons in
solution, therfore acting as an acid:

=CO0H — =C00 + HY
The attached functional groups determine not only the
polarity of an organic molecule but also the types of reactions
it will undergo. You will see that alechols react with carboxy]
groups when a fat forms, and that carboavl groups react with
aming groups during protein formation.



Figure 2.2 Isomers. lsomers have the sama molecular formuta
but diffierent atomic configurations: Both of these compaunds harve the

formula CHL O In glycemidetyde, a colorless onystaling solid, cuygen &
double-bonded o an end carbon. In dbydoeymcetions, a whils crpsane

solid, corygen ks double-bonded 1o the middie carbon.

Isomiers

Isamers (Gk. sos, “equal”) are organic molecules that have iden-
tical molecular formulas but different arrangements of atoms.
The bwo maolecubes in Figure 2.2 are momers of one another; they
have the samse molecular formuola but different functional groups.
Therefore, we would expect them o have dfferent properties
and react differently in chemical reactions. In essence, isomers
are variatxoms in the molecular strocture of a molecule. Isomers
are another example of how the chemistry of carbon leads to
variations in the structure of organic molecules.

The Biomolecules of Cells

Many of the biomaolecules you are familiar with, such as carbaohy-
drates, lipids, proteins, and nodeie acids, are macromolecules,
meaning that they contain smaller subundts joined together
(Table 2.2). The carbohvdrates, proteins, and nucleic acds are
referred hupﬂyﬂﬂ,h&ﬂt&ymmmtﬂmb&dhg.' linking
together a large number of the same type of subunit, called a
monemer. Lipids are not polymers, because they contain two
different types of subundts (glweerol and fatty acids). Polymers
muay vary conssderably in length. ust as a ‘train increases in
lengih when boxears are hitched together one by one, so a poly-
meer gets longer as monomers bond to one another.

Synthesis and Degradation
T build, or synthestze, a macromolecule, the cell uses a conden-
sation reacton. This is commonly called a debydration resction,
because the equivalent of a water malecule—that is, an =0OH
{vdroscyl group) and an —H (hydrogen atom)—is removed as

Table 2.2 Biomolecules

l

C He = ]

b. Degradation of a biomoleculo

Figure 2.3 Synthesis and degradation of biomolecules.

& In cefls, synthasis often occurs whean subunits bond dusing o
mm:mlmrmdﬂH}m b Dergradabicn ocows when the
subunits. separate during a hydrohesss reacton [the addtion of H, 0.

subunits are joined. Therefore, waler molecules are foemed as
bliomolecules are synthesized (Fig. 2 3a).

To break down biomolecules, a cell uses an opposite tvpe of
reaction. During a hydrolysis reaction (GR fipdro, “waber®; luse,
“break”), an =0H grouwp from water attaches o one subwunit, and
an = H from waber atfaches to the other subunit. In other words,
hvdrolytic reactions break down blomaolecules by adding water to
them (Fig. 2.35),

These reactions rarely occur spontanecusly. Usually, special
maolecules called srzymes act as catalysts that allow the reaction
o oocur or speed up the rate of the reaction. We will take a
closer look at enzymes.

Check Your Progress 241
1. Descrbe e properfes of a carbon atom that make it
ideally suited 1o produce vaned carbon skelsions.
Z. Explain why the substitidion of a carboxyl group for
& hydrooyl group in a biomolecule would change the
molecule’s funclion.
3. Explain why wisler & nesded for the breakdown of a
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2.2 Carbohydrates
Learning Outcomes

Upon completion of thes section, you should be sble 1o

1. Summarize the nobe of carbolnydrates in & ol
2. Distinguish among the forms of carbohyd rates

3. Compare the energy and strectural uses of stanch,
glyeogen, and cellubose.

Carbobhydrates are almost universally used as an immediate en-
engy source in living organisms, but in some organisens they also
have a structural function (Fig. 2.4). The majority of r:a:buh'.-'drat:-a
have a carbon to hydrogen o oxvgen ratio of 1:2:1 (CH, L'Jl}
term carbobiyirte (literally, carbon-water) inchsdes single mg:n
mdecules and chams of sugars. Chain length varies from a few
siggars bo hundreds of sugars. The monomer subunits, called
monosaccharkdes, are assembled ko kng polvemes chains called
polysaccharides.

b. Shail contairs chiin

21

Celi20s

[ d

Figure 2.5 Ghwose. Gucose ks the comman form of monosaccharide
it prosides. enengy for cells. Each of these stnsciural formules is glucose.
a. The carbon skefedon and af attached groups are shown b The carbon
skgleion & omiied. ¢ The carbon skedksion and aftacbed groups ane ometted
. Oy Bhe rineg shapse, which incluces one Goygen 380, rmakns

Monosaccharides

Monosscchardes (G monog, “single”; sacchar, *sugar”) consist
of only a single sugar molecule and are commonly called simple
sugars. A monosaccharide can have a carbon backbane of thres
to seven carbons. For example, pentoses (GE. pent, “five”) are
monosacharides with five carbons, and hexoses (Gk. hex, "six)
are monosaccharides with six carbons. Monosaccharides kave a
large mumber of hydsoxvl groups, and the presence of this polar
functional group makes them soluble in water.

An example of a hexose is glucose (Fig. 2.5). Glucose has
a mobecular formula of C H, O, Despite the fact that glucose
has several isomers, such as fructose and galactose, we usually
think of CH O & glucose. Glucose is eritical to biological
function and is the major source of cellular fuel for all living
organisms. Glucose 15 the molecule that s broken down and
cormverfed Into stored chembcal energy (ATP) dusing cellular
respiration in meardy all types of organisms.

Ribose and deoxyribase, with five carbon atoms, are pentose
sugars that are significant because they are found, respectively, in
the auclele acids RMNA and DNA. ENA and DNA will be discussed
in more detall wien we examine nuckesc acsds later in the chapter.

Disaccharides

A disaccharbde contalns two monosaccharides that have jobned
during a delwydration reaction. Fapure 26 shows how the dissccha-
ride maltose (an ingredient used in brewing) is ormed when bvo
glucose molecules bond together. Nobe the position of the bond

{  that results when the —OH groups participating in the reaction
project befow the ring. When the enzvenes in our digestive svstem

W break this bond, the result is bwo B,II.‘IL"‘I.'I‘\-I"." mulecules.

28000

a. Cie'l walls contain ceflulcee:

Figure 2.4 Carbohydrabes as stnoctural materials.  a. Plnis
such as o cachus shown hene, hove the carbohyoate collukasa in theaie coil
walls. b. The shell of a crab contains a carbohydrate called chiin: . The
call walls of bactoria condsin a carbalwdrabe known o peptidoghycan

. Call walls comtain peplidoghycan

&l

Sucrose (the structure shown abose) is another disaccharide
of special interest, because it s sugar we use at home bo sweeten



CHAOH CH:OH

. 1B

glucase CH,;0, glucose CH,,0,

monosaccharide +* monorsaccharide disacchande 4 werter

Figure 2.6 Synthesis and degradation of maltose, a disaccharide. Synthesis of maktose oocurs following & detydration reaction when
a bond foems between two glucose molecules, and water s remowed. Degradatan of maltose ocowrs following a fydrolysis reacban when this bond is
beoken by the addition of water.

CH.OH

Figure 2.7 Starch and glycogen structure and function. a. The eleciron micrograph shows the location of sterch in plant cells. Starch is a chan
of glucose molecules thel can be branched o unbranched. b The electron micrograph shows glycogen dieposits ina poartion of a liver cell Glycogen is a
highly branched polymer of glucose molecules.
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our food. Sucrose is also the form in which sugar & transported
in plants. We acquire sucrose from plants such as sugancane and
sugar beets. You may also have heard of laciose, a disaccharide
foursd in milk. Lactose s glucose combined with galactose. Individ-
wals who are lictese trtolennnt lack the ensyme (called lactase) that
breaks down lackose. To prevent gastroimestinal discomifort, they
can either avodd foods that contain Bchose (e.g., dairy products) or
take nuiritional supplements that contain the ereyme.

Polysaccharides: Energy-Storage Molecules
are long polvmers of monosaccharides. Due to
their lemgth, they are sometimes referred o as complex carbo-
hydrates. Some tvpes of polysaccharides function as short-term
energy-storage maolecules. When an organism requires energy,
the polvsaccharide is broken down to release sugar molecules.
The helical shape of the polysaccharides in Figure 2.7 exposes
the sugar linkages to the hvdrolvtic enzymes that can break
them down.
Plants store glucose as starch. The cells of a potato contain
granules, wherne starch resides during wister unbil energy is needed
for growth in the spring Motice in Figure 2 7o that starch exdsis

3

in bwo forms: One form (amyvlose) is unbranched and the other
(amwlopecting i branched. When a polvsaccharide b branched,
there is no main carbon chain, becawse new chains oocur at regular
intervals, always at the sih carbon of the monomer.

Andmals store ghicose as Im oousr Bwwdbes amd thiose
of other vertebrates, liver cells contain granoles, where ghvoogen
i5 stored untll needed. The storage and release of glucose from
liver cells are controfled by hormones. After we eat, the release
of the hormone insubin from the pancreas promotes the storege
of glucose as glycogen. MNotice in Figure 2.7 that ghvoogen is even
more branched than starch

Polysaccharides serve as storage molecules because they
are not as solubbe in water and are much larger than a simple
sugar. Therefore, polvsaccharides cannot easily pass through
the plasma membrane, a sheetlike strocture that encloses cells.

Polysaccharides: Structural Molecules

Structural poly wdes inchude cellulose in chitin in
animals and fungl, and peptidoglvean in bacteria (see Fig. 2.4). In
all three, monomers are joined by the tvpe of bond shown for cel-
lulose in Figure 2.8 The cellubose monomer is simply glocose, but

ool ulose fiber

Figure 3.8 Cellulose fibrils. Coluiose fibers criss-oross in plant cof walls for added strength. & collulcse fibor contains several microfibeils, each
a polymer of glucose molecules=nobice that the linkage bonds differ from those of stardh. Every other glucose is fipped, permiting hydnogen bonding

amd greator strength babwieen the microfibrils.



ir chitim, Hhe sronomer has an attsched amino groop. The strocture
of peptidoghvean k& even mose ¢ . because each monomer
also hag an aming acid chain. In both cases, the addifion of a fune-
tomal group to the glecose monomer changes its chemical
properties.

Celhsbose is the most abundant carbobvdrate and, in fact,
the most abundant organic melecule on Earth—oser 100 billlon
tons of cellubose are produced by plants each vear. Wood, a
cellulose plant product, 1= used for construction, and cobton &
used for cloth. Because of the structure of the bonds befween
the glucose molecules, animals are not able to digest cellulose.
However, some microorganisms can. The profozoans in the gut
of termites enable these insects to digest wood. In cows amd
other ruminanis, microorganisms break down cellulose in a
special digestivetract powch before the "cud” is returned to the
mouth for more chewing and reswallwing. In rabbits, micro-
organisms digest cellulose in a powch, where it s packaged nto
pellets. In arder to make use of these nutrient pellets, rabbits
have to reswallow them as soon as they pass out at the anus.
For ofher amimals that have no means of digesting cellulose,
cellulose serves ag dietary fiber, which maimtaing regularity of
fecal elimination.

Chitin is fouwnd bn femgal cell walls and in the exodkeletons
of crabys and related animals, such as bebsters, soorpions, and in-
sects. Chitin, Hke cellubose, cannot be digested by animals; however,
hurmams have found many other good uses for chitin, Seeds are
coxybed with chitin, and this probects them from atkack by soll hengi.
Because chitim also has antibacterial and amtiviral properties, it is
processed and used in medicine a3 a wound dressing and satre
material. Chitin bs even useful in the production of cosmetics and
various foods.

Check Your Progress 2.2
| 1. Summarize the genesal characteristics of carbohytrates
and their rales in Eving caganisms.
2. Deseribe how monosacchandes are combined to form
disacchaides,
3. Explain why humans cannot uilize the ghetose in
celulose 85 & nulbent source.

Table 2.3 Lipids

2.3 Lipids
. A :

I.-u.-l'u = e R = TR T RPN R R
Upan compléetion of this section, you should be able to

1. Describe why lipids ane essential to Bving orgarisms.

2. Distanauish babseen saturated and unsaturated fally acids

3. Conirast the strochmes of fais, phospholipids, and
Sheraids.

4. Compare the functions of phospholipids and stesoids in
cells.

e

Avariety of organic compounds are classified as Hpids (GE. fipos,
“fat”) (Table 2.3). These compounds are insoluble in water due
i their hvdrocarbon chains. Hydrogens bonded only to carbon
are ponpolar and have no endency b form hvdrogen bomds
with water molecules. Fabs, more fomally called the trighyoer-
ides, are the primary Hﬁdm&dbva:ﬂnuﬁ;[mbﬂhmﬂaﬂm
and long-term energy storage. Fat s distrubuted throughout the
body, but the majority 18 found just beneath the skin of most
animals, where it helps retain body heat. Triglveerides in plants
are commaonly referred (0 as oils. We are familiar with fats and
oils, because we use them as foods and for cosking. However,
increasingly they are also being used as a form of alternative fuel
source, such as biodiesel, for our industrialized sochties.

In addition to the trighcerides, phosphalipids, sterabds, and
waxes are impaortant Bpsds found in lving organisms. The next
sections will explore the structure and function of these classes
of lipids.

Triglycerides: Long-Term Energy Storage
Triglyeerides contain two types of subunit mobecules: faity acids
and gheerol. Each fatty acid consists of a long hydrocarbon
chain with an even number of carbons and a = COOH (carbosyl)
group at one end. Mast of the fatty acids in cells contain 16 or
18 carbon atoms per molecule, although smaller ones are also
found. The fatty acld chalns may be elther saturated or unsatu-
rated (Fig. 2.9). Saturated fatty aclda (Fig. 2.9a) have no double
bonds between the carbon atoms and contain as many bydro-
gens as they can hold. Unsaturabed fatty aclds (Fig. 2.95) have
double bornds in the carbon chain, which reduces the number of
bonded hydrogen atoms. In addition, double bonds in unsatu-
rated fatty acids may have chemical groups arranged on the same
side (termed cis enrfiguration]) of on opposite sides (termed s
ernitfiguration) of the double bond . A trans fat Is a triglyeeride that
has at least one bond in a trans configuration. The cis o irans
configuration of an unsaturated faity acid affects its biological
activity.

Glyeeral is a 3-carbon compound with three —0H groups.

The =0H groups are polar, making glveerol soluble in water,
When a fat or an ol forms, the —COOH functional groaps of

three fatty acids react with the —0H groups of gheerol during
a dehydration reaction (Fig. 2.1, resulting in a fat molecube and
three molecules of water. Fats and odls are degraded during a
hvdrolvsis reaction. MNotice that trigheerides have many nonpolar
C=H bonds; therefore, they do not mdx with water. Even though
cooking oils and water ane both liquid, they do not min, even afier
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BIG IDEA 2: Energy and Molecular Building Blocks

Saturated and Trans Fats in Foods

Yiou hawve probably heasd that you shouwld
limit the amount of =sturated fats and trans
fats in your diet But wihy? We lnow that
saturated fals, which come fom animals
and are solid at room temperatune, hove
efects i the body that are different from
those of unsaturated fats, which oome Bam
plants and are liqud 81 room bEmpersiune.
Saturated fats are flat molecules that easily
stick together n the blood, and too mach
saturated fat has been shown by scientists
to negatively affect heart health, contributing
to clogging of arteries and cardiovasculas
disease {CVDL By companson, unsaturabed
fats seem 1o help prevent CVD, because
they don't stick together in the blood and
therefore don't clog arteries,

Unsaturated fats might be healthier
for you, but plant oils can easily go rancid
and aren't solid at room tempessture, which
makes them more difficult to cook with and
o use n 2oid food products. To get arownd
this problem, food mamdacturers ydroge-
nated unsaturated fatty acids by heating the

oil and exposing it 1o hydmogen gas. This
treatment made the otherwise liguid plant
oils semisobd at room tempersture and gave
fsocis combaining partially hydrogenated ods
befler shell ife.

An unintended comequence of hydro-
genation, however, was the formation of brans.
fats. Many commercialy packsged foods
contain bans fats, which recently hive been
shown bo increase LD (sometimes called bad
cholesberol] and |ower HDL (sometimes called
good cholesterol] kevels inthe biood. Trans fat
consumpton alks sppears to intreste mmk of
CWID and heart aitack.

Al one poant, investigators thought that
the total amount of ipid in e diet caused
ooronary and other hearl-refated diseases.
As scenblic evidence accumulsbed show-
ing & distinction between the effects of
saturated and ursatirsted fats, public per-
ception changed. Untd recently, frans fsts
werne of liftle concern o the general public,
and people readilly consumed them withouwt
much thought As science has browght the

negative effeds of trans fals to light, percep-
thon has changed once again. Public outcry
has prompted changes in the food services
indusiry, with clear labeling of trans fals on
ol foted produdds and with mone restaurants
using trans fat-free oiis during cooking.
This s a good example of how our percep-
ons change ower time based on sceentfic
evidence, and il Sustrates the essential role
that science plays in the common goad. Sa-
ence constantly refines what we now as
new evidence provides greater nzighs into
how we functon and lve.

Cuestions to Consider

1. What is the chemical structure of a trans.
fat compared to that of & nonrtrans fad?

2. How much trans a1 do you consume
claily™

3. How would you balance the needs of
the food industry with the bealth rigks
axtaciated with changing the chemacal
compasition of & food?

.

shaking. becawse the nompolar ofl and polar water are chemically
incompatible.

Triglyeerides containing fakty ackds with unsaturated bonds
melt at a Jower kemperature than those containing only saturated
fatty acids. The reason ks that a dowble bond creates a kink in the
fal-w acid chain that prevents chose packing between the ydrocar-
bon chains {Fig. 210} We can inder that butber, a fat that is solid at
room iemperature, must contain primarily saturated fatty acids,
whereas corn ofl, which is a Lquid even when placed in the refrig-
erator, must conkain primartly unsaturated Eatty acids. This differ-
ence has applications useful to living organdsems. Fos exantple the
feet of reandeer and penguing contain unsaturated
and this helps protect those exposed parts from Ereul.rg.

In general. fats, which most often come from andmals, are
solid at room temperature, whereas oils, which come from
plants, are lquid at room temperature. Diets high in animal
fat have been assoclated with creulatory disorders, because
saturated fats and other molecules can accumulate inside the
lining of blood vessels and block bleod fow. Health organiza-
thons have recommended replacing fat with olls such as olive
oll and canola odl in our diet whenever posadble.

Neardy all anirnals wse fat rather than glycogen for long-term
energy shorage. Gram for gram, fat stores more energy than glyeo-
gen. The C—H bonds of fatty acids make them a richer source of

chemical emergy than glveogen, because more bonds with stored
energy are present in Eatty acids; in contrast, gheogen has many

C={H bonds, which are ]-Hsenergeluc bonda. Also, fa dmplels
o ot conkain waler, because they are nonpolar. Small birds, such
as the broad-tailed hummingbird, store a great deal of fat before
they start their long sprang and fall migrabory flights. About 0.15 g
of fat per gram of body weight is accumulated each day. IF the
SAE ATVEMEnd u&'nner&vweremedughwg&n a bird would be
s heavy it would et be able bo By,

Phospholipids: Membrane Components

are basically triglycerides, except that in place of
the third fatty acsd attached to glycerol, there is a polar phasphate
group (Fig. 2114 This portion of the molecule becomes the polar
head, while the hvdrocarbon chains of the fatty aclds become the
monpaolar tails. Motice in Figure 2 11a that a double bond causes
a tadl to kink.

Phospholipids have hvdrophilic beads and hvdsophobic
taile. When exposed to water, phospholipids tend to arrange
themselves so that the polar heads are oriented toward water
and the nonpolar fatty acid tails are orented away from water. In
living organdsms, which are made mostly of water, phospholipads
tend to become a bilaver (double layer), because the polar heads
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phosphate
a. Phosphofipid siruchere

auEde call

b. Piazma membrane of a call

Figure 2.11 Phospholipids form membranes. a Phospholipids
are consiructed lko {xs, excepd that in place of the thied fd:r.' ackd, thay
heneer o podar phosphate group. The hydeophilic {polar] head is solubée n
wiaber, whoress the two hydrophobic {nonpalar] talls are not. A bl has o
kink wherower theee i an unsatursted baond. b Bacause of thoir struchss,
phosghobpids fomm a bl ayer that serves as the magor component of a coll's
plyszma mambrane. The flkidity of the plasma mombrane s affeced by
kiré= In tho phosphalipios” tails

prefer ko interact with other polar molecules, such as water.
Corversely, the nonpolar talls assoclate together and
stay away from palar water molecules. Thus, phos-
phn]:pud:.mm'ng;e themselves like a “sandwich,” with
the polar heads facing the outside (the bread slices)
and the fstty acid tadls on the inside (the Alling). This phospho-
lipid bilaver is a kev component used to keep cells separate from
the biological compartments within cells.
The plasema membrane that surrounds cells comsists primarily
of a phospholipid bilaver {Fig. 2115, The presence of kinks
i the tatls causes the plasma membrane o be fuid across a
range of lemperatures found in nature. A plasma membrane
is essential to the struchure and function of a cell, and this

sigmifies the importance of phospholipids to lving organisms.

Sternids: Four Fused Rings

Steroids are lipids with structures that are entirely different
from those of trhghcerides amd pha-.phdlp:d: Sterold mal-
ecules have skebetons of four fused carbon rings (Fig. 2.12a).
Each type of sterosd daffers primarily by the tvpes of functional
growps attached to the carbon skeleton.

Cholesterol = an esential component of an animal cell's
plasma membrane, where it provides plysical stability. Cholesterol
iz the wmwrufmura]cthu-m:ds. such as the sex hormones
testosterone and estrogen (Fg. 2125 o). The male sex hormone,
testosterone, i formed primarily in the testes, and the female sex
hormone, estrogen, is formed pricarily in the ovanes. Testosber-
one and estrogen differ andy by the functional groups attached to
the same carbon skeleton, vet each has its own profoend effect on
the body and secuality of an andmal. Human and plant estrogens

c. Estrogen

Figure 212 Sterocid diversity. a_ Suwiht bk cholestonol, fb) testostercne and ic) estrogen e diioront efiecs on the: bodsy dus to different functional
mmmbmmm shpioton. Tesiosinrong &= W makl S Rormsong mmmmmwmmmagnnunemuxnmmu

peanens jrghl). These hormmones 2ee present N rany IVing crestures.
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Figure 213 Waxes. Wmies arca bype of lipid. a. Fruits are proteciod by & waoy coating, which is wisible on these plums. b Beos seoeie the was

that alows thesn o buld a comb, whene hey siore honey

are samilar i strocture, and if estrogen therapy s recomemended,
some wornen prefer aking sov products in preference o estrogen
from animals.

Cholesterol can also contribute bo circulatory disorders.
The presence of cholesterol encourages the accumulation of
faity material inside the lining of blood vessels, which decreases
the size of the opening and thereby can result in high blood
pressure. Cholesterol-lowering medications are available.

Waxes

In wanes, bong-chain fatty acids are comneced to carbon chains
contaning alcohol functional groups. Waxes are solid ab noromal
temperatures, becawse they have a high melting point. Being bn-
dropiocbic, they mah.‘mﬂwpmfand resistant bo degradation. In
oy plants, waxes, along with other molecules, form a probective
cutiche (covering) that prevents the loss of water from all exposed
parts (Feg. 2.134). In mary animals, waxes ase irwolved inskin and
fur maintenance. In humans, wax s produced by glands in the
outer ear canal Earway containg cerumin, an organic composund
that, at the very least, repels insects and in some cases even kills
them. It also traps dust and dirt, preventing these contaminants
from reaching the eardrum. A honevbes produces beeswax in
glands on the underside of its abdomen. Beeswax is used o make
the six-slded cells of the comb, where honey s stored (Fig. 2135).
Honey contains the sugars fruciose and glucose, breakdown prod-
ucts of the sugar sucrose. In humans, waxes ane produced by glands
in the ear. These wases wakerprood the ear canal and prevent the
growth of bacteria

Check Your Progress 23

1. List the functions of triglyeerides, phosphobpids, sieroids,

and waxes
2. Contrast the structure of 8 saturabed Tty scid with that of
an umsaturabed fatty acid.

3. Explain why phospholipics form & bilsyer in water

2.4 Proteins
Learning Outcomes

Upan completion af ths section, you should be able 1o

1. Descrbe the funclions of probeins in calls.

Z. Explain how a polypeplide & constructed fraem arming acids.
3. Compare the fiow levels of protein stroctune.

&. Undarstand the BCiorn thal affect probain struciune and funcion.

Proteins (Gk. protemns, “first place”) are of primary importance
o the structure and function of cells. As muoch as 50% of the
dry weight of most cefls consists of proteins. Several hundred
thousand proteins have been identified. The following are soms
of their many furctons in animals:

¢ Metabolissn  Enzyvene proteins bring reactands together
and thereby speed chemical reactions in cells. They are
specific for one particular tvpe of reaction amnd function
best at specific body temperatures and pH.

« Supporl  Some proteins have a structural function. For
example, keratin makes up hair and nails, while collagen
gives stremgth fo Bgaments, lendons, and skin.

* Thmsport Channel and carrier protemms in the plsomna mem-
brane regulate wihat substances enber and exit cells. Other pro-
feins transport molerubes in the blood of ansmals; hemoglobin
& a comples: protein that ransports oxvgen o Bases and colk.

* Defenze  Antibodies are probeins of our immine sysiem
that combine with foreign substances, called antigens.
Antibodies bind and prevent anbigens from destroving
cells and upsetting homeostasis.

* Reguimion  Soroe hormones are proteins that regulate how
cells behave. They serve as intercellubar messengers that infhs-
ence cell metabolism. The hormone insulin regulates how
mitich ghecose is in the blood and incells; the presence of
growth hormone during childhood and adolescence deter-
munes the hesght of an ndividual

* Motiosr  The contractile proteins actin and mwosin allow
parts of cells o move and cawse muscles to contract. Muscle

[ mrl] T sl ey st by rrwg e, ) 20 T Shocke Pros b awmy?
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contraction allows ammalks to travel from place o place. All
cells contain that mowe cell o different
internal kocations. Withouwt such proteins, cells would not be
able to fumchon.

Proteins are such a major part of living organismes that tis-
swes and cells of the body can sometimes be characierized by
the proteins they contain or produce. For example, muscle cells
contain large amounis of actin and mvosin for contraction; red
blood cells are filled with hemoglobin for cocvgen transport; amd
support tissues, such as ligaments and tendons, contain the
protein collagen, which is composed of tough fibers.

Amino Acids: Protein Monomers
Proteins are polvmers constructed from amino scid monomers. The
name armbne schd B wed because one of the functonal grougs in
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the amino acid is =NH, (an amino groug) and another @ = C00H
fam acid group). The third group s called an B (variable) group. The
structure of an ambno ackd B as follows:
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R = varabie group

Mote that the central carbon atont in an amdne acid bonds: o
a hydrogen abom and to three other grougs of aboms, one of which
is the B group. Amino ackds differ sccording o their particular
E growp (Fg. 2.14). The B groups range in complexity from a single
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Figure 214 Amino acids. Podypeptides contain 30 different kinds of amina acids, soma of which are shown hene. Aming acids differ by the
paticular & group {shaded anea of the molecise] attached 1o the central carbon. Some F groups are nonpolar and hydrophobic fiop), some are polar and
fepdrophibc jcenber, and some are lonized and hydrophiic (botiom]). The amino acds ae shown inionized form
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hydrogen atom o complicated ring compounds. Soame R groups ane
polar ared associate with waker, whereas others are nonpolar and do
not. Also, the amino acid cysteine has an R group that ends with a
=5H (sulfide) group, which often covalently conmects one chain of
mhnﬂxmmq-admmdzm =Gy § = Sevwral other
amino ackds commaondy found in cefls are shown in Figure 214

Amino acsds are linked by debvdration reactions that nk the
carboyl group of one amino acld to the amine group of another
aming acid (Fig. 215). The resulting covalent bord between two
amino acids is called a bond. The aboms associated with
the peptide bond share the electrons unevenly, because oxygen
is more electronegative than nitrogen. Therefore, the hvdrogen
attached to the nitrogen has a slightly positive charge, while the
oovgen has a slightly negative change:

_Peptide bond

I
-

The polarity of the peptide bond means that hvdrogen bonding
is possible between the =C0 of one amino acid and the =&NH
of another amino acid in a polypeptide. This hydrogen bonding
influences the structure, or shape, of a protein.
A peptide = two or more aming acids bonded together,
and a polypeptide is a chain of mary amino acids joined by
peptide bonds. A protein s a puhlpephd.e that has been folded
into a particular shape and has function. Some proteins may
consist of more than one polvpeptide chain, making it possible
for some proteins to have a very large number of amino acids.
The amino acid sequence greatly mfluences the final three-
dimensional shape and funcison of a protein. Each protein has a
sequence of amino ackds that is defined by mformaton contained
within a gene. This amino acid sequence forms the basis for all
leveds of protein structure, which directly affect protein fumction.
Proteins that heve an abnormal sequence often have a three-
dimwensional shape that causes them to function impropedy. From
an evolubionary perspective, we also know that, for a particular
profein, the sequences of amino ackds are highly stmdlar within a
species and are different across species,

Shape of Proteins
Proteins may have up o four levels of structural organization: pri-
mary, secondary, kertlary, and quaternary (Flg. 2.16).

Primary Structure

The primary shruciere of a protein i the Hnear sequence of aming
acids. Hundreds of thousands of different polvpeptides can be built
froen just 20 amino acids. Changing the sequence of 20 amino acids
in a polvpeptide can produce a huge array of different proteins. The
sexquendce of the amino acsds in the primary structuse s determined
by the information contalmed within genes, which are part of the
DA of the cell.

Secondary Structure

The secondary strechiore of a protein occurs when the polvpeptide
codls or folds in a particular way (Fig. 2 16).

Linus Pauling and Robert Corey, who began studving the
structure of amine acids in the late 1930z, concluded that a codl-
ing they called an oo (alpha) helix and a pleated sheet they called
a [ {beta) sheet were two basic patterns of structure that amino
acids assumed within a polvpeptide. The names came from the
fact that the o helix was the frst, and the [ sheet the second,
pattern they discovered. Each polypeptide can have multiple o
helices and B pleated sheets.

The spiral shape of o helices ks formed by hydrogen bond-
ing between every fourth amino acid within the polypeptide
chain, hhema.-t{]-sheeﬁ. are formed when the polypeptide turns
back upon Hself, allowing hvdrogen bonding to occur between
extended lengths of the polypeptide. Filirows profems, which are
sirctural proteins, exist only as helices or pleated sheets that
hydrogen bond tw each other. Examples ase keratin, a protein
iy hair, and silk, a protein that forms spider webs_ Both of these
proteins have only a secondary structure (Fig. 2 17).

Tertiary Structure

A lertinry structure 15 the folding that resulis in the final three-
dimensional shape of a polypeptide. Giobuler proteins, which tend
i ball up imto rounded shapes, have lerdary structure.

The interaction of hvdrophoble amino acids in the poky-
peptide chain with the surrounding water = a major factor
i how proteins fold o, and maintan, their final shape.
These nonpolar amdno scids tend to group together in the in-
terior of a protein, bo be as far away from water as possible.
In contrast, the polar hvdrophilic and jonle amine acids in-
teract well with water and tend to orent themsebres on the
protein’s surface, These chemical interactions, along with
hvdrogen bonds, jonic bonds, and covalent bonds between
K groups, all contribute bo the tertiary structure of a protein.
Strong disulfide linkages {=5-5=} in pariicular help maintain
the tertiary shape.

amino group acidic group peptde band
H H H B H H O | K
| T &~ Lol o ehyceation reacan | W
H—N—Y—c + M= l_-ﬂ'% H=aM=1f= —Z‘\i—i‘l‘l_l_“ & + Hy
x B o’ R 2 hydratysis reaction ,! H H 2
amana acid mmine ackd dipepisde o g

Figure 215 Synthesis and degradation of a peplide. Folowng a dehydration reaction, a peptics bond joins beo aming acids and @ water
malocuie ks released. Following o hydmbysis reaction, the bond & broken ue to the addition of waber.
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Primary Structure

This leved af struchura

ks determingd by the
linear seguanoe of
amima acids, coded for
im the genes of the DA

Secondary Stucthure
Hydrogen bonding
barbwessn amino ackls
causes the polypoptida
tofomm an alpha helix
o & ploaded shoot

o falphia) halia

Terttary Structune
Inizractions of aminos

acld side chains with waber,
oovalet bonding Dathwesn
Rgroups, and other chaemical
merecions cetonming the foided
three-dimensional shaoe aof a probein.

Figure 216 Levels of protein organization. Al proseins have
a primary structuse. Both fiobrows and globular profoins hawo a socondany
sbucture; thay are afther holices (koralin, colagen) or pheated sheots
{=ilk). Globular profoins sways have a teriany siructure, and most have This level of stnsciure

P CCCLES 'When Two or mong
a queiesnainy struchung e g, hemogiobin and Tuiorisl foided palypeptides interact

[ o such a5 Riaso) Lassh oF Petain
S | 1o periorm a biological function.

l'h‘i M

[l [ L

Figure 217 Fibrous proteins. Fibvous proteins are strucbural probeins. a. Kerstin—found, for example. in hair, hoems, and hooses-—asemplifies fibnous
proteins that ane heboal for moest of their length. be & chomical tneatmoent, calisd & pesmy, may ba ed b abter the secondary stscture of the kemtin profoins.
c. Sil made by spiders is fibrous proteins that are ploated sheets for most of thesr longth. Hydrogen bonding bobseen parts of the molecule causes the
plaatad shaaof 1o ook o om et



Most enzymes are globular protetns. Eneymes work best
at a specific temperature, and each one has an optimal pH, at
which the rate of the reaction is highest. At this temperatune
and pH, the enzyme can maintain its normal shape. A high
temperature and change in pH can disrupt the interactions that
maintain the shape of the enzyvme. When a protein loses s
natural shape, it 1s said 0 be denatured. An organism can die if
tos many proteins become denatured, because it can no longer
maintain the metabolic processes necessary for Life.

Chuaternary Strictire

Some protens have a quaternary struchire, because they consist
of more than one polvpeptide. Hemoglobin, the profein that
transports oxygen in the blood, i a globular protein that con-
sists of four polypeptides. Each polvpeptide in hemoglobin has
a primary, secondary, and tertiary structure. However, a pro-
tein can have only two polypeptides and still have quaternary
structire.

The Importance of Protein Folding

The function of a protein is directly associated with its three-
dimensional structure. Therefore, the correct fobding of a protein
is important. Changes in the Instructons in the genes encoding
& protein may result in changes in etther the structune of the pro-
tein or the way it folds. Ak times, this may be deterimental, & s
the case for diseases such as cystic fibrosis. However, sometimes
these changes are less damaging. Minor chamges in the protens
associated with hair or eve color are examples of variation in
protein strocture that are not detrimental toan organism.

Cells contain duperone profeins, which help new proteins
fold indo their normal shape. Initially, researchers thought that
chaperone proteins only ensured that probetns folded properly,
busk now it appears that they might correck any misfolding of a
new protein. In any case, without fully functioning chaperone
proteins, a cells proteins mav nok be functional, because they
have misfolded. Several diseases in humans, such as Alzheimer
disease, are associated with misshapen proteins.

Other diseases in humans are due to misfolded proteins,
but the cause may be different. For years, investigators have
been studving fatal brain diseases, known as TSEs, that have
ne cure becawse no Infective agent could be found. Mad cosw
diseaze is a well-known example of a TSE disease. Now it ap-
pears that TSE diseases might be due to misfolded probeins,
called prions, that cause other proteins of the same tyvpe to fold
the wrong way, oo

Check Your Progress 2.4
-

1. List the roles of probeins in living organsms;

2. Dweseribe how two amins aeids are combined 1o form a
palypeplide.

3. Summarize the diferences among primany, secondary,
terigry, and quaternany sirociune.

\ ., Deseribe the consequences of incarect protein folding

A8 i A | LT e e B L o L o T e B i L L i

1 TSEs rarsmscdble spongiform encephalopathses.

2.5 Nucleic Acids
SRR e -1n-. ST “1

Learning Outcomes

...- . T erm—— - |

Upon completion af thes section, jlﬂu should be alve to

1. Distinguish betwesn a nucleotide and nucleic acid.

2. Compare the structure and lunclion of DA and FMA
nucieic scids.

3. Explain how ATP is able 1o slone enengy.

Each cell has a storehowse of mformation that specifies how a cell
should behave, respond to the environment, and divide to make
new cells. Nuelele acids, which are polymers of nuclectides, store
indormation, incude instrucions for e, and conduct chemical
reactions. DNA (deoxyribonudede achd) is one tvpe of nudeic
acid that not only stofes information aboul how 0 copy, or rep-
licate, iself but also specifies the order in which amino acids are
0 be joined b make a protesn.

ENA (riboauclele acld) is another diverse type of nucheic
acid that has multple uses. Messenger RNA (mBNA) & a tem-
porary copy of a gene in the DNA that specifies what the aming
acid sequence will be during the process of protein synthesis.
Transfer RMNA (tRNA) 15 also necessary in symithesizing proteins,
and it hefps translate the sequence of nucleic acids in a gene
into the correct sequence of amino ackds during protein svnthe-
sis. Ribosomal RNA (rRNA) works as an enzyme o form the
peptide bonds between amino acids in a polvpeptide. A wide
range of other RNA molecules also perform important func-
thons within the cell.

Mot all nucleotides are made into DNA or RNA polmers.
Some nucleotides are directly imvolved in metabolic functions in
cells. For example, some are components of coenzrymes, nonpro-
tein organsc molecules that help regulate enzvmatic reactions.

ATP (adenosine triphosphate) is a nucleotide that stores Lrge
amounts of energy needed for synthetic reactions and for vari-

ous other energy-requinng processes in cells.

Structure of DNA and RNA

Every nucleotide = comprised of three types of mobecules: a
pentose sugar, a phosphate (phosphoric acid), and a nitrogen-
containing base (Fig. 2 18q). In DN A, the pentose sugar is deoxy-
ribose, and i RNA the pentose sugar is ribose. A difference in
the structune of these S-carbon sugars accourns for their respective
names, because, as you might guess, decovribose lacks an oxvgen
atom found in eibose (Fig. 2.185).

Baogh DA and BB A contain combinations of fowr nuclentides
{Fig. 2.18), but these differ somewhat between the byo nocheic
acids (Table 2.4). Nucleotides that have a base with a single
ring are called pyrimidines, and nudestides with a double ring
are called purines. In DNA, the pyrimidine bases are cviosine
and thymine; in ENA, the pyrimidine bases are c','hnihne and
uracil. Both DNA and RNA contain the purine bases adenine and
guanine. These molecules ane called bases becawse their presence
raises the pH of a sohution. Table 2.4 summuarizes the differences
Bebwveen DNA and RMNA
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peniose Sugar deceyrinose {in DNA) ribose (im AMA)
a. Nuckeofide shsciure b Do coryriboss wersus nbose
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Figure 218 Mucdeotides. a A nuceotide consists of 2 pertose sugar, a phosphate moleoulke, and 4 nifogen-contyning base: b. DMA contsins
the sugar denryribose, and RNA comtains the sugar bose. ©. DMA contains the pyrimidines © and T and tha punnes & and G. S84 contains the
pyrimidines C and U and the pusines A and &.

Figure 218 RMA structure. EMAisa
single-sianced potymer of nucleotides. When
the nucleobides join, the phasphate groug of
one is bonded to the sugay of the ned. Tha
bases project out 1o the side of the resuiting
sugar-phosphaie backbone.

Table 2.4 DMA Structure Compared to RMA Structure

- Sugar Daouyribose Réhose
- Bxsas Adenina, guanine, Adanine, guaning, uraol,
i it s Mitroge n-containing
Srrands Double-stranded with Lisuaiy single-strandod
I paiing
Hizrk -] Mo

Nucleotides are joined into a DNA or an RNA polymer by
a series of debydration reactions. The resulting polymer is a

linear molecule called a strand, in which the backbone is made Boneine B Rwo
up of an alternating serles of sugar-phosphate-sugarphosphate Downne D Aduine NH:
maolecules. The bases project to one side of the backbone. (E) Presanats !U-m

Nucleotides are joined in an order specified by the strand they

are copied from. DNA is double-stranded, and ENA is single-
stranded (Fig. 2.19).
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@ Cyiosine & Sugar
O Guanineg ) Adenine

(7l Fhosphaie f Thymine
bi. Doubie hefix

sugar

C. Complemeriany baso paring

Figure 2.20 DMA structure. a Spacc-filing modal of DNA

b DMA k= a doubie el i which the sso polymecieobde strands st
about each athar ¢ Hydnogen bonds (doted ines| oocwr bobeoon the
complamentarily paired bases C s abways pairod with 5, and A is absays
paired with T

The two stramds in doublestranded DNA usually twist
arpund each other to form a double helix (Fig. 2. 20q, §). The bvo
stramds are held together by hydrogen bonds bebween prorimi-
dime and purine base pairs. The bases can be in any order within
a strand, but between strands, thymine (T) r_-..alwa:n-; paired with
adenime (A}, and guarime () is always paired with cvbosine (C).
Thas is called complementary base pairing. Therefore, n:-g,a.rd
bess of the order or the quantity of any particular base palr, the
number of purine bases (A + G) .a]wdl.'-: equals the number of
primidine bases (T + C) {Fig. 2. 20¢). We will take a closer kook
at the structure of DMNA and REMNA_

ATP (Adenosine Triphosphate)

ATP & a nuceotide comprised of adenine and dbose (adenosine)
and three phosphates (triphosphate). The three phosphate groups
are attached ogether and bo ribose, e pembose sugar (Fig. 2 1)

ATP & a high-energy molecule, because the last two phosphate
bonds are unstable and are easily brodoen. In cells, vdrobysis of the
terminal phosphate bond pmd;u-_--. the maolecule ADP (adenosine
diphosphate), a phosphate molecule (B, and lots of energy to do
cellular work.

The energy that ks released by ATP hydrolysis is wsed o
power many cellular processes, mclm:lmg enzyme reschons, cell
communication, and cell division. ATP by dml'.. sis is chemically
favored, because ADP and (Blare more stable than the angrna]
ATP modecule. Even though the thied phosphate bond is broken,
it 18 the whole malacule that releases enesgy.

In many cases, the hydrolysis of the AT nucleotade is cou-
pled o m-_-m.:am unfavorable reactons in cells b allow these
reactiong to pm:m.d For example, key steps in the synthesis of
macromolecules, such as carbolwdrates and protelns, are able to
proceed because the energy Fom ATP breakdown i used bo pay
ihe energy costs of the chemical reaction. ATP also supplies the
energy for muscle contraction and nerve impulbse conduction.
Just &= vou spend money when you pay for a product or service,
cells “spend” ATP when they need something. That's why ATP is
called the energy currency of cells.

Check Your Progress 2.5

1. Examine how & nucheic acid stores information.

2. Describe the three components of 8 nuckeotide.

3. Bvalusle the propedies of ATP thai make it an idead carrier
of enengy.

AL L L g Palemi ok
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Figure 2.21 ATP. ATP the univorsal encegy curency of calls, is
compased of scenosine and three phosphaie grosps. a. Spacn--ﬂllng modod
of ATP. b When celis require energy, ATP becames ADP + (B and energy
s refoacod.

L e o e

triphosphate diphosphate phosphate

REVIEWING the BIG IDEAS

Maolecules evalve from simple to complex, with bullding bleck monomets oflen joining 1o form polymers with the ability
1 to replicate, store, and transfer information. Specific molecular building blacks seam io be universally used in all
orgenisms on Earth. 10183 1.0. 2.6

A.LP'IEI'IQE in muckeic acid SEquente often alters amino acid Sedpsence, wihich I'I'Iﬂjl‘.BHEI"H'I'E struciiene and Tunction of the
protein preduced, leading 16 8 change within a species that is subject to natural selection. LA Le 3C 18 3C1d

H Carbon, nitrogen, phosphonus, and other molecules and atoms ram he environment are used 1o budd the
carboiydrates, lipids, proteins, and nucleic acids thal make up living organiEms. 2.8 3481

Drganisms may caplure ree anergy sioned in Carbon COMPoUNds 1o power cellular processes, 24 2 a-h

Genetic information is stared and transmitied in the form of specific sequences of DNA and RNA
nucleotides. 34141

L

m The orientation of biomolecules infleences thewr sireciure, replication; and bond fosmation. 4415 13
Lipids and carbobidrates sane in structure and ensengy sione robes. 4 A1 5 3-4

MNuclegtide seguences encode biological information, while amino acid seguences dictale the srochere and fssciion of
proteins. £.4.0.49-3




B SUMMARIZE -
AP Answering the Essential Guestions

Living meganisms ane composed of large carbon-based molecules that
can be grouped into four categories. each with particular strisctures
and functions. These molecules of life are carbohydrates, fipids, pro-
teins, and mucleic scids. We |learned that in addition to carbon, bio-
molecules are comgeised of five other elements—suifur, phosphores,
oxygen, nitrogen, and hydrogen=in different quantites and amange-
ments. Collectively, these key slements can be remembered by the
scroaym SPONCH. Molecules contaming carbon {C) can covalently
bond to SPOMCH astoms. Because the addtional atoms have different
clectronegativities, molscules containing them hawe different proper-
tiex. Two of these functional groups are NH, and COOH; amino growps
[MH_) make a mobecule more basic, whersas carbaxyl groups (CO0H)
make a molecule mone addic. Adding & phosphate group [0P0,7) 1o
= Bpid makes a Epid with both hydroghobic inonpolar) and hydrophdic
{ipolar) regions, a concept that will be studied in detail in Chapter 5 when
we explore the structure and function of cell membranes.

The maolecules of life  As a group, carbohydrates are composed
of €. H, and O in the ratio CH, 0 or carbon hydrated with, you guessed
it. H, 0 or water Different carbohydrates have diffesent funchions; some
store energy while others sirengthen the cell walls of plants. Lipads stso
are sources of energy and are composed of C, H. and O, but these atomes
are aranged guiet differently than they are in carbohydrates. Special
types of Bpids—the amphipathic phospholipids—are components of cell
membranes that help reguiate the passage of matenials across them.
Proteins are long chains of dfferent sequences of amino acids that =8
corimin an aming group (MHL), a carbooyd group (000H), and a vanabie
group, with fwo smino acids containing sulfur [SE

amens acuic
Iil :
H;H—tlt—mnl-l
# = variable group

With differen? arrangements of 20 amino acid “lelters,” think how
many “wonds™ in the form of protens can be made. The funcans af
prodeins are mamy and diverse, including catalyzing chemical readlions
[enzymes), providing structural support. protecting against disease, and
coordinating cellular responses to outside signads.. Muscleic acids, mone
famikarly known as DA and RMA. contain phosphorus (7 in addition to
C, H, ©, and M and siore and transmil bereditary information.

In many cases, the molecules comprising lving materiad are very
|lage aggregates of smaler molecules. Thus, biomolecules are com:
monly refered 1o a5 macromolecules or polymers. Polymers are bailt
by inking together & large numbeer of building blocks called monomers:
In & strand of beads, if cach bead represents a monomes, the entine
strand is the polymer. The properties of the monomers determine the
nature of the pofymer built from them. For example, complex casboby-
drates such as stasch ane composed of simple ring-shaped sugars such
as glecose. Long chains of pofymers are assembbed by chemical nesc
tions known as delydration synthesis in which a molecule of water =

removed between two inking monomers. Conversely, polymers can be
broken down by hydrolysis or the addition of wates

H=1® ®F=1{]
N

o = )

Protein structure We have already described bow macromole
cules can be broken down by the addition of water, but other environ-
mental conditions also can affect their stnsctune and, consequently, thesr
function. As you recall, proteins ane compased of amino aced monamess
linked together 1o form a polypeptide via dehydration synthesis and
peptide bond formation. When a prodein s synthesized, the primary
chain of amino acids may fold dise to the formation of warious bonds
and other molecular mberactions between parts of the chain, oeasting a
unique three-dimersional shape. Proteins have four levels of strsciune:
primary, secondary, testiary, and quarternary, each with different func.
tions, For exampie, most biological catalysts or enzymes are testiary or
globul 2 protedns with many vamstions and pockets that can act as actve
or recognition sites for substrabes fee will learmn more about enryme
structure and function in a later chapier) Quaternary prodeins consist
of two or more polypeptide chains aggregated into one functional mol
eculs; examples of qualemany proleins are hemoglobin that carnes
oxygen in our ned blood cells and collagen that makes our skin and ga-
ments fiexible. Because many of the forces holding together the iemiary
structure of a protein are weak forces, they are subject to disruption by
emd@mnmental conditions, induding changes in pH and temperature.
Once the structure of the protein changes, it is difficult for @ to func.
ion in its onginal capacity. Similarly, changes in nucleotide sequences
in DA or RMA can result in & change in amino acid sequence coded
and, consequently, the polypeptide produced. Sech a change is called
o mutation and often results in a mew trait that can be beneficial or det-
rimental to the crganism.




CHAFTER 2 The Chemistry of Organic Maoleoules

B ASSESS

Choose the best answer for each guestion,
21 Organie Molecules
1. & hydrophilic grouwg =
a attracied to water.
b. a polar andior an ionized group.
c. found at the end of fatty scids.
d. All of these ane correct

2. Which of these is ot & characteristic of carban?
2 forms fouwr covalent bonds
b. bonds with other carbon atoens.
C iz somebtmes ionic
d. can form long chains
3. Which of the foliowing reaclions combines two monomers
to produce a podyrmesr?
a dehydration
b. hydrolysis
c. phosphorylation
d. Hone of the abowe are comect.

2.2 Carbohydrates
4. The monomers of the carbohydrates ane the
& pofysaccharides.
b. deEaccharides.
C. monosacchandes.

d. wenes

5. Which of the fofflowing pofysaccharides s used as an energy-
storage molecule in plants?
a. ghicogen
b. chitin
c. starch
d. cellulose
B. Fructose and gatactose are both isomers of
a ghcogen.
b. ghlcose.
c. stanch.
d. maltose.

2.3 Liplds
7. Afatty acid is unsaturated if i
a contans hydrogen
b. contains carbonr=carbon double bonds
C. contains a carbooyd (acidich group.
d. iz bound to a gipcesol.
B. Which of the foflowing is incomect regarding phospholipids?
2 The heads are polar.
b. The tails are nonpolar.
. They contain a phasphate growp in place of one fatty acid
d. They are encrgy-siorage molecules in the cell.
9. & lipid that contains four fused carbon ings is a
o trighycernde.
b weanc

c phospholipid.
d, =teroid

B s

0.

The chemical differences bebween one amino acid and another iz
due to which of the fokowing?

0. AminG groug

b. carbooeyd group

. R group
o peptide bondy

. 'Which of the following bevels of protein strectsre is determined by

interactiors of more than one polypepbde chain®
a  primary

b =secondary

. teriary

d. guatemary

. Which of the following & farmed by the finking of tws amino acids?

a a peptide bond

b afunctional grous
C gusemary sireciune
d anionic band

2.5 Nuchele Acids

13.

14

15.

B ENGAGE

Which of the following is ncorrect reganrding nuclectides?

a They comam a sugarn, a nitogen=containing base, and &
phasphate group.

b They are the monomers of fats and polysaccharnides.

. They join together by allemating covalent bonds between the
sugars and phosphate groups.

d They are present in both DRA and RMNA.

. 'Which of the following & comrect regarding ATP?

a Risan amino acid

b B has a helical stnscture.

c. Ris a high-enesgy molecule that can beeak down to ADE and
phosphate.

d Mis amuceotide component of DA and RMA

Which of the fiollowing & correct concerning an RNA mofecule?

a N contains the sugar ribose.

b B may contain wracil as a rogen-contaning base.

c. R contains a phosphate molecule.

d. All of the abowe are conmect

AP Applying the Big Ideas

EEEENE wioiccuses evolve from simple to complex, with Buildng

béock monomers often joining to form polymes with the abiity o

replicate, store, and transfer information.

a Desoibe TWO spediic suboomponents at define nuclerc acids.

b Explain how each of the suboomponents you described in par
{a} contribiges 1o the functionality of the polymer to replicate,
=store, and transfer information.

.mﬁﬂmwmhmnuﬂmbmﬁmhm

coniribute 1o the production of crbohydrates, essential polymers for

fueling cells, 25 well &5 providing slorage and stsciure.

a Describe TWO specific subcomponents thal define
carbofnydrates.

b Expéain how each of the subcomponents you described in pan
{a} comributes to the funcionality of the polymec
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1. BN one particular inherited blood disorder is cauwsed by the
substitution of vaéne (an amino acd with a nonpolas, lydrophobac
side chain) for gutamic acid [an amino acid with a negatively
chamed, kydrophilic side chainj.

o Predict how this substitutson impacts the structure and function
of the globular proteirs found in the blood of patients with this
disceder.

b. Explain why your predictions for part {a} are pstfied,

4. EXEENN The subcomponents of bislogical molensdes and ther
sequence determine the properties of that molecule. Proteins, of
primary importance to cells, camy cut many diverse functions in
cells, Their sequence i dictabed by aming scids.

a Describe TWO specific subcomponents that define amino acids.
b. Explain how each of the subcomponents you desaibed inpart
[a) contributes to the properties of the amino acids and proteins:

AP Applying the Science Practices

Does solubde fiber affect cholesterol levels? High amounts of a stenoid
cabed cholesiesal in the bilood are associated with the development of
heart disease. Researchers study the effects of soluble fiber in the diet
on cholesterol

Data and Observations

This experiment evaiuated the effects of three solubie fibers on
cholesterol levels in the blood: pectin PE), guar gum (5G], and psyllum
[PSY) Cellulose was the control (CNT).

]
W aw

‘gﬂ W Famaa
i,
B
i
-]
+ al ol o1

i CHNT PE GG PsY

Dupis

= Dl Sbtained froeri Shear, el ol 1998 Denary solubbe Tibar iowirs plasems L0
cheloslonsd concen iralions By alterrg hpoprossn malabacem v lemalo Guined gl
Jmarrial of Mutritess 138 44381481

Think Critically =2 =5
1. Calculate the percentage of change in cholesterol levels as
compared io the condrod.

2. Descrbe the cffects that soluble fiber appears to hawe on
chofesterol levels n the blood.
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Elactron microgeoph of Gamdia tiambiie, 0 Couse of diamhen

AP The Duich shopkeeper Antonie von Leeuwenhoek (1632-1723) moy hove been
thie first person (o see lving cells. Using o microscope he bullt himsstf, he ooked of
evenything possible, from the plogue between his teeth 1o his own feces. During one of
these obsenvations, he discovered “onimalcules a moving pretiily. Thes bodies were
soimewhat longer than beood, ond the bedly, which was fio-be, furnished with sundny Ute
pews. - . . In this way, Antonle won Leewwenhosk repodted seeing the parosite Gioroio
bombiia {olso known as Gardio iestingls). We now know thot Giardio s o cause of some
forms of diorhhea, especiolly in woter supplies that hove been contominoted by fecal
mecteriol. And I Is very common; wp to 20% of the world's populotion moy be infected with
Gigrdio. While Giordo ore single-cedled poresites, ond humans consist of trillkons of cells,
thie cells of both of these orgonisms shore moy simélor chonocteristcs.

In this chapter, you will see thot cells ore the fundomentol bullding blocks of
ofgonisms, orgonized to comy out basic metobolic functions and odapt to chonging
emdronmental condithons. The presentotion concentrates on the gensralized bacteral,
omamol, or plont cedl; howewer, oll cells ore specialized in portcular woys.

Az you read through the choptes, think abaut these Essentiol Questions:

1. Why ore most cells so smoli? ZA3h] 283 h 3

2. Whaot strectures do all celts shore? What evidence suppodis the theosy that eukon-
otes evolved from prokonyotic cells? 1B ZEEE JEFE

3. Whot are strecheal differences between the genstic moteriol of prokongotes ond
eukoryotes? TREE Tiia? A0E

4. What feotures ollow ewkoryotic cells to function? SAEE

FoLLowing the BIG IDEAS

Cell Structure
and Function

CHAPTER OUTLINE
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All cells ane produced from exisling cells, creating an unbroken [Ineoge bock o the first cells almaost fosuar billkon

Yeors 0ga.

Eukaryotic cells contoin multiple cooperating ond =peciolized orgonelbes which produce the structure ond occomplish the

functions necessary for Like.

Ewery cell contoins DMA (with o without o nuclear coser] which encrypis the information for ol of iis structures and

functionol malecules.
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3.1 Cellular Level of Organization
Learning Outcomes

Uy compledion ol this section, gou should be able to
1. Understond thdal cells are the basic unit of Life.
2. List the basic principles of the osfl theory.

3. Recognipe how the surfoce-oreg-to-wolume ratio limits the
Size of o cell.

Cells are the basic units of life. All of the chemistry and bio-
modecules we have discussed to this point are necessary bt
insufficient on their own to support life. it is only when thess
components are brought together and aonganized into a cell
that lifie is possible.

All organisms are made up of cells. When we observe
plants, animals, and other organisms, it is important to real-
ize that what we are seeing is a collection of cells that work
together in a highly organized, regulated manner and thus
conduct the business of life. Figure 31 shows the connec-
tion betwesn whole crganisms and their component cells.
Althvough the cellular basis of life is dear to ws now, scientists
were unaware of this fact as recently as 200 years ago. The
link betseen cells and life became clear to microscopists dur-
ing the 1830s,

The cell is the smallest unit of living matter The collec-
tive work of the nineteenth-century scientists Robert Brown
[I773—185E), Matthias Schigiden [1804-18281), and Theodor

Schwann (1810-1882) helped determine that plants and ani-
mats are composed of cells. Further work by the German
physician Rudoiph Virchow (1B21-1902) showed that cells
self-reproduce and that “every cell comes from a preexisting
cell® Today, we know that various illnesses of the body, such
as diabetes and prostate cancer, are due to cellular malfunc-
thon. Countless scientific investigations since that time verify
these intial findings. From these results, we can infer that all
life on Earth today came from cells in ancient times, and that
all cells are related in some way. in reality, a continuity of celis
has been present from generation to generation, even back
to the weny first cell {or cells) in the history of life.

Today, some life-forms exist as single cells, whereas
aothers are complex, interconnected systems of cells. When
single-celled organisms reproduce, a single cell divides and
becomes two new organisms. When muficellular organisms
grow, many cells dhvide. The presence of many cells allows
some to spedalize to do particular jobs within the mutticeliu-
lar organism, including the cells that create genetic variation
through sexual reproduction.

The work of Schieiden, Schwann, and Virchow heiped
created the cell theory. It states that

1. Al arganisms are composed of cells.

2. Cells are the basic units of structure and function in
organisms.

3. Cells come anly from preexisting cells because cells are
celf-reproduecing.

Figure 3.1 Orgonisms and cells.
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robiit's inechiea showang
Ehat IL, fo, is
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CHAPTER 3 Cell Structune and Funciion

Cell Size

Afthough they range in size, ceils are generally quite small. A
frog's egg, at about 1 millimeter jmm) in diameter, is large enowgh
to be seen by the human eye. But most cells are far smaller
than 1 mm; some are ewen as small as 1 micromefer (pmp—one-
thousandth of & millimeser. Cell inchusions and macromolecudes
are smalier than a micrometer and are measured In terms of
nanometers fnm).

Because of thelr size, wery small biological structures can
ainly be viewed with microscopes, which magnify a visual image.
Figure 32 shows the visual range of the eye, light microscope,
and electron mecroscope; the discussion of microscopy in the Ma-
ture of Science festure, “Microscopy Today!” on page 60 explains
wivy the electron microscope allows us to see 5o much mone
detadl than the light microscope does.

Why are cells so small? To answer this question, consider
that & cell is a system by itself, as such, it needs a surface area
large enough to allow adeguate nutrients to enter and for
wastes to be eliminated. Small celis, not large cells, are likely
to have an adequate surface area for exchanging wastes for
nutrients. As cells increase In size, the surface area becomes
inadequate to exchange the materials that the wolume of the
cell reguires.

Figure 3.3 illustrates that dividing a large cube into smaller
cubes provides a lot more surface area per volume. This rela-
tionship = called the surface-area-to-volume ratio. Calcula-
thons show that a 1-cm cube has a surface-area-tio-wolume ratic
of &1, whersas a 4-cm cube has a surface-area-to-volume ratio
of 151 In general, a higher surface-area-to-volume ratio in-
creases the efficiency of transporting miaterials into and ouwt of
the cell.

& mental image might help you visualize the importance
of surface-area-to-volume ratios and why this relaticnship
fawors smaller cells. imagine a small room and a large room

LY nm Tanm

1o nm 1 pem i

100 pm

[l
"u @ n
chloroplast L J \
#‘ s) plang and D et meiEa rasa .
. ‘l' aranal 03 &34 e
£ &
= wirus - e
as
mask bacteris heuman agg amit 2qq
ataim

election micrdope

light micoscope l I
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Figure 3.3 Swurfoce-orea-to-volume relotionships.  4s coll size
decreosos from 4 ced to 1 omd, the suroce-ores-to-vodumas rallo InCreoses.

filled with people. The small room, which holds 20 people,
has only two doors, and the large room, which holds 80
people, has four doors. if a fire occurred in both rooms, |t
would be faster to get the people out of the smaller room,
because i has the more favorable ratio of doors to people.
Similarly, 2 smail cell size is more advantageous for exchang-
ing modecules becawuse of its greater surface-area-to-wolume
ratio.

Check Your Progress 31

1. Expiasin why cells ors oiive but mocromolecules oré nol. |

2. Siote the companents of the cell theony.
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Nature of Science

Microscopy Today

Becouse cells are the botx wiit of Life, the
more we leam obout cells, the more we un-
dersiond life. Cedls were mot discovened urtil
the seventeenth century, when the micro-
soape wos invented. Since that Bme, voriows
tupes of microscopes hove been developed
for studying cells ond ther components.
Maony times when scientists don howe
suitoble fools to investigote notural phe-
namena, they iment them. Microscopes

e
esiar len
light rays

ohjeclive lers
spedimen
condenzer l=ns

lighit Seaince

a. Compound light mkcroscops

hirve given Scentists o desper look inba how
lfe works thon is possible with the noked
eye. Todoy, there are mony types of micro-
scopes. A compound light microscope umes
o set of gloss kenses bo fcus lght mys pass-
ing through & specimen ko produce on image
thiot i wiewed by the human eye. & fronsmis-
sron elecion mcroscope ([TEM uses o set of
electromognetic lenses to focus electrons
passing through o spedmen to prodsce an

imoge, which & projected onto o fluorescent
screen or photogrophic flm. & soonming
eleciron microscope (SEM) wmes o narrow
beam of slechons o scan ower the surfoce
of o specimen thol is cooted with o Bhin meéial
loyer. Secondary elischons given aff by the
metal are detected and wsed 10 produce
o three-dimensonal imoge on o tedevison
sereen Figure 34 shows these thres types
of microstopsc imoges.

Eusglena, tramimizdsan alectan
e Eh

DG Siurie
e b Baaim

electromagnetic ———
ennderser ens

S{eCETIEN

slechmenagretic
abjective lens

efectromagretic
prajecton kns

alEryation Sreen
(41}
phatographic plat

. Transmission alectron mikrascops

Eisgluna, sanrimg aladiran

Fnicragraph

BleCtran gquin
alectran beam

plectramagnatic
ConoHnser
lenses

scarming <ol

firal
conckengar
lens
secondasy
elettrans

speciiveen

eleciren
degeoien

¢ hcarning elactron mikrascops
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Magnification. Resalution,
and Controst
Mogmifficodion is the roio between the sire
of an imoge and its octuol size. Electron mi-
troscopes magnfy to o greater extent thon
do oompound bght micescopes. A light
microscope con magnify objects obouwd o
thousand Bmes, but an clectnon microscodss
can mognify them hundreds of thousands
of temes. The difference les n the means of
ilfsmenation. The path of light roys ond elec-
trons mossng theough spoce is woeelike, but
the wovelength of electrons & maich shorbes
thom the wovelength of light. This difference
in wovelength occounts for the electron mi-
croscope’s grecter maognifying  copabaity
ond s greoter abiliy to distinguish between
two points jresolving powerk

Resolution is the minemum desionoe b
tween bvo objects thot ollows them to be
seen 0% bwvo Sepormte obfects. & microscope
with poor resoludion might enable o student
to see only one celldor gronule, while the
microscope with the better resolution would
show two gromules nést o eoch other. The
greoder the resolving power, the groeoter the
detail seen.

It o = ploced betwesn the Sormpde and
the objective ens of the compound ght mi-
croscope, the esolving power is ncreased,
and if ultroviolet Lght is uted insbeod of vis-
ible Lght, it & ol=o increased. But typscally,

d light microscope con resolve down 1o
0.2 pm, while the bransmisson electron
microscope con resalve down to 0.0002
pm. H the resolving power of the overoge
humon eye s et ot 10, then the typscal
compound light microscope s abouwt 500,
and the transmission elechnodn Microsoope
i 100,000 Fig. 34b).

The ability 1o make out, or ressive, o
partcudor object con depend on confrosd, o
ditference in the shading of an object com-
pared to s bockground. Higher controst is
often achieved by shoining cells with colored
dyes (light microscopy] or wih electron:
densze metals jeleciron microscopy], which
make them easier to 2ee. Oplical methods
such o phose controst ond defferential
interference contast (Fag. 1B) con also be
used to improwe controst Using Boores-
centiy topged ontihadies oon olso help us
viguglize subcefulor components such os
speciic proteins (See Fig. 3.19)

lluminatan, Viewlng,
and Recording

Light roys con be bent (refrocted] and

browght bo focus as they paoss through gloss
lenses, but electrons do not poss throwegh

glos= Electrons hove o change thot allows
them to be brought into focus by electro-
magnetic lenses. The humon eye voes light
b see on object but connol wse eliectrons

.
Lok G

fior the same purpose. Therefore, electnons
leawing the specimen i the electnon méono-
scope are directed foward g soneen or o
photogrophic plote thod is sensithve to their
presence. Humons can view the image on
the screen or phobograph.

A mopos odwancement i illumano.
Gon bBas besn the intmoduction of confo-
col microgcopy, which uses o loser beam
sconned ocross the specimen to focus on
a single shollow plone withan the cell The
microscopist con “optically section™ the
specimen by focusing up and down, ond o
series of opticol sections con be combined
in o computer bo creote o tree-dimensional
image, which can be disployed and rototed
an the compauter screen

An imoge from o microscope moy be
recorded by plocing o television camera
where the eye would view the moge. The
television comens comeerts the tight imoge
iy on electronic moge, which can be en
tered inte o computer. In wideo-enhonced
confrast microscopy. the computer mokes
the dorkest oreas of the anginalimoge much
dorker and the lightest areas of the original
much Gghter The result = o high-controst
image with deep blocks ond beight whibes.
Even more conbrost con be introduced by
the computer i shodes of groy are reploced
by eolors.

Beigghil-Reld. Light Brigji-hekd |stained) Differantial irterferenoe Phusss comirast, Density Drark-Nekd, Light is padded
passing through the [ryes s used 1o sLain cantrast, Oprical metheds EHerences in the thiraugh the spacmen al
spedmen is braught Ma spacimen. Certain B s 1o emhance sisegimen Laune light rays an gblqis angle so that
climacily intg fpous, Usually, COMporents take up density diffemroes within b goena out of “phase” the abgeciive lens recaives
thee low bewl of candrast the el e e than ather i specimen 5o that The macrascapss ankanoes oy lighit diffracted and
within thi spacimen romporents, and therafoes Certain Mghon s appear thase phase differences o scattemd by tha object,
Interferes with wiswing all cantrast & enhanced. brightar than athers. This that some reghons of the This techniguss is usad 1o
but g5 legest compenents technibque |5 used to view specimeen 2ppear brighter vhrw orgarm s, which
Iwing cells, chromosomes, or darier than others. The appear guite bright against

and organelle masses,

technique is widely used
to observe Ining cells and
oegares] les.

a dark field.

Figure 38 Photomicrogrophs of cheek cells.  Eright-field microscopy is the: most common form used with o compound light microsoope.
CHfwer bypes of miceoscopy indude dfieseriol mterfarence condrast, phose controst, and dork-fieid.
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3.2 Prokaryotic Cells

Upan campletion of this section, you should be able 1o
1. Examine the avalutionary relatedness ol prokanotes,
eukanyoles, and archosons,
2. Describe the mdamental components of o boctenol cell

Fundamentally, two different types of cells exist in nature.
Prokaryotic cells (Gl pro, “before”; komnpon, “kemned, nucleus”)
lack a membrane-bound nuclews. Eukaryotic cells (Gk eu,
“true”) possess a nucleus. The baciera and archaeans were
once thought to be chosely related because of their similar size
and shape. Comparisons of DiNA and RMA sequences now show
archaeans to be biochemically distinct from either the bacteria
or the sukaryotes. These comparisons also suggest that the
archaeans are more closely related to the eukangotes than the
bacteria. Two of the three domains, the Eubactera and Archaea,
are prokaryotic cells, while all eukaryotic cells are assigned to
domain Eukarya.

Prokaryotes as a group are one of the most abundant and
diverse life-forms on Earth, and they are present in great num-
bers in the air, water, and soll, as well as living in and on other
organisms. Although they are structurally less complicated than
eukaryotes, thelr metabolic capabilities as & group far excesd
those of eukaryotes. Prokanyotes are an extremely successful
group of organisms whose evolutionary history dates back to the
first cells an Earth.

Bactena are well known because they Cause some serious
diseases, such as tuberculosis, anthras, tetanus, throat infections,
and gonorrhea. But many species of bactenia are important to
the emdronment, because they decompose the remains of desd
organisms and contribute to ecological oycles. Bactena also assist
humans in still another way—we use them to manufacture all sorts
of products, from industrial chemicals to foodstuffs and drugs. For
example, today we know how to place human genes in certain cul-
tured bactenia so that they can produce hwman insudin, & necessany
hormone for the reatment of diabetes.

The Structure of Prokaryotes

Prokaryotes are quite smalt; an average size 5 1115 pm wide
and 2.0-6.0 pm long. The majpority of the prokanyotes have one
of these basic shapes:

& rod-shaped bacterium s called a bacilus, whie a
spherical-shaped bacterium is a esccus. Both of these can
occur &s pairs or chains, and in addition, coccl can ocour as
clusters. Some long rods are twisted into spirals. in which case
they are spirilla if they are rigid or spirechetes if they are
fliexibde.

Figure 3.4 shows the generalized stnucture of a bacterium.
“Generalized” means that not all bactena have all the structures
depicted, and some hawve more than one of each. Also, for the
sake of discussion, we divide the crganization of bactera Into
the cell envelope, the cytoplasm, and the external structures.

Cell Envelope

In bacteria, the eell envelope includes the plasma membrane,
the cell wall, and the glycocalyx. The plasma membrane is a
phospholipid bilayer with embedded proteins:

praben
molecules

The plasma membrane has the important function of reguiating
the entrance and exit of substances into and out of the cyto-
plasm. Regulating the flow of materials into and out of the cyto-
plasm is necessary in order to maintain its normal composition.

In prokaryotes, the plasma membrane can form intemal
pouches called mesosomes. Mesosomes most likely increase
the internal surface area for the attachment of enzymes that are
carmying on metabolic activities.

The eell wall maintains the shape of the cell, even if the
cytoplasm should happen to take up an abundance of water.
The cell wall of a bacterium contains peptidogivcan, a complex
maolecule containing a unigue amino disacchande and peptide
fragments.

The giycacalyx is a [ayer of polysacchardes that lies outside
the cell wall in some bacteria. When the layer is well organized
and not easlly washed off, it is called a capsule. A slime layer, an
the other hand, Is not well crganized and is easity removed. The

ghycocalyx alds against drying out and helps bacteria resist a host's
immumne system. it also helps bacteria attach to almost amy surface.

Cytoplasm

The cytoplasm is & semifiuid solution composed of water and
inorganic and organic molecules encased by a plasma mem-
brane. Among the organic modecules are a variely of enzymes,
wihich speed the many types of chemical reactions involved in
metabaolism.

While prokanyotes lack a8 membrane-bownd nuclews, their
DM s located in a8 region of the cytoplasm called the nucle-
aid. Furthermore, eukanyotic cells typicaity hawve multiple chromo-
somes, but prokanyotes have a single, colled chromosome. Many
prokanyotes also hawe extrachromosomal pieces of circular DA
called plasmids. Plasmids are routinedy used in biotechnology
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laboratories as a vector to transport DA into a bactenum.
Procedures such as this are possible because all life on Earth s
constructed from the same four DMNA nucleatides: A, G, C,and T.
Biotechnology plays an important role inthe production of new
medicines and many of the commerical products we use everny
day.

The mamy probeins encoded by the prokaryotic DMA are
synthesized on tiny structwres In the cytoplasm called ribo-
somes., & prokanyotic cell contains thousands of ribosomes
that are simidar in shape and function but are smaller than
eukanyotic ribosomes. Like thelr eukaryotic counterparts,
prokanyotic  ribosomes still contain RMA and protein in two
suhunits.

There is a tremendous amount of metabolic dversity in
the prokaryotes. Some prokarnyotes carry out metabolism in
the same manner as animals (by ingesting other organisms),
bt the cyanobacteria are a form of bactera that are capable
of photosynthesis in the same manner as plants. These organ-
isms lve in water, in ditches, on bulldings, and on the bark of
trees. Their cytoplasm contains extensive intemal membranes
called thylakokds {Gk. thydokon, “=mall sac”), where chlorophyll
and other pigments absorb solar energy for the production of
carbohydrates. Cyanobacterla are called the blue-green bacte-
nia, becawse some have a pigment that adds a shade of blue to
the cell, in addition to the green color of chlorophyll. The oya-
nobactena release mopgen as a by-product of photosynthesis,
and ancestral cyanchacteria were some of the earliest photo-
synthesizers on Earth. Many souwrces of evidence show that the
composition of the early Earth's atmosphere was changed by
the addition of mosgen.
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Figure 3.4 Prokonyotic cell. Prosonyosc cells lock memibrone-
beound orgoneites, as well os o nucleus. Thed DA i iocgted in o reglon
collad o nucleoid

External Structures

The external structures of a prokaryote, namely the flagella,
fimbrize, and conjugation pili, are made of protein. Motie pro-
kanyotes can propel themselves in water by the means of ap-
pendages called flagella jusually 20 nm in diameter and 1-70
nm long). The prokanyotic iagelium is one ofthe great wonders
of nature, and it consists of a filament, a hook, and a basal body.
The basal body is a seres of rings anchored in the cell wall and
membrane, Unlike the flageliom of the eukanyotes, which has
a whiplike motion, the flagelium of a prokanyole rotates 360
degrees. Sometimes flagella ooour ondy at the hao ends of a
cell, and sometimes they are dispersed randomby owver the
surface. The number and location of flagella can be wsed to
help distinguish different types of prokanyotes.

Fimbriae are small, bristielike fibers that sprout from the
cell surface. They are not involved in locomotion; instead,
fimbriae are involved in attaching prokaryotes to a surface.
Conjugation pili are rigid, tubular structures wsed by prokary-
otes to pass DMA from cell to cell. Prokaryotes reprodusce
asexually by binary fission, but they can exchange DA by
wiay of the conjugation pill. They can also take wup DMA from
the external mediem or by way of viruses.

3.2

1. Explain the mojor differences between o prokanpolic and
eukaryobc cell

2. Deseribe the functions of the bacterol cell envelope,
eutaplasim, and edernol Sthechines.

Check Your Progress



3.3 Introduction to Eukaryotic Cells

Upon compdetion of this section, you Should be able 1o
1. Deseribe how the endosymbiotic thedany explains
eukangotic cell structure.
2. Summarize the mciions of the organelles in o eukoryolsc
cell

3. Compare and contrast the structure of animal and glont
cells

Eukaryotic cells, like prokanyotic cells, have a plasma mem-
brane that separates the contents of the cell from the enwi-
ronment and that regulates the passage of molecules into
and out of the cytoplasm. The plasma membrane is a phos-
pholipid bilayer with embedded proteins. What distinguishes
eukaryotic cells from prokanyotic cells is the presence of a
nuclews and internal membrane-bound compartments, called
organelles. Mearly all organelles are sumrounded by a mem-
brane with embedded proteins, many of which are enzymes.
These enzymes make products specific to that organelie, but
their action benefits the whole cell system. Each organelie
carries out specialized functions, which together allow the
celi to be more efficient and successful. These features wouwld
hawve given the new cell a selective advantage ower other
cells.

Origin of the Eukaryotic Cell

The fossil record, which is based on the remamns of ancient
life, suggests that the first cells were prokaryotes. Therefore,
scientists believe that eukaryotic cells evolved from prokany-
otic cells. Biochemical data suggest that eukanyotes are more
closely related to the archaea than the bacteria. The eukany-
ofic cell probably evolved from a prokaryotic cell in stages.
The distinguishing characteristic of the eukaryotic cell, the
nuclews, 5 believed to have ewvolved dese to the invagination
of the plasma membrane (Fig. 3.5). The same process also
explains the origin of organelles such as the endoplasmic
reticulum and the Golgl apparatus.

There is strong evidence that the origin of the energy organ-
elles ocowrred when a langer eukanyotic cell enguifed smaller
prokanyotic celi=. Obsenations in the laboratony indicate that an
amoeba infected with bacteria can become dependent upon
them. Some investigators believe mitochondria and chioroplasts
are denved from prokanyotes that wene taken up by larger cells
{Fig. 3.5 Perhaps mitochondra were onginally aerobic hetero-
trophic bacteria and chioroplasts were originally cyanobacteria.
The eukanyotic host cell would have benefited from an ability
to utilize mopgen or synthesize organic food when, by chance,
the prokanyote was taken up and not destroyed. After the pro-
karyote entered the host cell, the two would have begun lving
together cooperatively. This proposal is known as the endosym-
biotie theary (enoo-, “in"; spmblosis, “living together”). Some of
the evidence suppaorting this ypothesis is as folloes:
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Figure 3.5 Origin of orgonelles.  |Imvoginoson of S plosmo
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owigin of thie eukoryosc cell during the evolubionory histony of life.

+ Mitochondria and chloroplasts are similar to bacteria in size
and In structusre.

+ Both organelles are surrcunded by a double membrane—
the outer membrane may be derived from the engulfing
wesicle, and the inner one may be derived from the plasma
membrane of the original prokanyote.

« Mitochondria and chloroplasts contain a lmited amownt
of genetic maternal and divide by splitting. Their DMA
[deaxyribonuchkelc acid) is a circular loop like that of
prokanyotes.

+ Although most of the proteins within mitochondria and
chloroplasts are now produced by the eukanyotic host, they
do hawve thelr own ribosomes and they do produce some
proteins. Their ribosomes resemble those of prokanyotes.
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+ The RMA (ribonucleic acid) base seguence of the ribo- organelle, depending on their particular function. These gen-
somes in chloropdasts and mitochondria also suggests a eralized depictions of plant and animal cells are useful for
prokanyotic arigin of these crganelies. study purposes. & baseline understanding of cell structure

and function will be helpful when you study the function of
Structure of a Emwuﬁc Cell specialized cells later in this text. Overall, the cell can be seen

as a system of interconnected organelles that work together

Figures 3.6 and 3.7 show general featwres of fully evolved, pres-  to metabolize, regulate, and conduct life processes. For ex-
ent-day animal and plant cells. Specialized cells, as opposed to  ample, the nucleus is a compartment that houses the genetic
generalized cells, do not necessarly contain all the structures  material within eukanyotic chromosomes and contakns heredi-
depicted and may have more or fewer copies of any particular  tary information. The nudews communicates with ribosomes
a7
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in the cytoplasm, and the organelies of the endomembrane
system—notably the endoplasmic reticulum and the Golgd
apparatus—communicate with one another.

Production of specific molecules takes place inside or on
the surface of crganelies. As mentioned, enzymes embedded
in the organelies’ membranes make these modecules. These
products are then transpored arownd the cell by transport
vesicles, membranous sacs that encose the molecules and
keep them separate from the cytoplasm For example, the
endoplasmic reticulum communicates with the Golgl appa-
ratus by means of transport vesicles. Communication with
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the energy-related organelles—mitochondria and chioroplasts—is
less ocbvious, but it does ocour, because they import particular
molecules from the cytoplasm.

Vesicles mowe around by means of an extensive network or lat-
tice of protein fibers called the cytoskeleton, which also maintains
cell shape and assists with cell movement. The protein fibers serse
as tracks for the transport vesicles that are taking moleoudes from
one organelle to another Organelles are also moved from place
to place wsing this transport system. Think of the oftoskelston as
a three-dimensional road system inside cells used to transport im-
portant cargo from place to place. The cytoskeleton is discussed in
detaill later in this chapter.
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In addition to the plasma membrane, some eukanyotic cells,
niotably plant cells and those of fungd and many protists, have a
cell wall. & plant cell wall contains cellulose and, therefore, has
a different composition from the bacterial cell wall.

Cells can wary the proporticn of organelles they have, de-
pending on the specialized function of the cell For example,
a liver cell whose function is parily to detoxify dregs and other
ingested compounds contains a greater proportion of smooth
endoplasmic reticudum, the organelle that accomplishes that
task. & nerve cell whose job is to conduct electrical signals
across long distances, contains more plasma membrane relatiwe
to other cells. Other cells may specialize so extensively that they
completely lose an organelle, fike a red blocd cell that ejects its
nucleus to increase the swrface area needed to camy cxygen in
the blood.

Check Your Progress 3.3

1. Summarize the benefs of comparimentalization found in
cefls

2. Exnmine why orgonelles increose cell efficiency and funcion

3. Expdain the arigins of the nucleus, chloroplest, and
mitochondria of eukaryotic cedls

toudear ervel ope:

inner membrane
citer mambiang

riudear pore

3.4 The Nucleus and Ribosomes
Learning Outcomes

Upan campletion of this section, you should be abie to

1. Deseribe the stuciure and function of the nucleus.
2. Describe the llow of information fom DRA to o protein.
3. Explain the role of ribosomes n protain dynthesis,

The nucleus is essential to the life of a eukansotic ceil. it con-
tains the genetic information that is passed on from cell to cell
and from generation 1o generation. i spedfes the information
that ribosomes use to carmy out protein synthesis. it also con-
tains instructions for copying itself

The MNucleus

The nucheus, which has a diameter of abowt S pm_ is 2 prominent
structure in the eukanyotic cell (Fig. 3.8). It generally appears as
an owal strudure located near the center of most cells. Some
cells, such as skeletal musde cells, can hawe more than one
nuschzus. The inferior of the nucleus contains a semifluid matrx
called the nudeaplasm. The nudeus is the command center of
the cell. it comains chromatin |Gl chroma, “codor), which s a

Figure 3.8 Anotomy of the nucleus. The nuclows contains
chromotin. The ruceclus is o reghon of chromotin whese rbosomol BNA =
produced and nbosomol subunits ore ossembled. The nucloor envelops
Ccofmioins pores, 05 shown in the lorger microgroph of 0 fneeze-roctuned
nudear enveiope. Eoch pose ks lined by o complex of eight proteins, os
shown in the smolier micrograph ond drowing. Muceor pore comploxas
serve 05 possogowoys 1or subsionces (o poss inbo ond owl of the nuscheus.



combination of proteins and nudelc acids. Chromatin looks
grainy, but actually it is a network of strands that condenses
and undergoes coding into rodlike structures called chromo-
sames, just before the cell divides. The chromosomes are the
camiers of genetic information. This information is crganized
on the chromosome as genes, the basic units of heredity. All
the cells of an individual contain the same number of chromo-
somes, and the mechanics of nuclear dhision ensure that each
daughter cell receives the normal number of chromosomes,
except for the egg and sperm, which usually hawve half this
number.

Three types of ribonucleic acid (RMA)} are produced in the
nuclews: rbosomaol RNA (ARMA), messenger RNA (mRNA), and
fransfer RNA [#2M4). Ribosomal RMA s produced in the nucleo-
lus, & dark region of chromatin where rRMNA joins with proteins
to form the subunits of ribosomes. Ribosomes are small bodies
in the cytoplasm that facilitate protein synthesis. Messenger
RMA, a mobile molecule, acts as an intermediary for DNA, a
sedentary molecule, which spedifies the sequence of amino
arids in a protein, Transfer RMA participates in the assembly of
amino acids into a polypeptide by recognizing both mRMA and
aming ackds during protein synthesis.

Thie nucleus is imponant to cell structure and function, be-
cause {t specifies the code to make proteins. Although the nu-
cleus is physically separated from the cytoplasm by a double
membrane known as the nuclear envelope, it s still able
to communicate with the cytoplasm through nudear pores.
Muclear pores are of sufficient size (W nm) to permit the

1, mBMA i Riest capded freem & gene,
and then it exits the nu{lqu-g:hr{u,-gh

a pore complex. A nbasome attaches |
and biesgins protein synthaosls,
producing a signal peptide.

L.

passage of ribobsomal subunits and mERNA out of the nucleus into
the cytoplasm, as well as the passage of proteins from the cyto-
plasm imto the nudews. High-resolution electron micrographs show
that nonmembrane components associated with the pores form a
nuclear pore complex. Nudear pore complexes act as gatekespers
to regulate what goes into and out of a nuclews.

Ribosomes

Ribosomes are particles where protein synthesis cocurs. A large
and small ribosomal subunit, each comprised of @ mix of proteins
and rRMA. are necessary components of a functional ribosome. In
sukaryotes, ribbsomes are 20 nm by 30 nm, ard in prokaryotes
they are slightly smaller. The number of ribosomes in a cell varnies
depending on its functions; for example, pancreatic celis and those
of other glands have many ribosomes because they produce se-
cretions that contain proteins.

In eukaryotic cells, some riboscmes ocour freely within the oyto-
plasm, either singly or in groups called polyribosomes, whereas ofh-
ers are atiached to the endoplasmic reticulum (ER), & membranows
sy=tem of flattened sacoules (small sacs) and twbules (see section 1.5).
in the nudeus, the information within a gene s copied info mREkA,
which is exported through a nudear pore complex into the cytoplasm.
Ribosomes receve the mENA, which cames a coded message from
DA, indicating the corect sequence of amino acds in a particular
protein. Proteins synthesized by cytoplasmic ribosomes are used in
the cytoplasm, and those synthesized by attached ribosomes end wp
im the ER.

Figure 3.9 Function of ribosomes. Hbosomes oe
shos od pm:mnsl;ﬂﬂ'mnnmkm modecube, Soreing os

o temponong copy of o gene from the nucleus, ks reod by

o ribasoms In e ogioplosm. Aming ocids are connecled
togsthar by the nbosome In 0 sequence spacibed by the
mErA Whan o polypeptide is dst teonstoted, & begins wtho
signal poptide; this combines with o signol recognition parbcia
[SEF}, which s brought 1o the rough ER. The SAP leoves, and
the polypephde i mode ond pushed ino the ER lumen. Tha
signal peptide i removed ond the polgpeptide folds inft s
firsal peoiein Shope.
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What causes a ribosome 1o bind 1o the endoplasmic reticu-
lum? Binding ccowrs only if the protein being synthesized by a
ribosome begins with a sequence of amino acids called a signal
peptice. The signal peptide binds a particle (signal recognition
particle, SRF), which then binds o a receptor on the ER. Once the
protein enters the ER, an enzyme cleaves off the signal peptide,
and the protein ends up within the lumen {intenor} of the ER,
wihere it folds into s final shape {Fig. 3.9).

The sequence of DMA being transcribed into mRMNA, and
this in turn being transliated into a protein, occurs in afl living
cells, at least during some point in their lifespan. Because of
its uniwersality, the DMA-mRMA—protein sequence of events
Is termed the central dogmo of molecuior bicdogy.

Check Your Progress 34

1. Distinguish batween the chromatin and chramasames
wilthin the fucleus.

2. Explain the impotance of the nuelsar poned.

3. Describe the sequence of events that transters infermation
Tiwm 6 géne bo o hunciional prolein.

3.5 The Endomembrane System
Learning Outcomes

Upon completion of this section, you should be able 1o

1. Explain the importonce of the endomembrone system in
cedlubor function.

2. Examine how the ER, Golgi apparatus, and Isosomes
difer from one anolier

3. Degcribe how endomembeanse vesicles are able to fuse
wilh anganeflas.

et

Figure 390 Endoplasmic reticulum [ER].

Ribceoemes Ore presasTt on IDL@EH,MEMEr

figttened socoules, but not on smooth ER, which is mane tubulor Proteins one syrthesized by rough ER. Smooth
ER i= imwolved in Bpid synthecis, dotoxfi cotion renchons, o sovesol olhar possible functions

The endomembrane system consisis of the nuclear envelope,
the membranes of the endoplasmic reticuluem, the Golgi appara-
tus, and several types of wesicles. This system compatmental-
izes the cell sothat particudar enzymatic reactions are restricted
to specific regions and owverall cell effidency s increased. The
vesicles transport molecules from one part of the system to
anather.

Endoplasmic Reticulum

The endaplasmic reticulum (ER) (GK. endon. “within®; plosma
“something molded®; L reticuim, “net”), consisting of a compli-
cated system of membranous channels and saccules (flattensd
vesicles), is physically continuous with the nuclear envelope (Fig.
310). The ER consists of rough ER and smooth ER, which have
different structures and fundctions.

Rough ER is stwdded with ribosomes on the side of the
membrane that faces the cytoplasm, giving it the capacity to
produce proteins. inside its lumen, the rough ER allows proteins
to fold and take on their final three-dimensional shape. The
rough ER also contains enzymes that can add carbohydrate
{sugar) chains to proteins, forming glycoproteins that are impor-
tant in many cedl functicns.

Smooth ER, which is continuous with the nuclear envelope
and the rowgh ER, does not have attached ribosomes. Cerntain
organs contakn cells with an abundance of smooth ER, depend-
img on the organ's function. In some organs, increased smooth
ER helps produce more lipids. For example, in the liver, smooth
ER helps detoxify drugs. Regardiess of functional differences,
both rough and smooth ER form vesicles that transport maolk
ecules to other parts of the cell. notably the Golgi apparatus.

The Golgi Apparatus

The Golgi apparatus s named for Camillo Golgi (1843—1926),
wito discovered its presence in cells in 1898, The Golgl appa-
rabus typically consists of a stack of 3 to 20 slightly curved. flat-
tened saccules whose appearance can be compared to a stack
of pancakes (Fig. 311). In animal celis, one side of the stack (the

smaeth
el oplasmic
mariculum




cis, or inner, face) is directed toward the ER. and the other side of
the stack (the trans, or outer, face) is directed toward the plasma
membrane. Vesicles can frequently be seen at the edges of the
saocules,

Protein-filled wesicles that bued from the rough ER and lipid-
filled vesicles that bud from the smooth ER are received by the
Golgl apparatus at its inner face. These substances are altered
as they mowve through the saccules. For example, the Golgl ap-
paratus contains enzymes that modify the carbohydrate chains
first attached to proteins in the rowgh ER. It can modify one
sugar imte another sugar on ghycoproteins. In some cases, the
modified carbohydrate chain serves as a signal molecule or
molecular address label that determines the protein's final des-
tination in the cell

The Golgl apparatus soris the modified moleoules and pack-
ages them into wesicles that depart from the outer face. These
vesicles may be transported to varous locations within the cell,
depending on thelr molecular address labels. in animal celis,

tramspan

Figure 3.1 Golgi opparctus. The Solg apporotus is a stock of
fioSened, curved soocules. i processes peoteins and Lipids ond pocdsoges
tham in Fonsport vesicies thal efther distribute thesa malecules 1o vorious
Excotians within the cell ar sacrete them extomoaily.

Mitochondrion and a peroeisome 0 a sosome

Figure 312 Lysosomes. Lysosomes, which bud off tha Golgl
opporoius in celks, are filled with hydnolysic enzymies that digest moloodes
ond paris of the ool Hena o lysosome dige:sis O woen miochandrion and
O PenDdsome.

some of these wesicles are lysosomes, which are discussed niext.
Other vesicles may retwrn to the ER or proceed to the plasma
membsane, wherns they merge and discharge their contents to
the outside of the cell by exocytosis.

Lysosomes

Lysosomes (Gk. o, “loose”; soma, “body”) are membrane-bound
wesicles produced by the Golgi apparatus. They have a very low
pH and store powerful lydrobytic-digestive enzymes in an inacthve
state. Lysosomes act much like your stomach in that they assist in
digesting material taken into the cell. They also destroy nonfunc-
tional organeiles and portions of oytoplasm (Fig. 312

Materials can be taken into a8 cell by vesicle or vacuole
formation at the plasma membrane. When a lysosome fuses
witth either, the lysosomal enzymes are activated and digest the
mateqial into simpler subunits that are exported into the cyto-
plasm and recyded by other cell processes. White blood cells,
specialized to protect the body from foreign entities, are wedl
known for engulfing pathogens [e.g. dissase-causing vineses
and bacteria), which are then broken down in lysosomes. White
blood cells have a greater proportion of lysosomes than other
cells, because their specialized function is the digestion of for-
eign bodies.

& number of human hsosomal storage diseases are due toa
missing lysosomal enzyme. in Tay-Sachs disease, the missing en-
zyme digests a fatly substance that helps insulate nerve cells and
Increases their efficiency. The fatty substance accumudates in 5o
many storage bodies that nerve cells die off Affected indniduals
normal at birth but begin to develop neurclogical

problems at 4 to 6 months of age. Eventu-
ally, the child suffers cerebral degener-
ation, show paralysis, blindness, and
lo=s of motor function. Children with

Tay-Sachs disease live only about

appear

L =
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3 to 4 years. The use of gene therapy to provide the enzyme to
the cells may be able to treat Tay-5achs disease.

Endomembrane System Summary

You hawe seen that the endomembrane system is a serles
of membranous organefles that work together and commu-
nicate by means of transport vesides. The endoplasmic re-
ticulum {ER} and the Golgl apparatus are essentially flattensd
saccules, and sosomes are speclalized vesicles.
Organelies within the endomembrane system can interact
because thewr membranes readily fuse together and because
membrane-associated profeins enable communication and spe-
clallzed functions. Figure 313 shows how the components of the
endomembrans system work together. Products of both rowgh
ER and smooth ER are carmied in transport wvesicles to the Golgl
apparatus, where they are further modified. Using signaling se-
quences and molecular address labels, the Golgl apparatus sorts
these products and packages them into wesicles that transport

Figure 313 Endomembrone
system. The organelles imthe
endamemonans sysiem work iogether
b coemy ot thie functions nobed. Plont
ciells do nof hove lysasomes, nor o
ey hove Incoming ond oubgoeg
[secretary) vesicies

IFcceming wesicke
biirgs substances ingo the b4

callthat are digested e,
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o
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-
Lyasome
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them to wanous cellular destinations. Seoretory wesicles take
the profeins to the plasma membrane, wihene they exit the cell
by exocytosis. For example, the pancreas produces digestive
ENZYMEes.

In animal cells, the Golgi apparatus also produces Iyso-
somes that contain stored hydrolytic enzymes. Lysosomes
fuse with incoming vesicles from the plasma membrane and
digest macromolecules taken into a cell.

Check Your Progress 15

1. Conirast the structure ond functions of raugh and smoath

2. Desesite Ihe relotionship between the companents of the
mm!m

3. Examine how eellulsr function would be affected il the
Golgi opporoius ceased to function.

fuses with the plasrma
MRmDEaEne 45 Secretion
QLS.
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framy the ER soes them
and packages tham in
weshcles.

protein

2 Transport vasice
st bes proteing oo
warkous lecaticns such as
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1. Rough endoglasmic
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packages them in vesides;
vegiles Comemcanly o0 1
the Gelgl apgaratus.



3.6 Microbodies and Vacuoles
S
Upan completion of this section, you should be able to i

1. Describe the role of peroxisomes and vocuoles in ¢ell fundlion.
2. Contrast FrEﬂ!lliB-Gl'l‘rE’S and vacusles with endomembrans
onpone]les

s

%, #

Eukarnyotic cells contain a variety of membrane-bound wesicles,
called micrebadies, that contain specialized enzymes to perform
specific metabolic functions. One example is the peroxisome. In
addition, cells may contain large storage areas called vacoukes.

Peroxisomes

Perexisomes are membrane-bound vesicles that endose enzymes
that are imsobved in the breakdown of fatty acids. Undike the enzymes
of lysosomes, which are loaded into the vesicle by the Golgi appara-
tus, the enzymes in peroxisomes are synthesized by free ribosomes
and transported into a peroxisome from the cytoplasm. As the en-
zymes within the peroxisome oxidize fatty acids, they produce hydro-
gen peroxide [H,0), a toxic molecule. However, peraxisomes also
contain an enzyme called catalase that immedidately breaks down
H,O, to water and oxygen. You can see this reaction when you
apply hydrogen percxide to a wound; the resulting bubbles ocour
a&s catalase breaks down the H,O,

Peroxisomes are metabolic assistants to the other organellies.
They have vared functions but are especially prevalent in cells that
synthesize and break down lipids. In the liver, some peroxisomes
produce bile salts from chodesterol, and others break down fats.
The disease adrenoleukodystrophy (ALDY) is cavsed when perosi-
somes lack a membrane protein needed to iImport a specific en-
zyme andior long-chain fatty acids from the cytoplasm. As a result,
long-chain fatty acids accumulate in the brain, causing neuralogical
damage.

Plant cells ako hawe peroxisomes (Fig. 334). In germinating
seeds, they madize fatty acids into modecules that can be comverted
to swgars needed by the growing plant. in leaves, peroxisomes can
carry out a reaction that is opposite to photosynthesis—the reaction
uses up axygen and releases carbon dicxide.

Vacuoles

Like wesiches, vacusles are membranous sacs, but vacuoles are
larger than vesicles. The vacuoles of some protists are guite spe-
cialized, including contractile vacuoles for ridding the cell of excess
water and digestive wacucles for breaking down nutrients. Vacuwoles
usualby store substances. bn genesal, few animal cells contain vacu-
oles; however, fat cells contain a very large, lipid-engorged vacucdle
that takes wp nearly beo-thirds of the volume of the celi!

Vacuoles are essential to plant function. Plant vacwoles contain
not only water, sugars, and salts but also water-soluble pigments
and tosic molecudes, The pigments are responsible for many of the
red, blue, or purple color of flowers and some leaves. The toxic
substances help protect a land plant from herbbvorous animals.

Figure 3.4 Peroxisomes. Peroxsomes conbain one or more
ENTYmes thot Con ooz @ Yanous ipanic Subsiences.

Plant Cefl Central Vocuole

Typdcally, plant cells have a large central vacuole that may take
up to 90% of the wolume of the cell. The vacuwole s filled with a
wiatery fluid called cell sap that gives added support to the cell
(Fig. 315). The central vacuole maintains hydrostatic pressure
or turgos pressure in plant cells, which provides structusal sup-
port. & plant cell can rapidly increase In size by enfarging its
vacuobe. Eventually, a plant cell also produces more cytoplasm.

The central vacuole functions in stor-
age of both nutrients and waste
products, Metabaolic  waste

123000

Figure 315 Plant cell centrol vocuole.  The lorge centrol vacuois
of plant cells has numerous functions, from siofng motecubes to helping
o coll incCreosa in siEe
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products are pumped across the wacuole membrane and
stored permanently in the central vacuole. As organsiles age
and become nonfunctional, they fuse with the vacuole, where
digestive enzymes break them down. This is a function analo-
gous to that camied out by lysosomes in animal cells.

Check Your Progress 36

1. Compare the strucure and funclions of a peroisane with
therse al a lysasame,

2. Distinguish betwesn where peroxsame and lysosome
proteirs ore produced.

3.7 The Energy-Related Organelles

...... :

Upon completion of this seclion, you should be able 1o
1. Distinguish betwesn the functions of chloroplosts and
mitochondrio oo cedl
2. Describe the imemal structune of mitechondrio and
chioroplosts.

Life s possible only because a constant input of enengy main-
tains the structure of cells. Chioroplasts and mitochondria are
the two eukanyotic membranows organelles that specialize
im conwverting energy to a form that can be used by the cell.
Although animal cells contain only mitochondria, plant cells
contain both mitcchondria and chioroplasts.

During photosynthesis, chloroplasts [(Gk. chloros,
“green”; plastos, “formed, molded”) use solar energy to syn-
thesize carbohydrates, which serve as organic nutrient mal-
ecules for plants and all life on Earth. Photosynthesis can be
represented by this equation:

solar energy + carbon diowide + water —- carbahydrate +
axygeEn

Plants, algae, and cyancbacteria are capable of conducting
photosynthesis in this manner, but ondy plants and algae hawve
chloroplasts, because they are eukanyotes.

In ceifuwlor respirotion, mitechondria {sing.. mitochondrion)
break down carbohydrate-derived prodects to produce ATP
{adenosine triphosphate). Cellular respiration can be repre-
semted by this equation:

carbohydrate + oceygen — carbon dioxide + water +
ensngy

Here the word energy stands for ATF molecules. When a
cell needs energy, ATP supplies it The energy of ATP &
used to drive synthetic reactions, active transport, and all
energy-requiring processes in cells. Figure 316 provides a
summary of the interactions between these two energy-pro-
ducing organelles.

solar
caroydrate
|high chemikcal energyl

chloroplast miltgchicndrion
usable
BT
€Oy + H —— For cedls
{low cheemical erengy)

Figure 316 Energy-producing organelles. Chioroplosts
use sunlight to producs corbotydrotos, saich in um ore used by the

mitachoindria. The mitachondeio thien peodieca corbon diowide ond woles,
which iz in hurm used by thae chioropasts.

Chloroplasts

Some algal cells have only one chioroplast, while some plant
cells have as many as a hundred. Chioroplasts can be guite
large, being twice as wide and as much as five times the length
of a mitochondrion.

Chioroplasts have a three-membrane system (Fig. 317
They are surrcunded by a double membrane, which incisdes
an outer membrane and an inner membrane. The double mem-
brane encloses the semifiuid stroma, which contains enzymes
and thylakoids, disklike sacs formed from a third chioroplast
membrane. A stack of thydakoids is a granum. The lemens of
the thylakoids are bedieved to form a large, intemal compart-
ment calied the thylakoid space. Chlorophyll and the other pig-
ments that capture solar enengy are located in the thylakoid
membrane, and the enzymes that synthesize carbohydrates are
located outside the thylakold in the fiuid of the stroma.

The endosymbiotic theony holds that chioroplasts are de-
rivied from a photosynthetic bacterium that was engulfed by
a eukaryotic cell {see Fig. 35). This certainly explains why a
chloroplast is surmounded by a dowble membrane—one mem-
brane is derived from the vesicle that brought the prokaryote
inta the cell, while the inner membrane s derived from the
prokanyote. The endosymbiotic theory s also supported by
the finding that chioroplasts have their own prokangotic-ty pe
chromosome and ribosomes, and they produce some of their
oW ENZYMES even today

Other Types of Plastids

A chloroplast s a type of plastid. Plastids are plant organelles
that are surrounded by a double membrane and have varied
functions. Chromoplosts contain pigments that result inoa yel-
lons, orange, or red color. Chromoplasts are responsible for the
codor of autumn leaves, fruits, carrots, and some flowers. Lew-
coplasts are generally codorless plastids that synthesize and
store starches and oils. & microscopic examination of potato
tissue reveals a number of leucoplasts.

Mitochondria

Mearly all eukaryotic celis, and cerainly all plant and algal
cells in addition to animal cells, contain mitochondria. Even



thowgh mitochondria are smaller than chloroplasts, they can
usually be seen wsing a light microscope. The number of
mitochandna can vary depending on the metabolic activities
and energy needed within a cell. Some cells, such as liver
cells, may have as mamny as 1,000 mitcchondria.
‘W think of mitochondria as having a shape like that
shown in Figure 118, but actually they often change shaps to
be longer and thinner or shorter and broader. Mitochondria can
form long, moving chains, or they can remain fixed in one
lacaticn—typically where energy is most needed. For example,
they are packed between the confractile elements of cardiac
cells and wrapped around the interlor of 8 sperm's flagelium. In
contrast, fat cells contain few mitochondria—they function in fat
stor- age, which does not reguine
EMergy.
Mitochezndria  hawve

two membranes, the outer

membrame and the inner

membrane. The Inner

tylakoid

dhaibale grana  SLama  space

miamranse

hplakaid mesmlbrane

Figure 317 Chloroplast structure. Chioroplosts cormy out
phatosynthesis. a. Elecron micrograph af a longaudinol seciion af o
chioropiost. b Genesolized drowing of o chloroplast in which the coter ond
Imnor membinones hove been ool oway o rewsol the grono, sach af which
= o stock of membmonous 2ocs colled thytokoids. In some grono, but not
all, thylokoid spooes ang inberconnectad

membrane is highly comwoluted into folds called eristae that
project into the matrix. These cristae increase the surface area
af the inner membrane so much that in a ver cell they accownt
for about one-third the total membrane in the cell. The inner
membrane encloses a semifluid matrix, which contains mito-
chondrial DA and ribosomes. Again, the presence of a dou-
ble membrane and mitcchondrial genes s consistent with the
endosymbiotic theory regarding the origin of mitochondria,
wihich was lllustrated in Figure 3.5.

Mitochondria are often called the powerhouses of the cell
because they produce most of the ATP utilized by the cell
Within the matrix of the: mitochondria s a highly concentrated
mixture of enzymes that break down carbohydrates and other
nutrient molecules. These reactions supply the chemical enengy
needed fior a chain of proteins on the inner membrane o ore-
ate the conditions that allow ATF syn-

Figure 318 Miochondrion structure.  Mitcchandno ane valed
in celiulor respieo@on. o Electron micregraph of o longBudinal section of o
métochondrian. b. zeneroll zed drowing inwhich the ouler memiorane and
paions of e iInner memsinans hove been oul owoy o reveol thie crisios.
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process, which also imvolves the cytoplasm, is called celivlar
respirotion, because oxygen is used and carbon dioxide is
aiven off, as shown at the beginning of this section.
Mitochondrial Diseases

5o far, dozens of different mitochondrial diseases that affect
the brain, musdles, kidneys, heart. liver, eyes, ears, or pan-
creas have been identified. The common factor among these
genetic diseases is that the patient's mitochondria are unable
to completely metabolize organic molecules to produce ATE
As a result, toxins accumidate inside the mitochondria and
the body. The tomins can be free radicaks (substances that
readily form harmfud compounds when they react with other
molecules), and these compounds damage mitochondria ower
time. in the United States, between 1,000 and 4,000 children
per year are bom with a mitcchondrial disease. In addition, it s
possible that many diseases of aging are due to malfunctioning
mitochondria.

Check Your Progress 37
[ 4. Summdsize the rolss of mitochandra el chloreplosts in
the el

2. Discuss the evidence that chlonoplosts ond
mitochondria are derived from ancient bactenia.

3. Explain why chloreplasts end mitschandria cortan
ml& ermal membrane struclures,

3.8 The Cytoskeleton
o R

| Upon mthﬂ.Ehl:H'l of this Sectlian, you should be able 1o
1. Compare the structure and funclion of actin filoments,
intermediote ilameants, and mic rotubules,

2. Describe how motor molecules interact with eylaskeletal
Elemens o produce movemeant.

3. Explain the diverse roles of microtubules within the call

Cells are exposed to many physical forces. Cell shape, mowe-
ment, and imemal transport all reguire structural support,
provided by the cytoskeleton. The protein components of
the cytoskeleton [(Gk. kytos, “cell”) interconnect and extend
from the nucleus to the plasma membrane in eukanyotic cells,
Prior to the 1970s, it was believed that the cytoplasm was
an unorganized mixture of organic modecules. Then, high-
voltage electron microscopes, which can penetrate thicker
specimens, showed instead that the oytoplasm is highly or-
ganized. The technique of immuncflucrescence microscopy
Identified the makeup of the protein components within the
cytoskeletal netweork (Fig. 319).

The cytoskeleton contains actin filaments, intermediate
filaments, and microtubwles, which maintain cell shape and
allow the cell and its organelies to move, Therefore, the cy-
toskeleton is often compared to the bones and muscles of
an animal. Howewer, the oytoskeleton is dynamic, it can re-
arrange its protein components 85 Necessary in response

57

to changes in imternal and external envircnments. & num-
ber of different mechanisms appear to regulate this process,
including protein phosphatases, which remowe phosphates
from proteins and bring about assembily, and protein kinases,
which phosphorylate proteins and lead to disassembly.

Actin Filaments

Actin filaments [formerty called microfilaments) are long,
extremely thin, fliexible fibers (about 7 nm in diameter) that
coour in bundles or meshlike networks. Each actin filament
contains two chains of globular actin monomers twisted
about one another ina helical manner.

Auctin filaments proside stnectural suppont as a dense, CHm-
plex web just under the plasma membrane, to which they are
anchored by special proteins. Sometimes, actin filaments can
dynamically reamange themseles and facilitate celiular move-
ment, such as when an amoeba moves over a surface with
pseudopods (L. psewdo, “false”; pod, *feet”), or when intestinal
cell microwilll lengthen and shorten into the gut lumen jthe space
where ingested food is processed) In plant cells, actin filaments
form the tracks along which chioroplasts crculate in a particular
direction in a process called cytoplasmic streaming.

Actin filaments mowe the cell and its organelles by in-
teracting with modor maolecules, which are proteins that can
attach, detach, and reattach farther along an actin filament.
The motor molecule myosin uses ATP to pull actin filaments
along in this way. Myosin has both a head and a tail. In muscie
celis, the talls of several myosin molecules are joined to form
a thick filament. In nonmuscle cells, cytoplasmic myosin tails
are bound to membranes, but the heads stll interact with
actin

Dwring animal cell diviston, the two mew cells form when actin,
in conjunction with myosin, pinches off the cells from one
another.

Intermediate Filaments

Intermediate filaments (8- nm in diameter) are so named
because they are intermediate in size between actin filaments
and microfubules. They form a ropelike assembly of fibrows
polypeptides, but the specific filament type wvaries according to
the tissue. Some intermediate filaments support the nuclear
emvelope, whereas others support the plasma membrane and
take part in the formation of cell-to-cell juncticns. In the skin,
intermediate filaments made of the profein keratin give great
mechanical stremgth to skin cells. Like other oytoskeletal com-
ponents, intermediate filaments are highly dynamic and disas-
semhble when phosphate s added to them by a kinase.
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Figure 319 The cytoskeleton. The cytoskeicfon mointoins a cell’s shape ond ollows s parts o move. Thees types of protein components make up
i cytoskeloton. They con be detected in colls by wsing lobedng aond florescencs micrascopi. o Lo to nght Cedls showing o fwisted doubéa choin of octin
filomenis {geeen fibers). The giant czlls of the green alga Charg use oclin filoments 1o move orgonsiles witiin the cell. b. Ledt fo right Animal colis shaeing
fbsoius, ropelion intermadiata flomesnis fbiue Shars). A poocock’s codorful foothers ore Strengthencd by iIntormedote Slomonts. €. Lo fo right: Animal colls
showwing hallow mioroiubules mode of tubulin dimers joronge fibersh, A chameleon's skin cells use micotubules o move pigmenl groneies oround o thot

thiey iokee on the color of thelr amdrcnment

Microtubules

Microtubules (Gk. mikros, “small”) are small, hollow oylinders
about 25 nm in diameter and from 0.2 to 25 pm in length
They are made of a globular protein called twbulin, which s of
twi fypes called @ and 3. Alpha tubulin has a slighthy different
amino acid sequence than 3 tubulin. When assembily ocours,
o and [ tubulin molecules come together as dimers, and the
dimers armange themselves inrows. Microtubules have 13 rows
of tubudin dimers, surrounding what appears in electron micro-
graphs to be an empty central core.

Microtubule assembdy s under the requistory control of
a microtubule-organizing center (MTOC) In most eukaryotic
cells, the main MTOC s in the centrosome (Gk. centrim,
“center”), which lies near the nudeus. Microtubules radi-
ate from the centrosome, helping to maintain the shape of
the cell and acting as tracks along which organelles can
be moved. Whereas the motor molecule myosin s assocl-
ated with actin filaments, the motor molecules kinesin and
dynein are assocciated with microtubules:
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weH ke st s, ok misrot bl

There are different types of kinesin proteins, each specdialized
to mowe one kind of vesicle or cellslar organelle. Kinesin moves
vesicles or organeiles in an opposite direction from dynein. Cyto-
plasmic dynein is closely related to the molecule dynein fownd in
flagedla.

Before a cell divides, microfvbules disassemble and then
reassemble into a structure called a spindle, which distributes
chromosomes in an orderly mannes. At the end of cell division,
the spindie disassembles, and microtubules reassemble once
again into thelr former array. Plants have evolved various types
of polsons that prevent them from being eaten by herbivores.
Crne of these, colchicine, is a plant polscn that binds whelin and
blocks the assembly of microtubuiles.

Centrioles

Centriales are shont cylinders with a2 9 + 0 pattern of microtubule
triplets—nine sets of triplets are aranged in an cuter ring, but the
center of 3 centriole does not contain a microtubule, In amnimal
cells and most protists, 3 centrosome contains two centrioles
hving at night angles 1o each other. A cenfrosome, as mentioned
previowsky, is the major microtubule-organdzing center fior the cell
Therefore, it is possible that centricles are also imvolved in the
process by which microtububes assemble and disassemble.

Before an animal cefl divides, the centrioles replicate, and the
miembers of each pair are at fight angles to one another (Flg, 3.20).
Then each pair becomes part of a separate centrosome. During
cell division, the centrosomes mowve apart and most likely function
to orgamnize the mitotic spindle. In any case, each new cell has its
own centrosome and palr of centrioles. Plant and fungal cells have
the equivalent of a centrosome, but this strecture does not contain
centrioles, suggesting that centrioles are not necessary to the as-
sembly of cytoplasmic microtubules.

A bosal body is a struchure that lies at the base of dilia and fla-
gella and may direct the organization of microtubules within these
structures. In other wornds, a basal body may do for a cilium or fla-
gellum what the centrosome does for the cell. In cells with cilia and
fizgedla, centrioles are believed 1o give rise 1o basal bodies.

Cilia and Flagella

Cilia L. ciium, “eyelash, hair") and flagella (L. fogelic, “*whip®)
are hairlike projecticns that can mowe either in an undulating
fashion, like a whip, or stiffly, like an oar. In free celis, cilla jor
flagelia) mowve the cell through liguid. For example, single-celied
paramecia are organisms that move by means of cilla, whereas
sperm cells move by means of flagella. If the cell is attached to
other cells, cilia jor flagella) are capable of moving liguid over
the cell The cells that line our upper respiratory tract hawve cliia

By cenbes
of centriak:

ang microlabide
triplet

b. one centrosomes one pakr of centricles

Figure 3.20 Cenirioles. a. The controsome of on onimol ceill
comtoins twd cenirioles posiioned of nght angles o sach ather. b A
microgroph of oo centrosocme conbaining two ceniriobes.

that swesp debris frapped within mucus back up info the
throat, where it can be swallowed or expelied. This action
helps keep the lungs clean.

In eukaryotic cells, cilia are much shorier than flagelia, but
they hawve a similar construction. Both are membrane-bound
cylinders enclosing a matrix area. in the matrix are nine micro-
tubule doublets aranged in a circle arowund two central micro-
tubules; this is called the 9 + 2 pattern of microtubules {Fig.
3.21). Cilia and flagella mowe when the microtubule doublets
slide past one another using motor molecules.

A= mentioned, each cilium and flagellum has a basal
body bying in the cytoplasm at its base. Basal bodies have the
same circudar arrangement of microtubule triplets as centri-
oles and are belleved to be denved from them. it is possible
that basal bodies organize the microtububes within cilia and
flagella, but this idea is not supported by the obsersation that
cilia and flagella grow by the addition of tubufin dimers to
their tips.

Check Your Progress 3B
1. Differenbole betaeen the components of the eytoakeleton
and haw they pravide support 1o the cell
2. Explain how ATP & used o peoduce movement in o cell.
3. Deseribe the role of motar molecuies and microtubules in
cilsa and Aagella.
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Figure 3.21 Structure of a lagellum. o. The bosal body of o fiogetiem hos o 9 4 & pattemn of microhshule iriplets. Motice the ring of nine triplets,
with no centrol microfubules. b In sparmm, the shoft of the fogellsm hos o % + 2 potiern fo ring of nine microtuteile doublets suemounds o centrol poir of
microfubules) © in ploce of the triplets seen in 0 bosol body, o ogellum's outer coublots hove side anms of dyrsin, o meoior moleoule. d B0 the presence of
ATH, the dynain side ames. reach out ond ottemp? 1o move clong thelr nesighboring double?. Becousa of the rodiol spokes conneciing the doutilets to the comrinal
microfubuiles ond mobor modecules, bendng ooours.

REVIEWING the BIG IDEAS

ﬂ Fossil reconds provide evidence thal the first cells on Eorth were primitive prokorngotes. 1.0.2.a.1

ALl cells, from simple to complex, have membranes, ribodomes, and DMNA. 2 B.3.c0 48 201
F
Lange surfoce ared o vollirme nalios promoles cells’ fovoroble exchonge of materal. 24361 2A 3032

Specialized crganailes aliow eukaryotic calls 18 accomplish vitol functions, often by comparnmentalsEng enzymes and

E The genelic materiol of the cedl is stored in chramosomes composed of DNA. 3.A 1 a2
H metabodic pathways. 4.8.2.0-0, 28 35E

Cells speriolize by modifying surfoces, architecture, ond oegonelle ossartment, compartmeniolizing chemicol
reactions, ond stomge 4.4.2.0, 4.8.3.0

The endomembrane system of eukaryotic cells connects membrane-bound ergonelles for mare efficient delivery ond
processing of maotersols. 4.4 2 be e
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& SUMMARIZE -
AP Answering the Essentiol Questions

Al fiving orgonisms are composed of cells, the smoliest units of L
ing motter. Most cells are too smoll to sec with the noked eye ond
require o microscope. Their smaoll sime oliows them 1o maintoin o lorge:
surfooe-oreo-io=volisme rotio, which focilitotes the tronsport of nutrents
ond wostes info aond out of the cefl

There ore three bosic ypes of ceiis: orchoen, prokonyotes, and
eukryotes. &rchoeo are o unique fype, ond our moin foouss will be on
prokoryotic ond eulongotic cells jorchoeo will be discussed i detoil
in Chapter 204 All cells shore common features including o plosmao
membrone thot sepanates the cell from #x ervircnment, ond orgonelies
colled ribosomes which ore imporomt for the production of RMNA ond
prodeins. In oddition, both kinds of cells hove DA o store and bans-
mit hereditony informotion. However, 0 moyor distinclion between pro-
warypotic cells ond eukonyotic cells i how they ongonize their genetic
imfarmation.

Prokaryotes In prokoryctes, most DMA is
stored in 0 single, coiled chromosome. Mony
bocteriol cells alko howe extrochromosomal
DHA in the form of cirmulor plosmids which =
easily con be tronsferred between oells jond
ofien corry genes for resistonce o andibiod-
ics). Eukorgotes howe vorgng numbers. of
chromosomes depending on the species;
for exomple, hesmon somotic cells nor-
mally hoee 46 chromosomes, while your
Lobrodar retrever puppy has TE. Eulkoany- x
obic chromesomes oiso hove DNA tightiy .
wropped oround profein, and chromo-
somes are corfined to the cell's nucleus.
Prokorgotes like bocterio ore very
smaoll ond Smple; scentists think thot the
earliest life forms on Eorth were rudimemory
prokomyotic oolis. Eukonpotic cefls. dif-
fer from prokangotic cells in that
they are much larger aond pos-
sess a warichy of membrone-
bound orgonelles thot pesform
specific functions. They evolved lober thon proforyotic celis, ond Beely
evolved from prokorgotic oncestors. Evidenoe for this con be seen in
the endosymbiofic theory, which proposes thot double membrone-
bownd crganelies, such os mitochondrio ond chloropiosts, were onoe
independemly-living prokoryotes which were enguilfied by o lorger cell

Eukaryotes Eukorgobc cells possess numercus organelles thot
perdorm specific functions. bn odditon to the plosmo membane thot
seporoies the cell from its environment many orgonelles also hove
membrone systems. These membrone systems comportmentolize func-
tions swch os the storoge of enzgmes and the synthesis of proteins. We
will explore the structure ond function of the cell membrane in Chop-
ter 5. Ribosomes ore smoll. universol structures comprized of rbosomal
RMA and protein ond one the site of protein synthesis. The endoplosmic
reticulum (ER) 15 a nebacrk of membrane-bound tubutes and socs and
hos two types; smoath ER s the site for Spid synthesss, ond rough ER
with ottoched nbosomes i the siies for protem synthesis. The Golgi
opporotus consists of o series of fottened membrane socs. Functions
of the Golgi include the synthesis ond pacdking of motenols for torsport
ond the pmoduction of lysosomes. In onimol cells, lysosomes condoin

htydrofygic ensymes necessory to breok down ingested substonces
ond domoged organetles for recycling of molecules. Lorge membrane-
bound vesicies colled vocooles store moterol, dispose of wostes, and,
especially in plants, mointain woter bolonce. Mitochondrio and dhloro-
plosts. coptune ond tronsform enengy from one form to onather.

Jurst fike youwr body contoins mony different orgons ond organ
systems that work together
ftry moving your bones without
mu=clesl, the ceil orponelles of
eukornyotes mteroct to perform o
specfic tosk. For exomple, let’s
soy o cell needs to synthesize
Protein i The instructions for
making this protein are pro-
grammed in the DNA stored in
the nuedeus, ond the messoge
trovels wio RNA to the nibo-
somes ottoched fo the rough
endoplosmic retsoulum whene the
protein & synthesized. The newly-
mode polypeptide trovels to the Golgi
opparotus whene it is modified ond pockoged
far either storoge or export. Mitochondro pro-
duce enemgy needed for these processes. Just Lioe the humon body, o
cell i gredter thon the sum of s ports!

B ASSESS
——

Choose the best answer for eoch guestion.

31 Cellular Level of Organkzation

1. The surdoce-ares-to-voleme rotio defines whot ospect
of o cell?
o whether it s eukonyobc e prokonyotc
b wihether it s plant or onimal
c itssize
d its obiity to mowe

2. The cell theony slotes thot
o cefls are the bosic units: of de.
b ol orgonisms ome composed of oefls
. ol cells come from preexdsting cells.
d. Al of these are comect.

3.2 Prokaryotic Cells
3. ‘Which of the following best distingueshes a prokongotic cell from o
eukmnyotic celi?
. Prokonyotic cells hove o cedl woll, but eukanyotic cells
never do.
b Prokoryatic cells ore much korger than eukonyobc oefls.
. Proloryotic cells hove fiogella, but eukonyotic cells
i Mot
d Proloryotic cells do not hove o membrone-bound nuclews, but
euknoryobc cells do hove such o nudeus.

4. Which stnsctunes are found in o profonyotic celi?

o oedl wall, rbosomes, thylokoids, chromosome:
b cefl wall, piooma membrane, nuclews, flogetium



o nudieoid, ribosomes, chioroplosts, copsule 13, Which of the following & reponsible for the synthesis of proteins
d. plosmid, ribosomes, enoymes. DMA, mitochondria thot are besng exported from the celf?

5 A sphencol-shoped prokonyotic cefl s colied o o. smaath ER
0. Cocous. b. rough ER
b. spirochets, €. lysosome
& Tl d. pemxizome
d. Home: of thezs ore comect. 3.6 Microbodies and Vacusles

3.3 intreduction to Eukaryolic Cells 14, Wesicles with specific metnbelic funclions in o ool ore colled

& Which organelle most liely originated by invagination of the 2. the cytaskelstan
plosma membrone? b centrmoles.
a. mitachondria <. ribosones.
b Sogelia d. microbodies.
. nudleus 15. These microbodies breok down folty ocids ond contoin ooiolose
d. chioropiosis to breok down hydrogen perosdde.

7 \hich of the following crgonelies contains its thei) own DRA. o. lysosome
suggesting they were once independent prokangotes? b :Em‘f' wOCLThe
o i npporatis €. peroKiscme
b. :zg:hmdrln d. dhomnatin
£ chioropiosts 37 The Energy-Related Organelles

d. Baoth b ond c ore conect — i

3.4 The Mucleus and Ribosaomes o, one immbeed in cellulor respiration.
£ Which of these it not found in the nuclews? kx, ik Elenacs FUE By il etny iy for i B
o. functioning ribesomes c. ore present in aonimiol cefls bt not plant celis.
b. chromaoten that condenses o chromosocmes d. AR of these one coect.
. nudieolus thaot produces A4 7. Which orgonelle releoses coygen?
d. nudieoplosm insieod of cyloplosm 0. nhasome
8 The imfare) respomsitle for protein synttess m oo oell b. Golgi opporotus
d. chromatin c. chioroplost
b. chromosomes o smaath ER
c. ribosomes 18. Which of the following would not be found in o chloroplost?
d. nudieoplazm o. grana
0. Which of the following terms indicotes the bosic wnit of hereditary b. 'H"_!’d'“:h
information? £ it
a. gene d. stroma
o :m’j“"“ 3.8 The Cytoskeleton
roamiaben
; i i 19. Which of these is nat true?
’ a. Adin filoments o locoted under the plosmo membrone.
3.5 The Endamembrane System b. Microtubules ore orgonized by centrosomes.
L. Vesicles fram the rough ER maost likely are on their woy 1o c. Infermediote filoments are associoted with the nucleor
a. the peroxisomes. emvelope.
b. the lyscsomes. d. Motor molecules move moteriols olong intermediote
c the Golgi opporatus. filaments.
d. the plont cell voousoke only. 20 Citio ond fingelio
o hove o 9+ 0 pottern of microtubiles, the some os bosol

12 Lysosomes function in

: ) bodies.
0. protein synthesis. =
b. processing ond pockoging. b. confoin myosin thot pulls onoctin filoments.
c. introcedlulor degestion. €. are argonized by bosol bodies derived from centrioles.

d. lipid synthesis. d. Both o and cone camrecl
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B ENGAGE W AP Applying the Science Practices

AP Applying the Big Ideas How is vesicle traffic from the ER to the Golgi npparotus regulated?
Some proteins ore synthesized by ribosomes on the endoplosmic

1. (TR Orgonisms shore mony conserved feotures thot reticulien (ER). The prodeins ore processed in the ER, and vesicies

ENEEE) cvobed ond ore widely destibuted omong crgonisms contoining these proteins pinch off ond migrote to the Golgi
today. Describe THREE specific exomples of evidence opparatus. Scientists currently are studying the moleoules that ane

from cedls ond their structures thot support the concept of common inwokeed n fusing these vesicles to the Golgi opparotus,

oncestny for oll organisms

2. EFEEF) Cells, the smollest wnits of living mofter, make life

possible.

o. Drow one genesolized prokoryotic cell AND one generofized
eukarypodic cell

b. Lobel the celiuior components.

. Amswer the guestion: Whot are two maojor difficrences o
between prokomyotic ond eukomrgyotic celis? Maoke sure that
these differences ore evident in your drowings.

2. BT The subceliulor companents of eukaryotic cells increass
el efficienoy.
o. Describe tao sconovios where scientists hove found subced-
lulor stnsctures imberoct.
b. Enxploin how these interoctons provide essentiol functions for
the cell

“Dala cblsmned feas Biifla, E E., ond Wessdi, M. G 2000 ER-l6-
el ralfe—mis bud's lor you Soenie 28% 403 404

Think Critically 1 %6
1. Intespret the dicgrom by nomeng teo compleses on the Golgl
opparogius that might beo involeed i vesicle fusion.
2. Hypothesize on explonation for vesicle tronsport bosed on whot
you howe reod about cyioplosm ond the cyioskeleion



Membrane
Structure
and Function

CHAPTER OUTLINE
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Function 6%

4.2 Passive Transport Across a
Membrana 10

4.3 Active Transport Across a
Membrane T3

4.4 Modificaton of Cell Swurfaces TF

Tho bisming sensofion of o chill peppoT i cowsed by intemciorns of chesscols with the membranes of celis

AP Hove yiou ever bitten into o hot pepper and hod the sensoticn thot youwr mouth
wias on fire? This s becouse the chill pepper plont produces o chemicol, colled
copsaicin, that binds 1o o protein in the plosmo membrone of poin receptors in your
mauth. in the membrane are chonnel proteins thot allow the movement of colcium
bons across the membrone. When these chonnels are open, movemeant of the colciem
kons into the cell couses the poin receptor to send a signol to the brain. The broin then
inteqprets this signal os @ buméng sensation. These chonnels moy olso be egoered by
temperature, on ocddic pH, ond heat. As long os the copsaicin is present, the potheoy
will remain active ond signots will be sent to the broin. So the guickest way to olleviate
the posn is to remove the copsaicin ond close the channel protein. Unfortunaotely,
since copsalcin is lpid-solubde, drinking cool woter does very Uittle o olleviote the
pain. Howeewver, drinking milk, or eoting bread or rice, often helps remaove the copsaicin.
Often the first bite is the worst, since the copsaicin couses an infliol opening of all the
chonnels simultoneously. The receptors con become desensitized to capsaickn, which
s why loter bites of the some pepper don't produce the some results.

In this chapter, we will explore not only how celis move matenals inand out
but olso the basic properties of energy and how cells use metabolic potiweoys and
enzymes to conduct the comples reactions needed to sustoin Life.

As you read through the chapter, think about these Essentiol Questions:
1. How does the fluid mososc model of the cell membrane ollow for selective perme-
ability? 2B1bi4 28 30c 2D 30
i, How do signoling pothwoys detect and respond to chonges in a cell’s emdronment?
3D30-b 3040
3. How do membrane-bound organedles inewkonyotic cells confer greater efficiency to
cell processes? B3 og BB q)

FoLLowinG the BIG IDEAS

w The plasma membrane, a feature of ol cells, i appropriotely colled the gaotekeeper of the cell because i mointolns the
identity ond integrity of the cells o= it "stonds guord® over what enters and leoves.

ﬁ Membrane receptor proteins oct as intercellular signol recehwers.

ﬂ Membranes ore on integrod port of an interconnected cellulor system of communécation ond response to environment.

2076
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4. Membrane Strocture and Function, Chapter 5 from MHHE Mager, Bis
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plasma membeane
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Figure 4.1 The fluid-mosaic model of the plasma
membrane.  Thoe mesnbrone i composed of o phosphaotipid
biloyer in which proteins are embadded {integrol prabeins) or

ossociobod with the cytopiosmic sde (periphanal proteins). The

Ingdrophilic heods of phospholipids ore exposed to waber on the ousside
ond inside surioces of the membrane. The hisdrophobic 1ol ossocione
togethar and moke wp the interior of the memibrare. Mote the plosmo
peripheral protein integral progein membmne’s osymmetny-—comohyciote choins one ohoched to the outside
surfoce ond project into the extrocellutor motie. Cytoskedaton floments

SRl ore aochod io the insite surfoce by Membeonge proteins
aliows multiple, sometimes incompatible, chemical processes
4.1 Plasma Mt?mhrane Structure to occur simultaneously. This *division of labor”® allows cells to
and Function operate more efficiently and respond fo changing environmen-

tal conditions.

Learning Outcomes

| Upan completion of this section, you should be oble to

o Components of the Plasma Membrane
. 5 DIBI'.II‘IQUISH Bepvresan the differen Slruciural Somponants of

membrares The structure of a typical animal cefl's plasma membrane is
2. Describe the nature of the fluid-mosce model os it relates depicted in Figure 41 in addition to the phospholipid bilayer,
ey membnone shrrcture. membrane components include protein molecules that are el
3. Describe the diverse rals of profeins in membranes. ther partially or wholly embedded in the bilayer. Cholesterol is
4. Explain why the plosma membrane exhibits selective anather lipid found in the animal plasma membrane; related
permeatbility steroids are found in the plasma membrane of plants. As we will

see, cholesterol helps modify the fluidity of the membrane over
a range of temperatures.
The ability to create compartments is a key featuwre of cells. Recall that a phospholipid = an omphipothic molecule,
Membranes, made of a phospholipid bilayver, create separa- meaning that it has both a ydrophilic (water-loving) region and
tion between the cell and the external environment as well as a nydrophobic (water-fearing) region. The amphipathic nature of
compartments within the cefl itself. Hawing separate spaces phosphaolipids largely explains why they form a bilayer in water



Because similar substances assoclate with one ancther, the hy-
drophilic polar heads of the phospholipid molecules naturally
associate with the polar water molecwes found on the outside
and inside of the cell. Likewise, the hydrophobic nonpolar tails
associate with each other because they want to “get away” from
the polar water.

hpdraphohic

Frychraphalic —
FRginng

Cell membranes are highly similar in the types of molecules
they contain, which makes them interchangeable and allows
them to fuse together faidy easily. What makes one membrane
different from another are the types of proteins integrated into
the membrane. &s shown in Figure 4.1, proteins are scattered
throughout the membrane in an imegular pattem, and this pat-
tem can vary from membrane to membrane.

Electron micregraphs can be used to study the nature of
many membrane proteins. A research method called freeze-
fracture freezes, and then splits, the membrane so that the
upper and lower layers separate. The proteins remain intact
and go with cne of the layers. The embedded protedns are called
imtegral proteins, whereas the proteins that ocowr only on the op-
toplasmic side of the membrane are called periphenl profeins.

Some integral proteins protnede from only one 5.1.|rfE|ce af
the bilayer, but most span the membrane, with a hydrophobic
core reglon that associates with the nompolar core of the mem-
brane. Hydrophilic ends of integral proteins protrude from both
surfaces of the bilayer, interacting with polar water molecules.
Integral proteins can be held in place by attachments to protein
fibers of the cytoskeleton (inside) and fibers of the extraceliular
matrix foutsidel. Only animal cells have an extracellular matrix
{ECM), which contains variows protein fibers and very large,
complex carbohydrate molecules. The ECM, which s discussed
in greater detall in section 4.4, has a number of functions, from
lending external support to the plasma membrane to assisting
in communication between cells.

Fluid-Mosaic Model

Membranes are not rigid but rather are flexible struciures. They
consist of a vanety of molecules, including phospholipids, cho-
lesteral, and proteins. The fluid-mosaic model is used to de-
soribe the interactions of these membrane components.

The lipid content of the membrane is responsible for its flu-
idity. Cells are flexible because the phospholipid bilayer is fluid.
&t body temperature, the phospholipid bilayer of the plasma
membrane has the consistency of olive ail. The greater the
concentration of unsaturated fatty acd residues, the mone fluid
the bidayer. In each monolayer, the fatty acid tails jostle arownd,
and an entire phospholipid molecule can move sideways at a
rate averaging about 2 pm—the length of a prokanyotic cell—per
second. Although it is possible for phospholipid molecules to
flip-flop from one monolayer to the other, they rarely do so, be-
cause this would require the hydrophilic head to mowve through
the hydrophobic center of the membrane. Howewver, at times
special proteins help the phospholipids flip.

The presence of cholestesol molecules prevents the plasma
membrane from becoming too fiukd at higher temperatures and
to sodid at koweer tlemperatures. At higher temperatures, choles-
teqol stiffens the membrane and makes it less fluid than it woulkd
otherwise e, At lower temperatures, cholesterol helps prevent
the membrane from freezing by not allowing contact between
certain phosphaolipid taits.

A plasma membrane is considered a mosaic because of the
presence of mamy proteins. The number and kinds of proteins
can vary in the plasma membrane and in the membranes of the
varnous organelles. The position of these proteins can shift owver
time, unless they are anchored to another structure, such as the
cytoskeleton. Experiments have been conducted in which the
proteins were tagged prios to allowing mowse and human cells to
fuse. An howr after fusion, the proteins from each cell type were
completely mixed, suggesting that at least some proteins are
able to mowve sidesways in the membrane.

Soientists once thought that all membrane proteins could
freely move sideways within the fluid bilsyer. Today, however,
wie know that membrane proteins are often associated with
the ECM, the cytoskeleton, or both. These connections hold a
protein in place and partially anchor the othenwise fluid phos-
pholipid bilayer.

It showld be noted that the two sides of the membrane are
ot identical. Carbolvydrate chains {see below) are attached only
to molecules on the outside surface, and peripheral proteins
ooour on one surface of the other. Thus, the membrane Is said
to be asymmetrical.

Glycoproteins and Glycolipids

Phospholipids and proteins that have attached carbohydrate
{sugar] chains are called glycolipids and glycoproteins, re-
spectively. The carbohydrate (sugar) chains on a cell’s exterior
can be highly diverse. The chains can vary in the number and
sequence of sugars, and in whether the chain is branched.
Each cell within an individual has its own “fingerprint® be-
cause of these chalns. For this reason, glycolipids and gly-
coproteins play an important role in celiular identification. As
you probably know, transplanted tissues are often rejected by
the recipient. Rejection ooours because the immune system is
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able to detect that the foreign tissue's cells do not have the
appropriate carbohydrate chains to be recognized as self
In humans, carbohydrate chains are also the basis for the &,
8. and O blood groups.

In animal cells, the carbohydrate chains attached to pro-
teins give the cell a “sugar coat,” more properhy called a giyco-
cafyx. The glycocalys protects the cell and has warious other
functions. incleding cell-to-cell adhesion, reception of signal-
ing molecules, and cell-to-cell recognition.

The Functions of the Proteins

Although the protein components of plasma membranes dif-
fer depending on the type of cell and the processes it is un-
dergoing, several types of proteins are likehy to be routinely
present

Channel proteins  Channel proteins are involbved in passing
molecules through the membrane. They form a channel
that allows a substance to simply mowve from one side
o the other (Fig. 4.2a). For example, a channel protein
allows hydrogen ions to flow across the inner mitochon-
drial membrane. Without this mowement of hydrogen
ions, ATF would never be produced.

Casrier proteins  Casmler proteins are also invobved in pass-
ing molecwdes through the membrane. They receive a
substance and change their shape, and this change
mowes the substance across the membrane (Fig. 4.268).
& carrier protein transports sodium and potassium ions

Channel Protein: e % A
Allaws a particular L
mialecule ar ion to oroas
thee plasma memibrane
freety. Cystic fibrosis, an
inherited disarder, iz
caused by a faulty

A chloride [CFIchannel; a
thick rmaious colects in
Airaays s in
pancrealic ard

liwser aluichs,

Receptor Prateire

|2 shaped in swuch a way
that a specific molecule
can bird o it. Some Torms
of dwarfism result not
Bregaus the body does

| mat produce anough
it harmene, but
Because thar plasira
mBmnrane groedl
Peafimon e ieCeplors A
faiilty and cannat inteact
Wl granarth Mod s,

d. E.

&7

across the plasma membrane of a nerve cell. Without
this carier protein, nerve impulse conduction would be
Impossibie.

Cell recognition proteins  Cell recognition proteins are glyco-

proteins (Fig. 4-2¢). Among other functions, these proteins
help the body recognize when it is being invaded by patho-
gens, so that an immune response can ocour. Without this
recognition, pathogens would be able to freely imade the
body and hinder its function.

Receptor proteins Receptor proteins have a shape that al-

lows only a specific molecule to bind to it (Fig. 4241 The
binding of this molecule causes the protein to change its
shape and thereby bring about a celldar response, The
coordination of the body's crgans is totally dependent on
such signaling molecules. For example, the lver stores giu-
cose after it is signaled to do so by Insulin.

Enzymatic proteins Some plasma membrane proteins are

enzymes that carry out metabolic reactions directly [Fig-
4.2e). Without these enzymes, some of which are attached
to the varlows membranes of the cell, a cell would never be
able to perform the chemical reactions needed to maintain
its metabolism.

Junction proteins Proteins are invalved in forming warous

types of junctions between animal cells (Fig. 4.24). Signal-
ing maolecules that pass through gap junctions allow the
cilia of cells that line the respiratorny tract to beat in unison.

Carrer Protein:

Lolectively Imteracts with a
specific molecule or lon 3o
thiat it can crass the plasma
membrane. The family of
GLUT carriers bransfers
glucose in and out of the
wariows cell bypes in the
oy, The inability of some:
DErsGr 6 use enengy lor
v

potassiven [Ha'-K'|
Transpart as been
suggeshod s 1 caugs of
Theeie ahesiny,

Enzymatic Proteine
Catakyzres & spacific
reactiaon, The membrans
protein, adenylste oyclse,
i rrwa bved in ATP
imetabalism, Chalers
bacteria relagse 4 taxn
il inte e with e
proper unctioning al
adarylate Cyclase; wodiem
INa "] and water kave
intestinal cels, and the
indeddual may die from
sevang diarrhea

Cell Becognition Frobein:
The MHL (major
histooompitibdity
complex| glycoproteins
are different for sach
pErson, soorgan
sransplarts ars défhcult
o achieve. Cells with
farsgn MHC
glycoprateins are
attacked by while blood
cells respansile for
s Ry

- Junction Proteins:

Tight juncticns join cells
=0 that & tisswe can fulfill
a funclion, as when a
Sissse pinches o the
neursl tube during
devalapment, Withsauy
This cooperation
Eavaszar colls, an animal

| ernbeys wolakd have na
e rda g Sysiem,

Figure 80.2 Membrane protein diversity.  These ore some of the funciions performed by proteins found in the plosma memibrane.
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Toble 4.1 Possage of Molecules into and out of the Cell

Hame Birection Requirement Examples

Diftusion Towsord bower concentration Concentrotion gradont Lipid-sofuble molecules, goses
Focilioted toorsport Towsord lowes concentration Channels or corier ond concentrofion gradient Some sugors, aming ockds
Active tromsport Towsord highar concentbrotion Comier piars enangly Sugors, aming odds. ons
Bk tronspoet Toword outside or inside Yasicle uilzotion Maocromaleoules

Permeability of the Plasma Membrane

The plasma membrane reguiates the passage of molecules
int and out of the cell. This function is critical because the
cell must maintain its nomal composition under changing
environmental conditions. The plasma membrane is essential
because it is selectively permeable, allowing only certain
substances into the cell while keeping others out.

Molecules that can freely cross a membrane generally
require no energy todo so. Substances that are ydrophobic
and therefore similar to the phospholipid center of the mem-
brane are able to diffuse across membranes at no energy
cost. Polar modecules, however, are chemically incompatible
with the center of the membrane and so reguire an expendi-
ture of enengy to drive their transport.

Table 4.1 and Figure 4.3 examine which types of molecules
can passively cross a membrane no energy reguired] and
which may require transport by a carrier protein andfor an ex-
penditere of energy. In general, small, noncharged molecules,
such as carbon dicxide, mogen, ghycerod, and alcchol. can
freely cross the membrane. They are able to slp between the
hydrophilic heads of the phosphodipids and pass through the
hydrophobic tais of the membrane because they are similarhy
nonpaolar.

These molecules follow thelr concentration gradient as
they move from an area where their concentration is high to

charged malecules

C_E_‘ and sons
W

weatar insade call

water outude cell

i harged
el ecules

an area where their concentration is low. Consider that a cell s
always using oxygen when it carries on cellular respiration. The
internal consumption of oxygen results in a low cellular concen-
tration. Because omygen concentration is higher outside than
inside the cell, oxygen tends to move across the membrane
into the cell. The concentration of carbon dioxide, an thie other
hand, is highest inside the cell, because it is produced during
celiular respiration. Therefore, carbon dicxide tends to moe
wilth its concentration gradéent from inside to outside the cell
Water, a polar molecule, would not be expected to readily
cross the primarly nonpolar membrane. However, scentists
hawve discovered that the majority of cells have channel pro-
teins, called aguaporins, that allow water to cross a membrane
more quickiy than expected. Aquaponins also allow cells to
equalize water pressure differences between their interior and
exterior environments, so that their membranes dont bursst
from environmental pressure changes.
lons and polar modecules, such as glucose and aming
acids, can slowly cross a membrane. To move as guickly as
is necessary, they are often assisted across the plasma mem-
brane by camier proteins. Each carrier protein recognizes par-
ticudar shapes of molecules and must combine with an ion,
such as sodium (Ma'), or a molecule, such as glucose, before
changing its shape and transporting the malecule across the
membrane. Thersfore, carmer proteins are specific for the
substances they transport across the plasma membrane.
Bulk transport is a way that large particles can exit or enter
a cell. During exccytosis, fusion of a vesicle with the plasma
membrane moves a particle to outside the membrane. Dur-
irg endocytosis, wesicle formation moves a particle to in-
side the plasma membrane. Vesicle formation i resered
for mowvement of macromolecwes or even for something
larger, such as a wines. As with many other processes, a
cell is selective about what enters by endocytosis.

Check Your Progress 4.1

1. Exploinwhy phospiolipids ploy swch an
imporkant ralis in the struchre of the cell
membrane.

:1 Describe the mole of proleins in the Buid-mosaic
model

B, Compare how cells iranspon golar and
nonpalir moleculed oereds o membrane

Figure 4.3 How molecules cross the plasma
membnone. The curved orrows indicoto ot theso
subsionces connot posshvely cross the plosma membrane, and
ik loneg, back-ond-forth aroes indcole thot thase subsionces
oon diffiuesse oomss the plosmo mesnbeone.
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BIG IDEA 3: Information Storage, Transmission, and Response

How Cells Talk to One Another

All orgonisms are comprised of cells thot ore
oble o sense ond respond to specHic sipnols
in their em@mnment. A bocterium thot lhees n
your body responds o sgnaling molecules
wien it finds food and esoopes immune cedls
in order 1o shoy oliwe Signaling helps the
breod mold thot grows on stole breod deted
an opposite moting <train to begin its seaoal
life cipcte. Similorly, the celis of o devedoping
embryo respond to signoling molecules as
they mowve b specific bcotions and become
specific Heswes [Fig. d8a)

In newhom animals, internol signals
such of hormones dre essertiol to ensure
thot specific tixswes devsiop when and how
they should In plams, exdernol signals,
such o% o change in the amount of Light,
tedl them when & is time o resume growth
or to flower. Infernad sigholing molecules
enable animals ond plants to coordinate
tharir cellulor ectivities, to metobolze, ond 1o
better respond in o changing envmonment.
The ahéity of cells to communicile with one

on. agg

1. Recmpior: Grds 10 8 sknaling
malecule, becames activated and
inifiasas a rarsduCton pathway

2 Transduction : Sories
of reloy protains thal ends when
n prolein s acthated.

another i an essentiol part of oll biological
systems.

Cell Signaling

The cedls of o multioslidor ongonism “olk”
to one another by wsing signaling mol-
ecules, sometimes colled chemicol mes-
sEnGers. Some messengers are produced n
one locotion and, in animaets, are corried by
the circulotory system ko vakous onget sies
around the body. For exaomple, the pancreas
releases a homone colled insulin, which is
transported in blood vessels (o the leer, and
this <ignol couses the heer to store glucose
os glgcogen. Failure of the liver 1o respond
opproprictely results in o medicol condition
colied diabedes.

We ore paorticulorly inlerested in
growth foctoes, which oct locally ot =gnal-
ing molecutes ond couse cells to divide.
Ow'erproduction of geowth foctors con dis-
rupd the bofonce in cellutor systems. If l=f
uncomected, uncontrolled cell growth and

newhom
bring abaud a cellular respanse,
g Colldar
response:

| —=| arered snapa
| armesemant
af celd

Akered
metabalsm
arcallalar
Furtian

Akered gang
e sEion
and the typas
ano amoynt
af prateins
praduced

farmation of a wmar can result. The impos-
bonce of cell signalng in reguloting cell says-
tems = the focus of much research in cedl
biology.

Cedls respond io only cerdain signaling
molecules. 'Why? Because they must bind
to o receptor profein, ond only cedls thod
possess motching receptors con respond to
certoin signaling molecules. Eoch cell hos
o mix of receplors, which gives them the
ohility 1o respand differently o o voriety
of external ond internal stimull Eoch cell is
glso oble o balance the relotive strength o
incoming signals in order to chonge oellular
structure or function. IFa minimem level of
signoding is not met, the cell dies.

Signoling molecules interocting with
their receplor is only the beginning of o
complex process of communication that tegls
the cell how o respond. Once o signaling
molecule and receptor interact, o coscode
of events ocours thot increose, decrease,
or otherwise chonge the signol to elicit o
cellulor response. Thies process = colled o
signal tronsduction pathwoy. This pathway
i= onofogous 10 bedevision tronemission: &
TV comesa {the recepdor) views o soene and
comeerts it into efedrical signals (tronmduc.
ton pothwoy) thol are undersiood by the
TV recetwer in gour house, which cormerts
these signals 1o o picture on wour Screen (the
response). The process in cells & maone com:-
plicated, becaouse eoch member of the path-
wiy con activate o number of other probeins.
Ax shown in Figure 444, the cell response to
o transducton pattoy con be o change in
the shape or moverment of a cell, the octhna-
tion of o particular ensyme, ar the octivation
of o spedfic gene.

Queestions to Conssder

1. f your cells needed to respond nop-
fly o o changing environment, would
you wonl thesr effect to be short- or
long-lved?

2. Given the essentiol role of signaling
n celhdor ond ongonismal bedith, how
might disectes arise from signaling
enors?

Figure #A Cell signoling. 0. The process
of sigraling helps occount for the tmnsiormaodion
of an egg Mo on embngo ond then an embryo
into o newborn. b The process of signoling

Fmvalves theoe steps: binding of the sigroling
motecule, romsduction of the signol. ond

response of the cell depending on whot fypsa of
probain s torgeted.

_ull




4.2 Passive Transport Across
a Membrane

. s
' Upan completion of this section, you should be able 19

1. Compare diffusion and osmoss ocreas o membrans.

2. Desrribe the role af probeing in Bwe movement of
molecules oeross o membrone,

3. Dafferentiobe amang the effects of hypobonic, isebanic, amnd
hypertanic selulions on animal and plant cefls.

Diffusion is the mowement of mokecules from a higher to a
loweer concentration—that s, down their concentration gra-
dient—until equilibrium is achieved and the molecules are
distributed equally. Diffusion is a physical process that results
fram the random modecular maotion that can be observed with
any type of molecule. For example, when a orystal of dye is
placed in water (Fig. 4.4}, the dy= and water molecules mowve
in variows directions, but their net mowement, which is the
sum of their motion, is toward the region of lower concen-
tration. Eventually, the dye 5 dissohved evenly In the water,
resulting in equilibrium and a uniformiy colored solution.

A solution contains both a2 selute, usually a solid, and a
salvent, wswally a liquid. In this case, the solute is the dye and
the solvent is the water molecules. Once the solute and solvent
are evenly distributed, they continue to move abouwt, but there
5 no net movement of either one in any direction.

The chemical and physical properties of the plasma mem-
brane allow only a few types of molecules to enter and exit a
cell simply by diffusion. Gases can freely diffuse throwgh the
lipid bilayer because they are small and nonpolar; this is the
mechanism by which cxygen enters cells and carbon dioxide

i, Crysnal of dye is placed m the water

exits cells. This is also how ceygen diffuses from the alvecoli
{air sacs) of the lungs into the blocd in the lung capillaries
{Fig. 4 5}. After inhalation {breathing in), the concentration of
oxygen in the alvecdl is higher than that in the blood; there-
fore, cxygen diffuses into the blood along its concentration
gradient.

Several factors influence the rate of diffusion, ncluding
temperature, pressure, electrical currents, and molecular size.
For example, as temperature increases, the rate of diffusion
increases. The movement of fishes in the tank would also
speed the rate of diffusion (see Fig. 4.4

Osmosis

The diffusion of water across a selectively permeable mem-
brane from high to low concentration is called asmesis. To
Hlustrate osmosis, a thistle tube containing a 10% solute solu-
tion' is covered atone end by a selectively permeable mem-
brane and then placed in a beaker containing a8 5% solute
solution (Fig. 4.6a). The beaker has a higher concentration of
wiater molecules [lower percentage of sodute), and the thistle
tube has a lower concentration of water molecwles (higher
percentage of solute). Diffusion ahways oocurs from higher
to lower concentration. Therefore, & net movement of water
takes place, mowing across the membrane from the beaker
to the inside of the thistle tube (Fig. 4.60)

The solute does not diffuse out of the thiste tube. Wiy not?
Because the membrane is not permeable to the solute. As water
enters and the solute does not exit, the level of the solution
within the thistie tube rises (Fig. 4.6¢c). In the end, the concentra-
tion of solute in the thistle tube &5 less than 10%. Why? Because
there is now less solute per wnit wolume. And the concentrathon

1 Percent solutions are grams of salube per 100 mi of solvent Thensfone, a
1% sofution s 10 g of sugar with water addad o make 100 mi of schution.

i, Difuiom ol water ard dye molecules

H Tl ) A
€, Exqual distritauticsn of moleeules results

Figure 4.4 Process of diffusion. Dfusion ks spontonscus. ond no chemical enoegy is required to being & cboul e When o dye crystol is ploced
I water, it i concenroted in one oen b, The dye dssalves in the woter, and over time a net movemaent of dye molecules. from o higher 10 0 Lower
concenirofion oocurs: Thees ks olso o net moverment of water molecules fom o higher 10 o lower concentration. €. Eventuolly, the woter ond the dys

mobecules ane equally distibuted throughoud the conloine:
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of solute in the beaker s greater than 5%, because there is now
more solute per unit wolume.

Water enters the thistle fube due to the os-
motic  pressure of the soclution within the this-
tle twbe untdl it reaches equilibrivm (Fg 4.64).

Osmotic pressure |s the pressure that develops in a system
due to csmosis” In other words, the greater the possible
osmotic pressure, the more likely it is that water will diffuse
in that direction. Due to osmotic pressure, water is absorbed
by the kidneys and taken up by capillaries in the tissues.
Osmaosis also occurs across the plasma membrane, as we'll
see next

Isotonic Solution

In the laboratory, cells are normally placed in isotonic solu-
tions. The prefic o means “the same as,” and the term tonicity
refers to the strength of the solution. In an isotonic solution, the
solute concentration and the water concentration both inside

Figure 4.5 Gos exchonge in
lungs. Oxygen (O diffuses o the
copiliones. of the ungs becouse there &
a higher concentrolion of cwygen in the
obhwecll joir socs) thon in the copilianes.

2 O=mptic pressure & measuned by placing a solution in an csmometes

and then immersing the csmameter in pure water. The pressure that
el ops & the asmotic pressune of a sofutian

—
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Figure 4.6 Osmosis demonstration. e A thistle tuhe, covered of the rood end by o sslocdiedy permechle membrone, comoins a 0% sobuta
solution. The beoker contains o 5% solute solution. b The solule purpée circkes) s unoble to pass through the memorons, bt the woler (blue circles) posses
theoiugh in both deections. There is o net movement of woter tossard this inside of the thistie tube, whone there & o iower percentoge of wiler molecoules.

€. Due fo the mcoming woter molecutes, the evel of the solution nses in the histie b, & Eventoally, the concentrotion of weaber across the mombrone
oouoiines
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Figure 4.7 Osmosisin
animal and plant cells,

The arows ndicale the nat
mosvarmant of water molocules
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In an iscsonic salubian, thens is no
net movament of waler.

Tutoral
Owrzan orad

In an iscaonic solution, thena is no
net movament of weler,

and outside the cell are equal (Fig. 4.7), and thersfore there
5 no net gain or loss of water & 09% solution of the salft
sodium chioride [MaCl) is known o be isotonic to red blood
cells. Therefore, infravencus solutions medically administered
usually hawe this tonicity. Temestrial animals can usually take in
either water or salt as needed to malntain the tonicity of their
intemal emdronment. Many andmals Ihing in an esteany, such
a5 oysters, blue crabs, and some fishes, are able to cope with
changes in the salinity (salt concentrations) of their enwviron-
ment using specialized kidneys, gilis, and other structures.

Hypotanic Solution
Solutions that cause cells to swell, or even to burst, due to an
intake of water are sald to be hypotonic solutions. The prefix
hypo means “hess than” and refers to a solution with a lowsr
concentration of solute (higher concentration of water) than
inside the cell. if a cell Is placed in a hypotonic solution, water
enters the cell, because the lower celilar concentration of
water prompts a net mowement of water from the outside to
the inside of the cell.

Any concentration of a salt solution lower than 0.9% is
hypotonic to red blood celis, Animal cells placed in such a
soluticn expand and sometimes burst because of the bulldup
of pressure. The term cytalysis is used to refer to disrupted
cells. Hemohysis s the term used to describe cytolysis inred
blocd cells.

The swelling of a plant cell in a hypotonic solution creates
turger pressure. When a plant cell is placed in a hypotonic
solution, the cytoplasm expands, because the large cen-
tral vacuole gains water and the plasma membrane pushes
against the rigid cell wall. Unlike animal cells that have no
cell wall, the plant cell does not burst, because the cell wall

Animal plasma
,H.T. maambeans
nueleug

LAY

Ir & hypetenic salusian, walsr
mairly anters the call, which may
Buarst (Iysls).

It & hyparionic solulion, waber
mamnly leawas the call, which
ghnivale {crenalion).

I a hypertanic solution, vacuales
lose waler, the cytoplasm shrinks

bl sl

In a hypotonic solubon. vacuales
Fll with sted, 1Q0F pressure

Facsalrene el chlarrelasic am

does not give way, Turgor pressune in plant cells is extremely
important to the maintenance of the plant's erect position.
you forget to water your plants, they wilt due to decreased
ILErgOr pressure.

Crrganisms that live in fresh water have to avold taking
In too much water Mamy protozoans, such as paramecia,
have contractile vacuoles that rid the body of excess water
Freshwater fishes have well-developed kidneys that excrete
a large wolume of dilute urine. These fish still have to take in
salts through thedr gills. Even though freshwater fishes are
good osmoregulators, they would not be able to survive in
either distifled water or a salty marine environment.

Hypertonic Solution

Solutions that cause cells to shrink or shrivel duee 1o loss of
wiater are said to be hwpertanic solutions. The prefix hyper
means “mare than" and refers to a solution with a higher per-
centage of solute flower concentration of water) outside the
cell. i a cell 5 placed ina hypertonic solution, water leaves
the cell; the net movement of water is from the inside to the
outside of the cell.

by concentration of a salt sclution higher than 0.59% is
mypertonic to red blocd cells. If animal cells are placed in this
solution, they shrink. The term crenatien refers to red blocd
cells In this condition. Meats are sometimes preserved by
salting them. The bacteria are not killed by the sait but by the
lack of water in the meat.

When a plant cell is placed in a hypertonic soluticn, the
plasma membrane pulls away from the cell wall as the large
central vacuole loses water. This is an example of plasmolysis,
a shwrinking of the cytoplasm due to csmosis. The dead plants
you may see along a saltted roadside died because they were
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exposed to a hyperionic solution during the winter. Also,
when salt water invades coastal marshes due to storms and
human activities, coastal plants die. Without roots to hold the
sil, it washes intz the sea, doing away with many acres of
valuable wetlands.

Marine animals cope with thelr hyperonic emvironment
Im variows ways that prevent them from losing excess water
to the environment. Sharks increase or decrease wrea in their
blood wntil their blood s isotonic with the emvircnment and, in
this way, do not lose too much water. Marine fishes and other
types of animals drink no water but excrete salts across their
gills. Have you ever seen a marine furtle cry? | is ridding its
bidy of salt by means of glands near the eye.

Facilitated Transport

The plesma membrane impedes the passage of all but a few
substances. Yet biclogically usefisl molecules are able o rap-
idly enter and exit the cell either by way of a channel protein
or because of carrier proteins in the membrane. These trans-
podt proteins are specific; each can transport only a certain
type of molecule or ion across the membrane. How carmier
proteins function bs not completely understood, but after a
cafmer combines with a molecule, the carrier s beleved to
undergo a conformational change in shape that moves the
molecule across the membrane. Carrier proteins are utilized
for both facilitated transport {movement with concentration
gradient; requires no energy] and active transport [moe-
ment against concentration gradient; reguires energylises
Table 4.1).

Facilitated transport explains how molecules such as
glecose and amino acids are rapidly transported across the
plasma membrane. Whereas water moves through a channel
protein, the passage of glucose and amino acids is facilitated
by their reversible combination with carrier proteins, which
transport them through the plasma membrane. These camier
proteins are specific. For example, various sugar molecules of
bdentical size might be present inside or outside the cell, but

73

glucose can cross the membrane hundreds of times faster
than the other sugars. As stated earlier, this is the reason the
membrane can be called selectively permeable.

A model for faclitated transport (Flg. 4.8) shows that
after a carrier has assisted the movement of a molecule
to the other side of the membrane, it is free to assist the
passage of other solute molecules. Meither diffusion nor
facilitated transport reguires an expenditure of energy,
because the molecules are moving down their concentra-
tion gradient.

Check Your Progress 4.2

1. Explain why B e e diffusion ane posive

processes
2, Deseribe how a cell would react to o hypenonic ar

hypotanic soluticon.
3. Conlrast diffusion with focilitated transport.

4.3 Active Transport Across
a Membrane

Upan completion of this section, you should be able to
1. Explain how octive tronspon mowes subslonces ocnsss o
membrane,
2. Compoare the énergy requirements of possive and active
Trorsgso.
3. Conirost the bulk ranspan of large ond amall substonces
intora cedl

Figure 4.8 Focilitoted transport. A& comier peoteln can speed
that ot ot which o soluie crosses the plosma maembrans iowond o lower
concemtnation. Maole that the comer protedn undesgoes o change in shapo
0% [t moves g solude oonaoss the membsone.
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At times, a cell may need to further increase a concentration
gradient across a membrane in order 10 do more waork. The
process of active transport moves molecules agalnst thelr
concentration gradient. Active transport requires energy,
usually in the form of ATF. For example, lodine collects in the
cells of the thyrodd gland, glecose s completely absorbed
from the gut by the cells lining the digestive tract; and sodiem
can be almost completely withdrawn from wrine by cedls lin-
ing the kidney tubules. In each of these instances, molecules
mowe from a lower o a higher concentration, exactly oppo-
site the process of diffusion.

il b take up 5 Ma"T

6. Change in shape resubts and
CAUSES CarTiar to release 7 K*
mside the cell

5. Freasphate grow i released
froen carrier.

& Carrier has a shapa that
allows it 1o take ugr 2 BY

Figure 4.9 The sodium-potossium pump.

T Carvier has a shaps that allows

Carrier proteins and an expenditure of energy (ATF) are
both needed to transport modecules against thelr concentra-
tion gradient. in this case, the ATP i needad for the camer to
comibine with the substance to be transported. Therefore, it is
nat surprising that cells involved primarily in active transport,
such as kidney cells, have a large number of mitochondria near
membranes where active transport is occuming.

Proteins involved in active transport often are called
pumps because, jUst s a waler pump Uses energy o move
wiater against the force of gravity, proteins use energy to
move & substance against lis concentration gradient. One
type of pump that is active in all animal cells, but is especially

group attaches o carmer:

3, Charge in shaps results amd
causes carier bo release X fa’
iatsie the g2l

This same corrier protein tronspors sodium ions [No®] to tha outside of the call ond pabossium

s (K1) 0 thi Insicse of the ooll, bocouse I undergoes on ATP-sependomt change in shope Throe sodium ions ore comed outward far ewery hwo
pabaszium lons carrsed imward; thesefore, the incide of the cell i kess posisvety chorged compored 10 the oubside.
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associated with nerve and muscle cells, moves sodium lons
{Ma*) to the outside of the cell and potassium ons (K4 to the
inside of the cell. The transport of scdium and potasshum are
linked together throwgh the same carrier protein, called a
sodium-potassium punmp.

The sodium-potassium carrer protein has an initial shape
that allows it o bind three sodium lons. Phosphate from an
ATP moleculs is added to the carrier protein, and it changes
shape; this shape change mowes sodium across the mem-
brane. The new shape is no longer compatible with binding
to the sodium, which falls away.

The new shape, however, is compatible with picking wp
two potassium ions, which bind to their sites. As the phos-
phate that was added from ATP in an earier step leaves,
the camier protein assumes its original shape, and the two
potassivm lons are released inside the cell {Fig. 4.9). The
cotransport of three sodium and two potassiom creates not
only a sodute gradient but also an electrical gradient across
the plasma membrane.

The passage of salt (Mall) across a plasma membrane
is of primary importance to most cells. The chioride ion (C-)
usially crosses the plasma membrane because it is attracted
by positively charged sodium lons (Ma™). First sodium lons are
pumped across a membrane, and then chiloride ions simply
diffuse throwgh channets that allow their passage.

As moted in Figure 4.20, the genetic disorder cystic fi-
brosis results from a faulty chloride channel protein. When
chioride is unable to exit a cell, water stays behind. The lack
of water outside the cells causes abnormally thick mueous in
the bronchial tubes and pancreatic ducts, thus interfering
with the functicn of the lungs and pancreas.

Bulk Transport

Howe dio large molecules such as proteins, potysaccharides,
or nucielc acids enter and exit a cell? These molecules are
too large to be transported by carrier proteins, so they are
nstead transported into and owt of the cell by wesicles.
Membrane wesicles formed around macromolecules reguire
an expenditure of cellular energy, but the cost s worth it
because each vesicle keeps its cargo from mixing with mole-
cules within the cytoplasm that couwld alter the cell's function.
Generally, substances can exit a cell through exocytosis, and
enter a cell through endocytosis.

Exocytosis

During exocytosis, an Intracellular vesicle fuses with the
plasma membrane as secretion ocoours (Fg. 410). Hormones,
neurctransmitters, and digestive enzymes are secreted from
cells in this manner. The Golgi body often produces the ves-
hcies that carry these cell products to the membrane. During
exocytosis, the membrane of the vesicle becomes a part of
the plasma membsane, because both are nonpolar. Adding
additional vesicle membrane to the plasma membrane can
enlarge the cell and is a part of growth in some cells. The
proteins released from the vesicle may adhere to the cell
surface or become Incorporated into an extracellular matrix.

Figure 490 Exocytosis. Esocytosis secretos or deposits
subshances an fhe outside of the cell

Cells of particular organs are speclalized to produce
and export molecules. For example, pancreatic cells pro-
duce digestive enzymes or Insulin, and antenior pituitary
cells produece growth hormone, among other hormones. in
these cells, secretory vesicles accumulate near the plasma
membrane, and the wvesicles release their contents only
when the cell is stimulated by a signal received at the
plasma membrane. A rise in bood sugar, for example, sig-
nals pancreatic cells to release the hormone insulin. This is
called regulated secretion, because vesicles fuse with the
plasma membrane only when the needs of the body trigger
it to do so.

Endocytosis

Duering endecytosis, cells take in substances by forming wves-
icles around the materal. & portion of the plasma membrane
invaginates to envelop the substance, and then the mem-
brane pinches off to form an intracellular vesicle. Endocyto-
sis ocours in one of three ways, as lllustrated in Figure 4.1
Phagocytosis transports large substances, such as a wines,
and pinocytosis transports small substances, such as a mac-
romoleculs, into a cell. Receptor-mediated endocytosis s a
special form of pinocytosis.

Phageotytosis. When the material taken in by endocytosis
is large, such as a food particie or another cell, the process
is called phagocytesis (Gk. phogein, “to eat”). Phagocytosis
is common in single-celled organisms, such as amoebas
{Fig. 4 11aj. It also occwrs in humans. Certain types of human
white blood cells are amoebold—that is, they are maobile like
an amoeba, and they can enguif debris swch as worm-out red
blood cells or viruses. When an endocytic vesicle fuses with
a lysosome, digestion cocurs. Later in this text you will see
that this process is a necessary and preliminary step toward
the development of our immunity to bacterial diseases.
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Figure 411 Three methods of endocytosis.  a. Phogooyiosis occurs whan the subisionce o be ronsported indo the coll is lorge. Digestion occurs
whian the resuiting wvocuole fuses with o lysosome. b Pinocybosis oonsrs when @ mocromebecule, such os 0 polypepade, is transparied into tha ool ed.
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cootod weshcle that Sorms condoins the malecules and thel recepiors.,

Pinocytosis. Pinocytosis (Gk. pinedn, “to drink™) occurs
when wesiches form around a liguid or arownd very small par-
ticles (Fig. 511b). Bicod cells, cells that line the kidney tubules
or the intestinal wall, and plant root celis all use pinocytosis
to ingest substances.

Whereas phagocytosis can be seen with the light micro-
scope, the electron microscope must be used to observe pi-
nocytic wesiches, which are no larger than 0-0.2 pm. Still,
pinocytosis involies a significant amount of the plasma mem-
brane, because it occurs continucushy. Cells do not shrink in
size, because the foss of plasma membrane due to pinocytosis
5 balanced by the ocourrence of exocytosis.

Receptor-Mediated Emdocytosis. Receptor-mediated
endocytosis is a form of pinocytosis that is quite specific,
because it uses a receptor protein to recognize compatible
malecules and take them into the cell. Malecules such as
vitamins, peptide hormones, or lipoproteins can bind to spe-
cific receptors, found in special locations in the plasma mem-
brane (Fig. 411c). This lecation is called a coated pit, because
there is a layer of protein on the cytoplasmic side of the pit.
Once formed, the vesicle Is uncoated and may fuse with a
lysosome. When emply, a used vesicle fuses with the plasma
membrane, and the receptors return to their former location.

Receptor-mediated endocytosis s selective and much
more efficient than ordinary pinocytosis. it s invoheed in wp-
take and in the transfer and exchange of substances between
cells. Such as the uptake of iron from the outside of the cell,
for example.

The importance of receptor-mediated endocytosis is
demonstrated by a genetic disorder called familial byper-
cholesterolemia. Cholesterol is transported in blood by a
compdex of lipids and proteins called low-density lipoprotein
(LDL). Ordinarily, body cells take up LDL wien LDL receptors
gather In a coated pit But in some individuals, the LDL re-
ceptor is unabde to bind properly to the coated pit, and the
cedls are unable to take up cholesterol. Instead, cholesterol
accumulates in the walls of arterial biood wessels, leading to
high blood pressure, occleded [blocked) arteries, and heart
attacks,

Check Your Progress 4.3

1. Compare focilitated ronspart with oclive ranspon

2. Explain wiy octive transpoet requires enengy.

3. Sumrmarize why o cell would use bulk franspart rather
than octive tron

= ) e e L
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4.4 Modification of Cell Surfaces
Learning Outcomes

Upon completon of this seclion, you should be able 1o
1. Explain the role of the extracellulor matrix in an anirmal el
2. Compese the structure and function of adiesion, tighl, and
gop punctions in animails.
3. Explain the role af plasmodesmata in planis.

Most cells do not live isolated from other celis, Rather, they
lhwe and interact within an extemal environment that can dra-
maticaily affect cell strecture and function. This extracellular
emvironment s made up of large molecules produced by
nearby cells and secreted from their membranes. in plants,
prokanyotes, fungi, and most algae, the extracelldar emanon-
ment is a fairly rigid cell wall, which s consistent with a some-
what sedentary lifestyle. Animals, which tend t© be mome
active, have a more varied extracellular enviranment, which
can change depending on the tissue type.

Cell Surfaces in Animals

Here we examine two types of animal cell surface features: {Tj the
extraceliular matrix cwtside cells and [2) the junctions between
some types of cells. Both of these can connect to the oytoskel-
eton and contribute to communication between cels, and there-
fore tissue formation.

Extrocellular Matrix

& protective extracellular matrix (ECM) 5 a meshwork of
proteins and polysaccharides in close association with the cell

Ouriside lewtrace lul ar mateis)

Figure 812 Animal cell extrocellulor motris.  n He edmoskaon
s, colbogen and elastin have 0 Suppart Sunchan, whils fibronecsns bind
to inegrin, ond in this woy osost commanicotion betwesn the ECW ond the
cytoskEleton

i
that produced them (Fig. 4.1). Collagen and elastin fibers are twao
wiell-known structural proteins in the ECM; collagen resists stretch-
ing. and elastin gives the BCM resilience. Fibronectin i= an adhesive
protein [colored green in Figure 4.12) that binds to a protein, called
integrin, in the plasma membrane. integrins are integral membrans
proteins that connect to fibronectin externally and to the actin cyto-
skeleton internalhy. Theough its connections with both the ECM and
the cytoskeleton, integrin plays a role in cell signaling, permitting
the ECM to influence the activities of the cytoskeleton and, there-
fore, the shape and activities of the cell.

Amino sugars in the BECM form multiple polysacchandes that
attach to a protein and are, therefore, called proteoghycans. Pro-
tenghycans, in turn, attach to a wery long, centrally placed polysac-
charide. The entire structure, which locks like an enormous bottle
brush, resists compression of the extracedlular matrix. Proteoglycans
assist cell signaling when they regulate the passage of molecules
throwgh the ECM to the plasma membrane, where receplors are
located. During development, they help bring about differentiation
by guiding cell migration along collagen fibers to specific locations.
Thus, the ECM has a dynamic role in all aspects of a cell's behawvior

Later on, in the discussion of tissues, you'll see that the extra-
cellular matrix varies in guantity and consistency. It can be quite
flexible, as in loose connective tissue; semiflexible, as in cartilage;
ar rock solid, as in bone. The extraceliular matrix of bone is hard
because, in addition to the components menticned, mineral salts
fmotabhy, calcium salts) are deposited owtside the cell

The proportion of cells to ECM also wares. In the small in-
testine, for example, epithelial cells constituie the majority of the
tissue, and the ECM is a thin sheet bensath the celis. In bone, the
ECM makes up most of the tissue, with comparatively fewer cells.

Junctions Between Cells

Certain tissues of vertebrate animais are known to have junctions
beteween thelr cells that allow them to behave in a coordinated
manner. Three types of junctions are shown in Figure 413.

Adhesion junctions mechanically attach adjacent cells. One ex-
ampde of an adhesion junction s the desmaosome. In desmosomes,
intemal cytoplasmic plagues firmiby attach to the intermediate filament
cytoskeletonwithin each cell and are joined between cells by integral
membrane proteins called cadherins. The result is a sturdy but fles-
ible sheet of cells. In some organs—such as the heart, stomach, and
bladder, where tissues get strefched—desmosomes hold the cells
together, A& a hemidesmosome, the intermediate filaments of the
cytoskeleton are attached to the BCM through integrn proteins. Ad-
hesion junctions are the most common type of interceflular junction
betwesn skin cells.

Another type of adhesion junction between adjacent cells
is the tight junction, which brings cefls even closer than des-
mosomes. Tight junction proteins actually connect plasma mem-
branes between adjacent cells together, producing a zipperlike
fastening. Tissues that serve as barriers are held together by tight
junctions; inthe intestine, the digestive juices stay out of the rest of
the body, and in the kidneys the urine stays within kidney tubules,
because the cells are joined by tight junctions.

A gap junction allows cells to communicate. A gap junction is
formed when two identical plasma membrane channels join. The
channel of each cell is lined by six plasma membrane proteins. 4
gap junction lends strength to the cells, but it also allows small
malecules and ions to pass bebween them. Gap junctions are im-
portant in heart muscle and smooth muscle, because they permit
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Figure 413 Junctions between cells of the intestinal waoll o
In adhesion junchans such os a desmosomse, oohesive protains connedt
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becouse thedr odjocent plosmo membrones ore oned ond don't olow
molecules 1o poss. £ Gap junchons ofiow communicabon bebwean e
cwils becouse adjacent plosma membrane chonneis are joined.

the flow of ions that is required for the cells to contract as a
unit.

Plant Cell Walls

In addithon to a plasma membrane, plant cells are surmounded
by a porous cell wall that varies in thickness, depending on the
function of the cell.

Al plant cells have a primany cell wall. The primary cell wall
comains ceflufose fibnls, inwhich microfibrils are held together by
noncellulose substances. Pectins allow the wall o stretch when
the cadl is groasing, and noncedidlose polysaccharides harden the

middle limiella

Figure 434 Plosmodesmato.  Flont cobs ore joned by mombeone
lined chonneis Sot contain cytaplosm: Woar ond ‘small molecules can poss
from cofl o coll.

wiall when the cell B mature. Pectins are especially abundant in
the middie lamedla, which is a layer of adheshe substances that
hlds the celis together

Some cells in woody plants have a secondary wall that
forms inside the primary cedl wall. The secondary wall has a
greater quantity of cellulose fibrlls than the primary wall, and
layers of cellulose fibrils are laid down at right angles to one
another. Lignin, a substance that adds strength, is 8 common
imngredient of secondany cell walls in woody plants,

In a plant, the cytoplasm of living cells is conmected by
plasmodesmata (sing., plasmodesmal, NEMEroWs MRarmow,
membrane-ined channels that pass throwgh the cell wall (Fig.
4.14). Cytoplasmic strands within these channeks allow direct
exchange of some matenaks between adjacent plant cells and
eventually connect all the cells within a plant. The plasmodes-
mata aliow only water and small solutes to pass freely from
cell to cell This limitation means that plant cells can maintain
theilr own concenfrations of larger substances and differenti-
ate into particular cell types.

Check Your Progress 4.4

1, Describe the composition of the extrocellubar meric of an
animal eell

2. Explain why o cell would be connected by a tight imetion,
rifes than & gap junction of an odetssn junction,

3. Explain the role of the pinsmodesmote in plant cells,



CHAPTER 4 Mambrane Structure and Funciion

REVIEWING the BIG IDEAS
G

i. 2B.1b1, 2B.3a-b

Molecules cross cell membranes bosed on their size, chorge, and poloriy; the diffusion of water josmosis) ocross.
membdanes j2 essantiol for cellulor procedees. 2 BB, 2 B 2.0 3 2D.3.0

Diffusson, focilitated diffusion, octive ransport and endocylosisfexocytosis difer in their direction of moleculor
movement, assigtonce by specific membrane proteins, ond need fod fee energy inpul. 2B 2.6-¢

Embedded membrane proteins provide structural, enzymetic, passoge, recognition, and receptor funclions fos the cell.

ZE2E3D3n2

Cells are able to detect ond respond to changes in their environmentol using signal transduction pathweys: eerlain
disemses are cosed by emors in signoling pathways. 303 0-b; 3. 040

& SUMMARIZE - I
AP Answering the Essential Guestions

Orgonsms must echonge matter with the emimonment 1o ooy ot
physiologicol processes such as growth ond reproduction. For exom-
ple, corbon moves from the environmient to cells where & is incorpo-
roled mto the corbohydrotes, lpids, proteins, ond nucleic ocids we
studied in Chopter 3. Like skin protects gour body, membrones provide
o barrier for cedls, seporating their imternol and extermnol environments.
The moleculor structure of the cell memibnone ofiows it tood os 0 goie-
keoper fior the cell os it “stonds guond” over whot substonoes con entes
or leave—onother great example of the relotionship between strsclure
ond funciion.

Plasma membrone structure  The moleculor structune of the cell
membrone described by the fluid mosoic model exploins how the mem-
brone exhibits selective permeability; that =, some substonces ore oble
to move aocross i more eosiy than others. The obsity of cells to reguiobe:
chemicol exchonges with the environment is essentiol to life. We know
whot hoppens when plomis—cor people—don get enocugh woler, The
major “ingredients” of cefl membrones ore proteins ond phospholipids,
with a dash of cholesterol, glycoproteins. ond glycolipids. in Chopter 4
we explored how odding phosphote groups chonges the properties of
lipids, making them aomphipothic or consisting of bath polor ond non:
polor regions. Consequently, phospholipids give membsones overoll
omphipothic properties, too, with hydrophilic and hydrophobic regions
of the lipid biloger. The fatty ocid “toils” con be soturcted o tnscturated
hpdrocorbons ond, olong with cholesterol embedded in the membrone,
comtribute to the fluidity of the membrone. To throw in o bit of evolstion
here, varigtions in the lipid composition of cedl membranes refiects adop-
totions to specfic environments; for exomple. some bacterio thol thrive:
ot hot temperotures hove phospholipeds with redwsced fluidity, protecting
profein octivity under horsh conditions. The hydrophobic interior of the
lipid biloyer octs os “guicksand” for some molecules ying to trovel
ocross the membirone.

& voriety of proteins comprise the mosaic portion of cedl mem:-
brones. Embedded proteins con be either hydrophobic o hydrophilic,
depending on their omino ocd groups. Scme proteins spon ocross
the biloyer of phospholipids. whereos peripherol proteins are not

The Nuid mosoic model combines phospholipids and proteins 1o farm o flexible, asymmetsic,
ond selectively permeable membrane that often exponds surfoce area mfnﬂlﬂemmdmm

Membranes thot surrcand vorfous organelles in the cell often intefconnect, allowing sequential transport and storoge
and beinging greater efficiency o meerﬂh‘e:euggsmul o-g; 4820l

. o—

LEoa

embedded in the membrone bt ore bound 1o the surfoce of the mems
brone. Proteins ossocioted with cell membrones prossde siv major func:
tions 1} tronsport of polor or lorge motecules; 2] enzpmatic octivity, 3)
zignal tronsd uction; 4) cell-cell recognition; &) intercedludor joming: ond
£] ottochment of the cytoskeleton to the extrocellulor maotrioc We will
explore the funclions of membrone proteins in more depth as we prog:
ress through our study of cell processes.

The cell membrane is onother exompie of “the whole is greober
than the sum of its poris™ becouse s strecture results in emengent
properties beyond those of the indaidun! components. One of these
properties is the obility of the membrone to regulote tronsport of sub-
sionces ocros it thus maintoining dynomec homeaosiosis between the
irfemal ond extermal envronments of the cell Mongolar molecules
such os C0y and Oy reodily dissobve in the Bpid bilower of the mem-
brone. However, the hydrophobic imterior hinders direct possoge of
ions and other hydrophilic molecules such os glucose ocross the
membrane. But tronsmembeone probeins serving os tronsport channels
come to the rescwee ond help move these substonces. The movement of
vitol water ocross membsones i focilitoted by specific chonnel proteins
cleverly colled oguoporins.

Passive and active transport  Moving substonoes across mem:
brones oocurs by possee or octive means. Passive tronsport does not
requise the mput of enengy becouse spontanecows movement of mol-
exules occurs froem high to low concentrotions aocross membrones. Meons
of possiee tronsport include diffusion, fodiitoted diffusion, ond osmaosis.
An eomple of diffusion is the movemend of O, between the air socs ond
biood copiiories in the hngs. In foctoted diffusion, molecules still move
from high to: bow concentrotions i require tronspoet proteins, somples
of focilitoted difhsion are the possoge of glucose throwgh glucose tans-
porter proteins and the Ma® ond K goted chonnets we will leam cbouwt
when we study the nenvous system. Osmoss is o speciol tupe of diffusion
specific to the movement of woler molecules oooss cell membrones
through oquogorins. (Sa, when we soy thot stsdents leam from ther
teocher by osmaosis, we reofly mean diffusion? The movement of waober
depends on solute concentration=—woier will move from the oreo with
le== solute jond more woler motecules) to on onrea with mare solute jond
le==s water]. in other words, water moves from on orea of higher wber
potentiol to an orea of lower woter potentiol. Animol ond plont cells
respond o little differently 1o the movement of woler in ond out of them



becouse of the presence of cell wolks that oliow plom cells to tokee in
more woter without bursting. When the concentroticns of solute ore equal
on both sides of the membrone, no net movement of woler occurs, but it
= imporont bo remember thot woter is abwoys difusing oooss o mem:
brone n both diresctions. Solule concentration, howeves, will influence the
mate of osmosis. Sometimes molecules must move ocross membranes
ogoinst thelr grodients. This process, colled octive transport, requires on
input of energy ond the belp of tronsport proteins. &n exomple of ocive
tronsport & the sodumepolossiom pump which mointoins ebectrochemi:
ool grodients ocross the membrones of newons in onimols for impulse
INNEMESSon.

Cell signaling The multiple roles of protems embedded in o cell
membrone connot be oweremphasized. In oddition to ossisting the pas:
soge of molecules ocross the membrane, proteins also serve os necep-
tors for inooming moleculor signois that con change celiular behovios
&l cells=—ond oll crganssms=must be able to detedt ond respond to
stimuli, ond signaoling pothwoys enobie ongonisms to coordinate their
celivior octivities, metobolze, ond better respond o envonmental
chonge. For exomple, a bocterium thot lives in gour body responds o
signoling molecudes when it finds food ond escopes immune cells in
order bo skoy alive. in onimals, mciuding humaons, mternal signols B
hommones help enswee thot specific tissues develop when ond how they
showuid: in plonts, estesnol signals, such os o chonge in the ocmownt of
light, octreote internaol potiwoys thot nesult in fowerng. How do cells
oommumicote with eoch other? How does o hoomone releosed into the
blood from the pituitony glond sitting in the middle of your brain “know™
when it has reoched ifs torget orgon to initiate o chonge? The onswer
begins with o protein embedded in o membsone.

Cedls communicote with eoch other using signoling molecules,
sometimes colled chemcol messengers. Some messengers are pros
duced inone bocation ond, in onimols, one comied by the circuslotony sys-
e 1o vorkous torget sites ground the body. For exomple, the ponoeos
relroses irsalin which & tamsporied to the liver, cowsing glucose to be
stored os glycogen. Folure of the liver 1o respond opproprictely results
n o medicol condition colled diobetes. How cells respond o signaling
malecules imwolves three steps: binding of the signoing molecule jrecep-
tion], transduction of the signol, ond response of the cefl depending
on what type of membone protein is fegeted. The potwoy begins
when the signoling molecule binds fo 0 motching membrone recepion
prodein. Eoch cell hos o mix of receptors, which gives them the obility to
respond different 10 o vanety of stmul, ond each cell is oble io bolonoe
the strength of the incoming signol in order 1o chonge cedlstor structure
of function. Once o signoiing motecule ond receptor indesoct, o coscode
of events—colled tronsduction=-ocours thot vsuntly omplifies the signaol;
during transduction, a series of reloy proteins nside the cytoplosm of the:
oell octsvate o torget proftesnfs), resulling in o cefivlor resporse. The cellu-
lar response con change the shope of movement ofthe: cell, oiter celluior
metabolism or function, or octivate o specific gene. We will explore cell
signoling in mone depth when we shidy concepts in Chapber 9 [mitosis
ond the cell oycle) ond Chopter 13 jgene expression).

In Chopter 4 we leomed obout the vorious organelles in ewkony-
otic cells thot comy out specfic functions. & mojpor chonodenstic thot
distinguishes eukonyotes from prokomyotes & the presence of mem-
brome-bound argonelles in oddition to DNA housed within o nuclews.
W howe olreody seen how the plosmao membrone seporodes the whole
cell from s environment and octs as o gotckeeper for the possoge of
substonces m ond out of the cell In oddition to the membrane of its
outer susiooe, the eukorgobc cell uses intemol membranes to divide
the cell into compartments o provide for different locol envircnments
ond, conseguently, o support specdic metobolic functions such os
photosynthesis ond ceflulor respirotion. These intemol membrones
ore composed of the some molecules os the outer piosmo membrone;

howewer, eoch type of membrmone hos o unique composition of phos-
pholipids ond proteins to support the specific function of the orgonelle.
For example, enzymes emedded in the membranes of mitochondnia
ploy a vital role in the synthesis of ATE

B FOCUS REVIEW GUIDE
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Choose the best answer fior eoch gueestson.

41 Plasma Membrane Structure and Function

1. In the fluid-mosoic model, the flusd properties are omocioted with
the notue of the ond the mosoic pottern is estoblished
by the
o nucleic ocids; phospholipeds
b phospholipids; embedded probeins
c. embedded proteins; cholesterol
d. phospholipids; nucles: ocds

2. Which of the foflowing ix not a function of proteins present in the
plosma membrane?

o. Proiedns ossist the possoge of materiols into the cell
b. Proteins interosct with and recognize other colis.

c. Proteins bind with specific hormones.

d. Proteins produce lipid motecules.

3. The corbohydrote choins projecting from the plosmo membrane
arne ivolved in
o. odhesion between ceils.

b reception of molecules
c. cell-to-cell recognition.
d. ARl of these are correct

4.2 Passive Transport Across a Membrane
4. When a cell is ploced in o hypotonic solution,
o. solste exits the cell o equolize the concentraton on both
zides of the membrone.
b. woter exsts the cell towond the oreo of lower soluie
oonoerirobian.
c. woter enters the oell toward the orea of higher solute
concertmabon.
d there = no et movement of woter or solutes.

5. When o cell is ploced in o hypertonic soluton,
o soluie cxits the cell fo eguaolize the concentroton on baoth
zides of the membmone.
b woler exits the cell toward the aren of lowers solurte concentroticn,
c. woter exits the cell towand the area of higher solute
conoertrotion
d. there = no et movement of woler ar solube:

&. & plont cefl that is ploced in o hypertonic solution would experience

‘crenaton.

. On MCreass in urgor pressure.

plosmaolysis.

. o net chonges.

7. Which of the following i incomect regarding fociitated diffusion?
o It = apossive process.
b. It aliows the movement of molecules from oreas of ow

concentration to aoreas of high concentnoticn.

€. It moy use either chonnel or corier proteins.

pn @A



CHAPTER 4 Mambrane Structure and Funciion

d. It oiows the ropid tronsport of glucose ocross the membmne.

4.3 Active Transport Across a Membrane

B

The sodism-poiossium plEmp

0. helps establixh on efectirochemicol grodeent ocross the
membrone.

b. concentotes sodiem on the owtside of the membrone.

C. imes 0 carrier protein ond chemiool enengy.

d. Al of these are comect.

Which of the following processes = mvobved in the bulk tromsgpart

of molecules cut of the celi?

o. phogocytosis

b. pinocytosis

c receptor-medioted endocylosis

d. emocytosis

Which process uses speciol proteins on the surfoce of the

membrone to identify specific molecules for bonsport into

the cell?

o. phogocytosis

b. pnocytosis

c. receptor-medioted endocyiosis

d. emocyiosis

4.4 Modification of Cell Surfoces

1.

B ENGAGE

Thee extracellulor motrix

o. ossEts in the movement of subsioncoes ocross the plosmao
membrone.

b. prevents the loss of woter when cells are ploced ina

c. hos numenows fisnctions that offect the shape aond octivities of
thie cell thot produced it

d. All of these ore comect.

. Which of the fodlowing punctions ollows for cytoplosm-to-

cytoplosm communicotion beteveen cells?
o. odhesion jundions

b. taght punctions

. gop junctions

d. None af these ore cosrect

AP Applying the Big ldeas

1.

m%hpmmmtmdnmdmn&-

cules whose interoctons allow for cells to opembe mone efficently

ond effectsvely.

o. Describe the struciune of the plosma membsone of cells

b. Ewxploin how structures of the components of the plosmo mem-
brone connect toits funclion os o selectively permeable barrier
between the cell and its exterior and wathan the cell itself.

2. EEEZFT Celis commumicate with each ather through direct con.

toct with other cells from o distonce or vio dhemicol signaling. Ina

ponogroph, expioin this phenomeno bosed on the evidence found

in plont cells.

0. Describe what plosmodesmato are and how they function.

b. Exploin how plosmodesmoto offer evidence of cell communi-
cobon.

3 m9'mp|-m1-:phuim1:lfhuwmrnﬁmn maodecular
umits provides. celis with o wider ronge of functions by choosng

TWO of the following esomples os esidence.

= & zsompie of bone ssue wos thick with cbundant extroceilular
muatnx, while o somple of small imestine epitheliol cells con-

toined o thin, flexible sheet of ECAML

»  Two different types of tissue somples were collected and the
proteins ntegroted in thewr membmomnes were onolyzed ond

found to wory in both guantity and wonehy.

» The pH inside lysosomes of onimaol cefls is significontly lower
thon thot of cytoplosm. Lyscsomol enzygmes ore found to only
work inside the lysosome ond not on the cytoplosm:side of the

plosmo membanes,

AP Applying the Science Praoctices

How are profein chanmels involved in the death of nerve cells
after o stroke? & stroloe ocours when o blood clot blocks the fow
of oxypgen-containing biood in o portion of the brain. Nene cells in
the broin thot releose glitomaie one sensitive 1o the lock of oopgen
ond release a flood of glutomote when ouygen i lowe During the
glitomaote fiood, the coldum pump is destrowed. Thes offects the
mowement of colcium ons into ond out of nerve cells. When cells
contoin escess colcium, homeostosis & disrupted

Dty axbrigen s o Ched, DWW 2005 W g TETO LT

ey Mol 433056558

Think Critieslly *3 =8

1. Interpret how the giutomaote flood destroys the calcum pemp.

2. Predict whaot would hoppen #f Co* levels were lowered in the
nerve cell during o stroke.
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1.4 Oxidation-Reduection Reactions
and Metobolism 91

Hofn fhe mpalo ond the choebah depeond on mebabolic reactions
b coewie! thie solar eneegy coplunsd by phoiosgnthesizos

AP il tife on Eorth iltimotely depends on the flow of enengy coming from the
sun. Photosynthesizing grasses on on Africon plain provide impaolas with orgonic
buiding biocks and the energy they need to owold being cought by o cheetoh. Exating
Impaolas prowides cheetahs with food ond the energy they need to be gusck enough
o cofchy impabos.

Yo, like the cheetoh, conswme plants ond onimads that get their energy ether
directty or indirectly from the sun. Solor enengy & concentroted enowgh to allow plonts o
photosynthesize ond moke biolegicol molecules, which in turmn provide o continueat supply
of food for you and other creatures within the blosphere.

Living organisms are bound by the lows of thermodynomacs. For exomple, during
dégestion, energy from chemical bonds in food s transformed into enengy used for
metabolic processes ond work, as well as heot thot is lost to the emaronmeant.

hhony of these metobolic reactions would either not accur or oocur too showly without
the help of metoholic assistonts colled enzymes Without enzymes, lving orgonismes would
not be able to cormy out many of the genenol chanoctesistics of life. As we will see, enzymes
ploy an important robe kn how our cells, ond wliimotely our bodies, funcion.

Az gou read through the chapter, think abaut these Essentlal Questions:
1. How does the structure of ATF enoble the molecule to power cellubor work® 18103
2. How do the fast and second tows of thermodynomics redote to cell metobodism?
3. How do enzymes fociliote the chemicol reoctions thot constiute metobolism?
4Atbed
d. How con chamges in emdronmental conditions and other foctors affect the rote of on
enzyme-catolyzed reoction? AATHCd

FoLLowinG the BIG IDEAS

B DS
Cells hove evalved fo metobolize enengy in order to support cellulor processes importont to life.

-

Understanding the principles of metobolism and energy transformation and transfer hedps us understand how cells ond

arganisms lunction.

as heat

Energy flows throwgh béologiool systems, reswdting in the obility to do work, even thouwgh with ecch transfer enengy is.lnst_]




CHAPTER 1 Metobolism: Energy ond Enzgmes

11 Cells and the Flow of Energy
Learning Outcomes

Upon completion of this section, you should be able 1o

1. Compare polential and kinelie energy.
2. Describe the firs) ond second lows of themodynamics,

3. Exormine how 1he ongonidation and strsciure of Lvang
organisrms are related b heal and enbopy

To mointain thelr structural orgonizoticn and corry owt meta-
bolic octivities, cells—and orgonisms comprised of cells—
need a constant supply of energy. Energy s defined os
the abdlity to do work or bring abowt a chonge. The general
choracteristics of lfe, incleding growth, development, me-
tobolizm, ond reproduction, all reguire energy.

Orgondc nutrients, made by photosymthesizing producers
(olgoe, plonts, ond some bocteria), directly provide organ-
isms with energy by copturing energy from sunlight Con-
sidering that producers use light energy to produce orgonic
nutrients, the majority of Life on Earth 5 witimotely dependent
on solor energy.

Forms of Energy

Energy occurs in two forms: kinetic and potentiol energy. Ki-
netic energy is the energy of motion, os when
wiater flows over o waterfall, a ball rodls
down a hill, or o moose wolks through
gross. Potentiol energy s stored en-
ergy whose copocity to occomplish

work is not being used of
the moment. The food we
eot hos potentiol energy,
becouse  the energy
stored in  chemicol
bonds con be con-
verted into wariows

arsergy

energy. Food b5 o foorm of potentiol energy called chemical
energy. becouse it is composed of orgonic molecules, such
os carbohydrotes, proteins, ond fob When o moose walks, it
comverts chemical energy into a type of kinetic energy colled
mechanicol energy (Fig. 111

Two Lows of Thermodynamics

In naoture, energy flows in biologicol systems. Figure 61 I-
lustrotes the flow of energy in o terrestriol ecosystem. Planis
copture only a small portion of solar energy, and much of it dis-
sipates os heat. When plonts photosynthesize and then moke
use of the food they produce, more heot results. Even with this
considerable heot loss, there is enough remaining o swstain o
moose and the other crganisms in an ecosystem. As crganisms
metobodize nutrient molecules, oll the captured sodor energy
eventuolly dissipates as heat. Therefore, we con see thot en-
ergy flows throwgh the ecosystem and does not cucle within it

Two lows of thermodynamics, formuloted by early energy
researchers, exploin why energy flows through ecosystems
ond through cells:

The first low of thermodynomics—the law of consenddation
of energy—stotes that emergy connol be created or
destroged, but it con be changed from one form to another.

When leof cells photosynthesize, they use solor energy to form
corbohydrote molecules from corbon dicxide gos ond woter.
Carbohydrates are energy-rich molecules, becouse they howve
mony bonds thot store energy; corbon dioxide ond water are
energy-poor molecules, becouse of the relotive lock of bonds.

OOy =y
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Mot all of the coptured solar energy becomes corbohydrotes;
soime becomes heat

Obwiously, plant cells do not creote the energy they use to
produce corbohydrate molecules; that energy comes from the sun is
any energy destroged? No, becouse the heat the plant cells give offis
olso o form of energy. Similary, os o moose wolks, it uses the poten-
tiol energy stored in carbohygdrotes to kineticolly power its muscles.
Az its cells use this enengy, none is destroged, but eoch energy ex-
chonge produces some heat, which dissipotes into the environment.

@ 3

The second low of thermodynomics therefore opplies to lving
systems:

The second low of thermadynamics states that ensergy
cannot be changed from one form o ancther without o
loss of usable energy:

In cur exomple, this low s wpheld becowse some of the solar energy
token in by the plant and some of the demical energy within the
nutrient molecules taken in by the moose becomes heat. When heot
dissipotes into the environment, it is no longer usoble—that is, it is not
awailoble to do work. Eoch enengy tronsformation moves us closerto
a condition where all usable forms of energy become heat that is lost
to the emdronment. Heat thot dissipotes into the emdronment connot
be coptured ond converted to one of the other forms of enengy.

As o result of the second low of thermodynamics, no process
requiring a comwersion of energy s ever 100% efficient. Much of
the energy s lost in the form of heat. In outomobiles, the internol
combustion engine is between 20% ond 30% efficlent in comverting
chemical energy stored in gasoline into mechanicol energy wused
to drive the wheels. The majority of energy is lost os dissipoted
heat. Cells are capoble of obout 40% efficiency, with the remaining
energy being ghwen off to the sumounding environment as heot

Cells and Entropy

The second bow of thermodynomics con be stated ancther way:
Ewvery energy fronsformation makes the universe less organized, or
structured, and maore disordered, or chootic. The term entropy [(Gke
entrope. "o tumning imward”) is used to indicate the reloative omount of
disorganization. Becouse the processes thot occurin cells ore energy
tronsformations, the second low meons thaot eveny process thot oc-
curs in cells alwoys does so in a woy thot increases the total entropy
of the universe. The second low means that each cellular process
mokes less energy availoble to do useful work in the futue.

Figure 1.2 shows two processes thot occur in cells. The second
towe of thermodynomics tells us thot glucose tends to break apaort
into corbon dicedde and woter over time. Why? Becouse glucose is
more orgonized ond struectured, and therefore less stoble, than its
breakdown products. Also, hydrogen lons on one side of o mem-
brone tend to mowe to the other side unless they are prevented from
doing so0. becouse when they are distributed randomly. entropy has
increased. As an onology, you know from experience that o neot
romm is more organized but less stable thon o messy room, which

Figure 1.2 Cells ond entropy. The second low of thermodynamics
bells s that fa} gluccse, winich is more orgonized, tends o break down ta
covbon i coida ond woles, which ore bess ongonized.

b. Simikariy, hydrogen kons (HY] on one side of o membnane tend fo move
bo e otheer sida, 5o thot tha kons ane ramdomiy distn brled, Both processes
result in on increcse 0 eniropy.

iz disorgonized but more stable. Enengy s required to retum a
messy room fo g more organized, or neat, state.

Oin the other hand, you know thot some cells con make
glucose out of corbon dicdde and water, and oll cells can
actively move ions to one side of the membrane. How do they
do it? By the input of energy from an outside source. Photo-
synthesizing producers use energy from sunlight o create
orgomdzed structure in bologicol molecules. Orgonisms that
consume producers ore then able to use this potential energy
to kineticolly drive their own metobolic processes. Thus, living
arganisms depend on o constant supply of energy witimately
provided by the sun. The ultimate fote of oll selar energy in
the blosphere is 1o become rondomized in the universe os
heat. & living cell con function becouse it serves as 0 tempo-
rary repository of order, purchosed ot the cost of o constant
flow of enengy.

Check Your Progress 11

1. Provide an example of o comersion from polential to
kinetic gy

2. Sumrarize how e st ond second lows of
hermadynamics relote o cedls.

3. Explain the impartance of entropy 10 & living Sysbesm.
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1.2 Metabolic Reactions and Energy
Transformations

| Upon completion of this section, you should be oble o
1. Exploin how the ATP cycle immives both endengonic and
ExEfGOnic rencions,
2. Describe how energy is Slored ina molecule of ATR

3. Exnmine how cells use ATP to drive energeticoliy
urfavorable reactions.

All lnving ocrgondsms mointain their structure ond function
through chemical reoctions. Metabolism = the sum of all
the chemicaol reoctions thot occur in o cell Reactants ore
substonces that participate in o reaction, while products are
substances that form as o result of a reaction. In the reaction
A+ B = C+ D Aand B are the reactants, while C and
O are the products. Whether o reaction occurs spontane-
ously—that Is, without on input of energy—depends on how
muech enengy is left after the reaction. Using the concept of
entropy. or disordes, o reoction occurs spontanecusly If it
imcreqses the entropy of the universe.

In cell biology, which occwrs on a small scale, we are
less concerned abouwt the entire universe, which is waost in
such specific instances, cell biclogists use the concept of free
energy instead of entropy. Free energy (olso colled “delto 5,°
or AG) is the omount of energy left to do work ofter a chemi-
col reaction has eccurred. The change in free energy ofter o
regction oocurs s determined by subtracting the free energy
content of the reactonts from thot of the products. A negative
result (=AG) means that the products howve less free energy
than the reoctants, and the reaction will ocour spontoneowsly.
in our reaction, if C ond D howve less free ensrgy than A ond B,
then the recction oocurs without odditional input of energy.

Metabolism includes both spontaneows reoctions ond en-
ergu-requiring reactions. Exergonic reactions are sponione-
ous and releose energy, while endergonic reactions require

Glafding Highooyhola
ATP is widlobls ond hos
0 high poibendol e gy

P — P ~ P

P

Emdargonic Rasriisn:
« Craation of ATP frem ADFP and ()
requires inpul of enangy from
O SOLEEE.

« His posen dafla 5.
+ Exomple: corbofgdiote synifess

ADE + i

Figure 1.3 The ATP cycle. incells, ATP comies energy batwean
exETganc recclions and ondergonic reackons. When o phosphale group is
removed by hydeolysis, ATP releases the oppropriote amcunt of energy far
mast mebabalic reociions.

on input of energy to occur. In the body, mony reactions, such as
profein and carbohydrate synthesis, are endergonic. For these
nonspontanecus regctions to oocur during metaobotism, they
must be coupled with exergonic reactions, swch that a net spon-
toneous reoction results. Maony biologicol processes use ATP as
on ensrgy cormier bebwesn exergonic ond endergonic reactions.

ATP: Energy for Cells

ATP (ademosine triphosphate} is the common ensrgy cur-
rency of cells; when cells reguire energu, they use ATFE A
sedentary oak tree, o flying bot, ond o humon require vost
omaouwnts of ATE. The more octive the organism, the greoter
the demond for ATE. Howewver, cells do not keep o lorge
store of ATP molecules on hond. Instead, they constantly re-
generate ATP using ADP (odenosine diphosphate) ond in-
organic phosphote, (. This s colled the ATP cucle (Fig. 134
This cycle s powered by the breakdown of glecose and other
tdomolecules during cellulor respination. Howewver, occording
to the second low of thermodynomics, this process is not wery
efficient. Only 39% of the free energy stored in the chemicol
bonds of o glucose molecule is ransformed to ATF; the rest is
lost as heot

There ore mony biclogicol advantoges to the use of ATP
05 on energy corrier in lving systems. ATP provides o common
ond universal energy currency becawse it con be used in many
different types of reactions. Also, when ATP = converted to en-
ergy, ADP. ond B, the amount of energy released is sufficient
to efficiently power most blologicol functions. In oddition, ATP
breakdown can be coupled to endergonic recctions in swch a
wiay that it minimizes energy loss.

Structure of ATP

ATP is o nucleotide composed of the nitrogen-containing baose od-
enine ond the S-carbon sugor ribose {together colled odenosine)
ond three phosphote groups. The three phosphotes. of ATP repet
e:och ather, credting instability and potentiol energy (Fg. 1.3 ATP
is called a “high-energy™ molecule, becouse a phosphate group
con be easlly removed. Under cellulor condithons, the amount of
energy releosed when ATP is hydrolyzed to ADP + (& s abowt 7.3
kool per mole. A maole is a unit of measurement in chemistry that is
equal to the moleculor wedght of o molecule expressed in groms.

Excrganic Reartion
= Thie hiydrodysis of ATP rolecsas

pressoiesly
saoend erveig, olloveineg tha changes in Bres
eneegy 10 o0 work ored drive othar peocascos.

« Has negative diio G.
=« Excinipded: v CoOndUCEon, MuScle Coammacsion

i + P

edenccing diphophobe + phosphode
ADP i mafe sioble ond hos lower polantol snengy thon ATR
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Figure 1.4 Use of ATP during
muscle contnoction.  Muscle
controcion ocours only when 8is
coupled o ATP breckdown.

Coupled Reactions

How con the energy releosed by ATP hydrolusis be tronsferred
to an endergonic reoction that requires energy and therefore
would not ordinorily occur? in other words, how does ATP oct
as a carmer of chemical enengy? How con thot energy be trons-
ferred efficiently to an energetically enfovorable reaction?

The ocnswer is that ATP breakdown is coupied to the en-
erguy-requiring reoction, such that both the energetically fovor-
able and unfovoroble reactions ocour in the some place, ot
the some time. Usuolly. the energu-releasing reaction is the
hydrolysis of ATP. Becouwse the cleavage of ATP's phosphate
groups releases more energy thon the omownt consumed by
the energy-requiring recction, the net reoction is exergonic, en-
tropy Increases, ond baoth reactions proceed. The simplest way
to represent a coupled reaction is ke this:

This reaction tells you thot cowpling ocours, but it does not show
how coupling is achieved. A cell hos two main ways to couple
ATP hydrolysis to an energy-requinng reoction: ATP is used to
energize a reactant. or ATP is used to chonge the shope of o
reactont. Both con be ochieved by tronsferring o phosphate
group to the reoctont, so thot the product is phosphoryloted.
For example, when o polor jon moves ocross the nonpolar
plosmo membrone of o cell, it requires o carmer protein. in order
to make the carer protein assume o shope conducive to the
icn, ATP is hydrolyzed; then, instead of the lost phosphote group
floating owou, an enzyme ottaches it to o camer prodein. The
negatively chorged phosphote causes the protein to undergo o
chonge in shape thot allows it to interact with and move the lon

across the membrone. Ancther exaomple of o coupled reoction
is when a polypeptide is synthesized ot o Abosome. There, on
enzyme tronsfers o phosphote group from ATP to eoch amino
ocid in turn, and this tronsfer supplies the energy needed to over-
ciome the energy cost associated with bonding one amino ocid to
anather.

Through coupled reactions, ATP drives forward the ener-
geticatly unfovorable processes thot must cocur to creote the
high degree of order and stnecture essentiol for life. Mocromod-
ecules must be mode and orgonized to form cells and tissues;
the imtemal composition of the cell and the orgonism must be
maintoined; ond movement of cellular orgonelles and the or-
gonism must cocur if life is to continue.

Functions of ATP in Cells
In lving systems, ATF con be used for the following:

Chemicol work. ATP supplies the energy needed to synthesize
mocromolecules (onobolism) thot make up the cell, and
therefore the organism.

Transport wark, ATP supplies the energy needed to pump sub-
stonces across the plasma membrane.

Mechanicol work. ATP supplies the energy needed to permit
muscles to controct, cilio ond flogella to beat, chromo-
somes to move, and so forth. In most coses, ATP is the im-
mediate source of energy for these processes.

Figure 14 shows on exomple of how ATP hydrolysis provides
the necessory energy for muscle contraction. During muscle con-
trocticn, myosin filaments pull octin filoments to the center of the
cell, ond the muscle shortens. First, the myosin head combines
with ATP {three connected green triongles) ond takes on its rest-
ing shope. Mext, ATP breaks down to ADP {two connected green
triangles) plus (B {one green triongle). The resulting chonge in
shope allows myosin to ottach to octin. Finolly, the release of
ADP and (& from the myosin heod couses it to change its shape
ogain and pull on the octin filoment The cycle then repeats.
Dwring this cycle, chemical energy has been tonsformed to
mechanical ensergy. and entropy has increased.
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Check Your Progress 1.2

1. Explain why ATP i an eflective shorl-larm energy sloage '
molecule,

2. Sumrmarize the ATP cycle.

3. Exomine how tronsfering o phosphote from ATP changes
0 moleclss Sinecihure and fundction.

1.3 Metabolic Pathways and
Enzymes

- Learning Outcomes
| Upan mmpl.tﬁnn of this sectian, wou should be able 1o

1. Explain the purpase of a metobolic pathwey and Row
Enzymes help regulobe it

2. Recognire how enzymes nfluence the activation energy
rotes of a chiemical reactian.

3. Distinguish between conditions ond foctors thot affect an
enzyme's role of reaclion

The chemicol reoctions thot constiiute metobolism would
not easily oocur without the use of orgaonic catolysts colled
enzymes, An enzyme 5 0 protein molecule that speeds o
chemical reoction without itself being offected by the reaction.
Enzymes allow renctions to ocowr under mikd conditions, ond
they regulate metobolism, partly by eliminoting nonspecific
side reactions.

Mot all enzymes are proteins. Ribozymes, which are
made of RMA instead of proteins, con also serve os bio-
legical cotalysts. Ribozymes are imvolved in the synthesis
of EM& and the synthesis of proteins ot ribosomes.

Chemicol reactions do not occur hophozordiy in healthy
cells; they ore usuolly part of 0 metabolic pathway, a series
of linked reactions. Metabolic pothwoys beginwith o porticu-
lor reactant and end with o finol product. Many specific steps
can be ifvobeed in o metobolic pathwaoy, and eoch step Is
chemical reaction cotaluzed by an enzumeThe reoctants in
an enzymatic reaction ore colled the substrates for thot en-
zyme. The substrotes for the first reaction ore converted into
products, and those products then sende as the substrotes for
the next enzyme-cotolyzed reaction. One reoacticn leads to
the next reaction in an organized, highly reguloted monner.

This crrangement makes it possible for one pathway to
imteroct with several others, becouse different pathwoys moy
hove several molecules in common. Also, metobolic path-
ways are useful for relensing and copiuring small increments
of molecular energy rather than releasing it all ot once.
Ultimotely, enzymes in metobolic pothwous enable cells to
regulote and respond to chonging environmentol conditions.

The diogram below illustrotes a simple metobolic pothwoy:

E; Ex Ex
e T e B e

ar

In this diogram, A is the substrate for E,, and B is the product.
MNow B becomes the substrote for E,, and C is the product.
This process continues wntil the final product, D, forms. Any
one of the molecules {A—D) in this metobolic pothveoy cowld
olso be a reactont in another pathwoy. Mony of the metabolic
potivvoys in lving orgonisms are highly branched, and inter-
octions between metobolic pothwwoys ore very common. it is
importont to note that each step in the metobolic pothweoy
con be reguloted becouse eoch step reguires an enzyme.
The specificity of enzymes allows the regulotion of metobo-
lism. The presence of porticulor enzymes helps determine
wihdch metobolic pothwoys ore operotive. In oddition, some
substrates con produce maore than one type of produect, de-
pending on which pothnaray is open to them. Therefore, which
enzyme is present determines which product is produced, os
wiell os determining the direction of metabolism, withowut sew-
erol oltermnative pathwaoys being octivoted. As we will see, the
obility to regulote these pothwoys gives our cells fine control
owver how they respond in a changing environment and helps
moximize cell efficlency.

N
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enzyme-suhsirobe
Coamplas
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o smaller products.

A

enryma-substrobe
ool

Synthesis
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Figure 1.5 Enzymatic octions. Enzymes have on octive sio whase
e substmbeis) specifically St togothsr, o thot the reaction will oocur.
Foliowing the reoctan, the product or products ane relensed, ond the
orzme is few to oct ogoin. Cartaln enzymes camy out (o) degradation, ond
ofers comy out §i) syrthesis
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Enzyme-Substrate Complex

In most instances, only one small part of the enzyme, called
the octive site, associotes directly with the substrate (Fig.
151 In the octive site, the enzyme ond substrote are po-
sititoned in such @ woy thot they more easily fit together,
seemingly os o key fits o lock. However, on octive site differs
from a bock and key becawse it undergoes a slight change in
shaope to occommodote the substrote(s). This is colled the in-
duced fit model, becouse the enzyme is induced tounderngo
a slight olteration to achieve optimuem fit for the substrates.

The change in shope of the octive site focilitotes the
reaction that now occurs, After the reaction hos been com-
pleted, the product or products are released, and the active
site retunns to its original state, ready o bind to another sub-
strate molecute. Ondy a small amount of enzyme is actually
needed in o cell, becouse enzymes are not used wp by the
reaction; they merely enoble it to happen more guickly.

Some enzymes do more than simply form o complex with
thedr substrotelsy they participote in the reaction. Trgpsin
digests protein by breoking peptide bonds. The active site of
trypsin contains three amino ocids with R groups thot octu-
ally interact with members of the peptide bond—first to breok
the bond ond then to introduce the components of water.
This llustraotes that the formation of the enzyme-substrate
complex is weny importont in speeding the reaction. Because
enzymes bind only with their substrotes, they are sometimes
nomed for their substrates and wsuolly end in -ose. For ex-
ample, lipase is invalved in hydrolyzing lpids.

Energy of Activation

Molecules frequently do not recct with one another unless
they ore octivoted in some way. In the lab, for exaomple, inthe
absence of an enzyme, molecules may be heoted in crder
to increase the number of effective collisions. The energy
thot must be odded to couse molecules to reoct with one
another is called the energy of activation (E_ | Activation
energy s essentiol to keep molecules from spontaneowsly
degroding within the cell Figure 1.6 shows that an enzyme
effectively lowers E_, thus reducing the energy needed for
a chemical reaction to begin. i is iImportont to note that the
enzyme has no effect on the energy content of the product;
rather, it only Influences the rate of the reoction. Reducing
the energy of octivotion increases the rate at which the reoc-
tion may occwr. For this reason, enzymes are often referred
to os cotalysts of chemical reactions.

Factors Affecting Enzymatic Speed

Genenolly, enzymes work guickly, ond in some instances
they can increase the reoction rote more thon 10 million
times. The rote of o reoction is the omount of product
produced per unit time. This rote depends on how much
substrote is ovoilable to ossociote ot the octive sites of en-
zymes. Therefore, Increasing the amount of substrate and
the omount of enzyme con increase the rate of the reaction.
Any foctor thot olters the shope of the octive site—swch as
pH, temperature, or an inhibitor—con couse a change in the
shope of the enzyme, colled denaturation. Denotouration

prevents an enzyme from binding to its substrate efficiently
and thus con decrease the rote of o reoction. Thus, enzymes
require specific conditions to be met in order to be fully oper-
aticnal In foct, some enzumes require odditional molecules
called cofoctors, which help speed the rate of the reaction,
becouse they help bind the substrote to the octive site, or
they porticipate in the reocction at the octive site.

Substrate Conceniration

Molecules must collide to react. Generally, enzyme activity in-
creqses as substrate concentration increases, becaouse there
are more collisions between substrote molecules and the
enzyme. As more substrote molecules fill octive sites, more
product results per wnit of ime. But when the active sites are
filled ofmost continuowsly with substrate, the rote of the reoc-
tion con no longer increase. Maximum rate has been reached.
Just os the amount of substrate con increase or limit the
rate of an enzumaotic reaction, so the omownt of octive en-
zyme can also increase or limit the rote of on enzymotic re-
action. Therefore, sufficient concentrotions of substrate and
enzymes are necessary to achieve moximum reocticn rote.

Optimal pH

Eoch enzyme also hos an optimaol pH ot which the reoc-
thon rote is highest Figure 137 shows the optimal pH for the
enzymes pepsin and trypsin. At their respective pH volues,
eoch enzyme con maintodn its normal strectural configura-
tion, which enables optimum function. The globulor struc-
e of on enzyme is dependent on interoctions, such os

FraEnemy —s

= i R e el presanl
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Progness of the Beocton —

Figure 1.6 Energy of octivation (E ). Enzymes speed fe e
of recctions, bocouse they lower the omount of enagy requined for the

reccioms (o octvote. Even spomoneous recctions ke this one, in which
the encegy of the produdt is less than the energy of the reoctont, speed up
when on enzyma i present.
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Figure 1.7 The effect of pH on rate of reoction.  The cotmal
pH for papsin, on enzygme thot ocls in thae stomoch, is abowt 2, while she
optimot pH for irypsin, on enzyme ol octs in e smotl ntesting, s oboud
8. Ennyme shope ks best moirioined of the optimol pH, which allows it 1o
funciion best omd bing with s subsboies.

hydrogen bonding, between K groups. A chonge in pH can
alter the ionization of these side chains, cousing the enzyme
to denoture. Under extreme conditions of pH, the enzyme
toses its structure and becomes inoctive.

Temperature

Typicolly, os temperoture rises, enzyme octivity increases
{Fig. 1.Ba). This occurs becouse warmer temperotures
couse more effective collisions between enzyme and sub-
strate. The body temperature of on animal seems 1o offect
whether it is normally octive or inoctive [Fig. 1.85, c). It hos
been suggested thot mommals are more prevolent todoy
than reptiles becouse they makntain o warm internal tem-
perature that allows their enzymes to work ot a ropid rate.

Rate of Feacson
(1 s [~ LTy LI 1) ]

i T ey ——
@ W 1M 0 40 S0 B0

Tempsarature "C

temperatune

bi. Body temparaiure of actothanrmic animals
often Emis mies of reactions

In the loborotory aond in your body, if the temperoture
rses beyond a certain point, enzyme activity eventually lew-
els out ond then declines ropidly, becouse the enzyme is
denotured. Exceptions to this generalization do occour. For
exomple, some prokoryotes can live in ot springs becowse
thelr enzymes do not dencture. These ongonisms are re-
sponsible for the brilliant colors of the hot springs. Another
exception involves the coot color of animals. Siomese cots
howe inherited o mutoticn that couses an enzyme to be oc-
tive only ot cooler body temperatures. The enzyme's octivity
couses the cooler regions of the body—the foce, ears, legs,
ond tail—to be dark in color (Fig. 191 The coat color pattern
in several other animals con be exploined similorly.

Enzyme Cofoctors and Coenzymes

Mony enzymes reguire the presence of an inorgonic ion or
o nonprotein orgonic molecule at the octive site in order to
work properly; these necessorny ions or molecules ore colled
cofacters (Fig. L10). The incrgonic ions inclede metals such
os coppet, zinc, or iron. The nonprotein crganic molecules
are colled coenzymes. These cofoctors porticipote in the
reoction ard may even occept or contribute otoms to the
reactions. Exaomples of these ore MAD® |picotinamide ad-
enine dinucleotide), FAD (flovin adenine dinucleotide), and
HADP' |nicotinamide adenine dinuclectide phosphate),
each of which ploys o significant rode in either cellular respi-
raticn or photosynthesis.

Vitomins are often components of coenzymes. Vita-
mins ore relotively small, orgonic molecules thot are re-
guired in troce omounts in our diet and in the diets of other
animols for synthesis of coenzymes. The vitamin becomes
port of o coenzyme's moleculor structure. For exaomple, the
vitomin niocin is part of the coenzyme MAD* ond riboflavin
(E.}is o component of the coenzyme FAD. If o vitamin is not

. Body lempemiune of endobhermic animals
promotes roes of reactions.

Figure 1.8 The effect of tempenature on rate of reaction. o Usually the mie of on enzymatic reoction doubies with ceany W9C risa in
temparotune. This enzymabc reoction i maximem of cbout £0°C; then § decreoses wntil the reaction stops cliogether, becouse the enzymae has become
danohred. b Tha body temperotune of ectothermic onimaois, such o iQuanas, which toke on he emperotune of thelr ersronmaent, often imits rotes of
reactions. . The body temperotuee of endotinermic onimals, swech os polor bears, promotes robes of reaction.



Figure 1.9 The effect of temperature on
EnZymes. Siomese cats howe inherfed o mutation
bhot couses an enzyme to bo oot only ol cooler
body temperotures. Thenefone, onby certain regions of
the biody are dark in colar o

Figure 110 Cofoctors ot active site. o Codoctors, inclusding incegonic ions ond
ONgonic CoenIymaes. Moy pafcipoba in the reaclion of fb) the octee site

avaibable, enzymatic octivity will decrease, and the result
will be o vitomin-deficiency disorder. In humons, o ndocin
deficiency results in o skin disease called pellogra, ond
riboflovin deficlency results in crocks ot the comers of the
meaouth.

Enzyme Inhibition
Sometimes it 5 necessany to limit the octivity of an enzyme.
Enzyme inhibition ocours when a molecule (the inhibitor)

binds to on en-zyme and decreases its octivity. In Fgure 11,
F is the end product of o metabolic pathwaoy thot con oct os
an inhibitor. This type of inhibition is beneficiol. becouse once
sufficient end product is present, inhibiting further production
Can consernve raw moterals and energy.

Figure 111 olso illustrotes nencompetitive inhibition,
becouse the inhibitor (F, the end product) binds to the en-
zyme E, at a locotion other than the octive site. The site s
called an allesteric site. When on inhibitor is ot the allosteric
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) A connot bind to E; the enzymi hos been inhibited by F.

Figure 1.11 Moncompetitive inhibition of an enzyme.

inthe potfrwoy. A<E ore subsirobes, E<E; one enzymes, ond F is the end
product af Sie pothwoy that inhibis enzyme E_ This negotive feedbod is
usoful, becouse & prevents wostafid production of prodect F when it is not
neaded.

cite, the octive site of the enzyme changes shape, which in
tum changes its function.

in Figure 11, the enzyme E, is inhibited, becouse It is
unable to bind to A, its substrate. The inhibition of E; means
that the metobolic pothwoy is inhibited and no more end
product is produced, until conditions chonge ond more end
product is needed.

In controst to noncompetitive inhibition, competitive
inhibition occurs when an inhibitor and the substrate compete
for the octive site of on enzyme. Product forms only when the
substrote, not the inhibitor, is ot the ocdive site. in this way, the
omount of product is reguloted.

Mormally, enzyme inhibition is reversible, and the en-
zyme is not domaoged by being inhibited. When enzyme inhi-
biticn is irreversible, the inhibitor permanently inoctivates or
destroys on enzyme.

Check Your Progress 1.3

. Explain how enrjimes are involved in melobalic pothwoys.

2 Deseribe how an entyme interocts with a substrole o
reduce the energy of octivation.

3. List the emdronmentol conditions thot moy influence
enzyme actlivily.

1.4 Oxidation-Reduction Reactions
and Metabolism
Upan compledion of this section, you should be able to
1. Explain how the reactions ke photosynthesis and ceflular
n’:tpirtlﬁm rtpres.enl ok ation-redinc e reoctions.

2. Summarize the rejabonthip bebween the metabolic
reactions of photasynthess and cellular respiration.

In the next two chopters, you will explore two important meto-
bolic pathweoys: cellular respiration and photosynthesis - Both
of these pothwous are bosed on the use of speciol enzymes o
focilitote the movement of electrons. The movement of these
electrons ploys a major role in the energy-reloted reactions
ossocioted with these pothways.

Oxidation-Reduction Reactions

When oxygen {0} combines with o metal such as iron or
magnesium (Mg, oxygen receives electrons and becomes
on kon that is negaotively charged. The metal loses elec-
trons ond becomes an lon that is positively chorged. When
mognesium oaxide (MgQ) forms, it is oppropriate to soy that
magnesium has been oxidized. On the other hand, oxygen
hos been reduced, becouse it has gained negotive charges
{iL.e., electrons). Reoctions that involve the gain and loss of
electrons ore colled osidotion-reduction reactions. Some-
times, the terms oxidotion ond reduction are applied to other
reactions, whether or not ocxygen s involved. In o discus-
sion of metobolic reactions, oxidotion represents the loss
of electrons, and reduction Is the gain of electrons. In the
reaction Ma + Cl—= MaCl, sodium has been oxidized (loss of
electron), ond chlorne hos been reduced (gain of electrons).
Becouse oxidotion and reduction go hand-in-hand, the entire
reaction s colled o redex reaction. One easy woy to remem-
ber what is hoppening In redox reactions is to remember the
term OIL RiG:

Ol G

Omidobon ks Lotz Reduction It Goin

The terms axidation and reduchion olso opply to covalent re-
octions in cells. in this cose, however, oxidotion is the loss of
hydrogen atoms (& + H™), ond redwction is the goin of hydrogen
otoms. Motice that when o motecule loses a hydrogen otom it
haos lost on electron, and when a molecule goins a hydrogen
otom it has goined an electron. This form of cxidation-reduction
iz exemplified in the owerall eqguotions for photosynthesis and
cellulor respiroticn.

Chloroplasts and Photosynthesis

The chioroplosts in plonts copture solar energy ond use it to
convert woter and corbon diedde into a corbohydrote. Caygen
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Figure 112 Relationship of chloroplasts to mitechondria. Chicroplasts produce
enagyrich comohypdoie. Corbohydrote IS broken down in mitcchondeio, ond the emnargy
reteosed is used for the bulidup of ATP. Mitochondrio con olso respire maleoses dered from
fots and ominge ocids for the bulldup of ATP. Usoble encrgy is lost as heat dus 1o the enengy
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comversions of photooyniboss, collulor respirotion, ond the use of ATP in the body

s o by-product that is releosed (Fig. 112, feftl The overall
equation for photosynthesis can be written Like this:

EH0 == CH 0, + 60
wiolesr glucoso oonggeEn

ergy + &C0; =

This equotion shows thot during photosynthesis hydrogen
atoms are transferred from water to carbon dicwide as glu-
cose forms. In this reaction, therefore, carbon dioxide has
been reduced and water hos been oxidized. it tokes energy
to reduce corbon dioxide to glucose, ond this energy is
supplied by solar energy. Chloroplasts ore able to copture
solar energy and convert it to the chemicol energy of ATE,
which is used along with hydrogen atoms to reduce carbon
dicxide.

The reduction of carbon dicxide to form o mole of glu-
cose stores 686 kool in the chemicol bonds of glucose. This
5 the energy thaot living ocrgonésms utilize to support them-
selves only becouse corbohydrotes jond other nutrients) can
be coiddized in mitochondria.

Mitochondria and Cellular Respiration

Mitochondria, present in both plonts and onimals, oxi-
dize corbohydrates ond use the relecsed energy to
build ATP molecules (Fag. 112, rghtl Cellulor respiro-
ticn therefore consumes oxygen ond prodeces car-
bon dioxide ond woter, the wery molecules taken up by
chioroplasts. The oweroll equation for cellulor respi-
roticn is the opposite of the one we used to represent
photosynthesis:

In this reoction, glucos= hos lost hydrogen atoms (been o
dized), ond ceygen hos goined hydrogen otoms [been reduced).
When coygen goins elecirons, it becomes woter The complete
oxidiotion of o mole of glucose relenses 636 kool of energy, and
some of this energy Is used to synthesize ATP molecules. i the
energy within glucose were released oll ot once, most of it would
dissipote as heot insteod of some of it being used to produce
ATE Insteod, cells oxidize glucose step by step. The energy is
grodually stored ond then converted fo thot of ATP molecules,
wifich is used in anémals in the mony waoys listed in Figure 112,
Figure 112 shows us very well thot chloroplosts and mito-
chondria ore imvolved in o cycle. Corbohydrote produced within
chloroplosts becomes a fuel for cellulor respiration in mitochon-
dria. while corbon dioside released by mitochondna becomes o
substrate during photosynitesis in chiloroplosts. These orgon-
elles are imvolwed in o redox cycle, becouse carbon dioxide is
reduced during photosynthesis ond carbohydrote s owdized
during cellular respiration. Mote that energy does not oycle be-
tween the two orgonelles; instead, it flows from the sun throwgh

each step of photosynthesis ond cellular respination until it even-
tuolly becomes unusable heot as ATF s used by the cell.

Check Your Progress 1.4

1. Compare the rale of corban dianide i photosyrbesis and
eellules s piration.

2. Distinguish how energy fom elecirons is used 1o establish an
electroehemical gradient in chloroplasts and mitoe bondrio.

MGl Eacoion || Corved kS by a0 1 mag e, 51 C6 i e sbos ko Wi ov
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CHAPTER 1 Metobolism: Energy ond Enzgmes

REVIEWING the BIG IDEAS

reactions. 4.4.1b,.c.d

B SUMMARIZE -

AP Answering the Essentiol Questions

Living systems, from cells o ecosystems, require free enengy to moin-
toin order ond grow, and they use vorous strabegies bo copture, trons-
form, store, and tonsfer energy. Exomples of these strotegees nclude
photosynthesis ond cellulor respeoton. in photosynthesis, plonts cop-
ture solar energy and store it N sugors, wheneos in cellulbor respirotion,
cefls top into this siored energy to perform vokous types of work, such
s the movement of soluies ocross cell An orgonésm's metobolism=—
the sum of its chemicol reoctions-—is on emengen property resstting
from interactions between mobecules tho often ocour i o stepwize
flow. Metobotic pottweoys erther relecse enengy by breoking down
complex modecules or conswme energy. For on organism o sunee, the
nput of energy must exceed the omount of energy used.

Thermodynamics and lving systems Cells connot create
enengy, bat occording o the first low of thermodynomics, it con be
tronsfesred ond tomsiormed. By conserting sobor enengy b chemaool
enengy in photosynthesis, plonts oct as on energy ronsformer, not an
enengy producer, becouse the originol source of energy & suntight, not
the sugar thot is mode. Duning eveny energy tronsfer or ronsformaotion,
some encrgy becomes unavailoble to do work. As we will see when
we study energy flow through on ecosystem, when enengy & trons-
femed omong onganisms n o food chon, litle energy is ovoloble o
the crganesms ot the top of the choin becowse greot omouwnt of enesgy
& “lost” from the system o= beot os it is tonsfered from orgonism to
organésm. In.o pressous chemistny or physics cowse, you Bely shedied
how the loss of usoble energy os heat mokes the universe os o whole
maore disorpanized, o phenomenon known os entropy. According 1o the
second low of thermodynamics, eveny cellular process increases the
total entropy of the wiverse, and cells need to be efficient in how they
coptsne ond use enengy. For esomple, glecose, which is more orga-
nized, tends to breok down fo corbon diowide ond woter, which ore less
organized; the movement molecules move ocmss membrones from on
orea of high concentrotion to low concentrotion also mcreoses entropy.

AUl living systems require Tree ensrgy o mainiain arder, grow, and reproduce and employ different sirategies ta
coplure, siore, ond wse Iree energy; the loss of ree energy can be disruptive 1o biologicol systems. from cells and
individual anganisms o populations ond ecosystems. 1A Ladef

The first and second laws of thermodynomics apgly to Living systems. enengy and matler connot be created or
destroyed. and to power cellular processes energy inpul mest escesd free enengy lost o entropy. A1 b

Drganisms use wariows siategies such as phelosyntnesis and cellular respiratian to caplure, transtarm, slode, and
tromafer free energy for use in biologicnl processes 14 2. a-h

Inberoctions among crgonisms and with thesr environment resull in the transfer of free enengy. 48 6.0 g
Cells underge chemical reactions on a constont basis, and enzymes focdlRate metabolic pathvways by cotolyzing these

E many melaholic patiways, Brd the w2e of ATP 85 an eRengy SoUres 1o dive [hese pathwoys, ore conserved feolures
1 that evolved millions of years ogo and are widedy distributed among orgenisms lodoy. 185103

ATP i= the comman enengy “curnency” of oll celés ond con be wsed

in mony types of chemicol reoctions. When cells require enengy, they
e ATP. Becouse celis do nol stare o swrplus of ATP molecules, they
need to regenerote this enengy-carrying molecule. ATP i o nucleatide
consisting of the five-corhon sugor ribose, the nitrogen-contoining base
odenine, ond theee phosphote groups thot seped eoch other, creating
instobéty ond potentiol energy. When ATP is hydrolyzed (Chopier 4],
energy is releosed, ond cefs wse the change in free energy to do woark
sisch os controct o musdie or pemp solute ocross 0 membrone in octive
troreport. The breokdown of ATP = coupled to on energy-reguinng
reaction, ond, thus, enemgy is tronsferred, & cell hos bvo mon woys to
couple ATP hydrolysts to on energy-requinng reoction: ATP s wsed to
energize o neaction, or ATP & used to change the shope of o reociont.
Both con be achieved by tronsferring o phosphote group o the reoc:
tomt, phosphoeyloting the product. We will expione phosphonylotion n
more depth when we study photosynthesis, cefldor respirction, and
cell signoting.
The role of enzymes Mony chemscol reoctions in cells ooour
spontonecusly without requising owtside energy. bt moy occur too
slowly. For exaomple, the deocchanide sucrose [toble swgor) wall breok
down indo beo monosocchonides, glucose and frectose. with o release
of free enengy. However, o solution of scrose dissobved in stesile woter
will sit for o long time without hydrolyzng. f we odd o smof omound
of the enzypme sucrose to the solution, the sucrose will dissobee olmost
imenediotely. (Most of 1w don't hove o bottle of sucrose in the pantry, so
thot's why when we odd sugar fo Seeeten iced teo, we stie) An enzyme
like= sucrose is 0 mocromolecule--maost often o protein—thot octs o3 o
cotolyst to speed vp o chemicol reoction by lowering the ociration
energy bormer.

Chemicol reoctions between molecules mvolve both bond breake
ing ond bond forming. When the bonds of the product molecules form,
energy i releosed os heat. To stort the reoction, the substrofes or
reactonts mest obsorb energy to reach aon enstoble stote where bonds
can break. This mitsol insestment of encrgy is known o= the energy of
octivation. Adding on enzyme lowers the omount of octivotion enengy
necessany io stor the reocton. Encymes ore very specific for the reoc:
tions they cotolyze; this specifioty results from=ogoin=the refoiion:
ship between structure ond funclion. &s wos previously described,
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miost enzymes one prodeins, ond os we studied in Chopter 4, probeins
con hove o varicty of three-dimensionol shopes becouse of various
inftermoleculor bonds. Enzymes are no exception. Ondy one port of the
enryme, the octive site, directly intenacts with the substrobe vio indoced
fit. altering the shope of the eneyme bo focilitote the reoction. After the
reaction hos been completed, the produscl|s) is releosed, ond the odive
site returns to fs originol shope, ready 1o bind to onothes subsirote mol-
ecule. Like most cotolysts, onfy o smoll omount of enzyme is necded,

ond they work quickly.

— anangy af
actwoticn

Eql

—anangy ot
DCUYTTIG

Frew Enemy —

enargy of
prodieci

= ARy i L
— sahly e il

Progeess of the Reoction ——

The rote of on encyme-coioiyzed reoction depends on sevesol fioc
tors, including the omount of substrate ond ermyme, the presences of
coenzymes or cofoctors, ond other fodiors thot con chonge the shope
of the octive sic—o phenomenon cofied denofurotion--such as pH,
iemperohae, or the presence of 0 competive or noncompetitive inhib-
tor. Enzymes work mast eficently under optimol conditions; for exomgple,
pepsin, on enzyme that helps break down proteins in the stiomach, works.
best ot pH 2. wheress trypsin, on ereyme in the smaoll infestine, works
best ot pH & Most humon enzymes olso work best ot optimaol tempero:
tures of oboat 35-40°C jclose to humon body iempesotune)

B ASSESS

Choose the best onswer for eoch guestion

11 Cells and the Flow of Enengy

1 The foct thaot enengy tronsformations. increase the omount of
entropy is the basis of which of the following?
o cell theony
b first low of thermadynomics
€. =econd low of thesmodynomics
d owidotion-reduction reoctions

2. The energy stored in the corbon-corbon bonds of glucose i on

esample of Energy-
a. kinetic

b. potential

c. chemicol

d. Both b ond c ane cosrect

3. Duwring enengy tronsformations, the mojonty of energy =
conwerted io
a. chemicol bonds.
b. heaot
. ATR
d. gluccse maolecules.
1.2 Metabolic Reactions and Enengy Transformations
4. Ewergonic reactions
0. One SpOntoneous.
b hove o negotive delin G volue.
. neleose enorgy.
d. Al of these aore correct
5. Which of the following & incomect regarding ATP?
o. ltis the energy cumency of the cell
b. Itis sioble
c. It s recucled vsing ADP and inorgonic phosphaote.
d. Cells keep only smoll omounts of TP on bond.
B. The sum of oll the chemicol reoctions & o cell is colled
o free enerngy.
b. entropy.
. meisholtsm.
d. ooddotion-reduction reochons.

1.3 Metabolle Pathways and Enzymes
7. Which of the following i incomect regarding the octive site of on
enzyme?
0. is umigue to thot enyme
b is the post of the eneyme whene its substrote can fie
. con be used over and ower ogain
d. is not offecied by enveonmental foctors, swuch os pH and
Temperoiure
B. Which of the following ervironmentol conditions moy hove on
influence on enzyme octiiiy?
0. substrabte concentrotion
b. temperoture
c. pH
d. Al of these ore cosrecl
9. In whach of the followsng does on inhibitor bind io on olicsienc
=ite on an enzyme?
o. comgettive inhibition
b nmoncomgpetitive inhibition
€. nedox reoctions
d Mone of the cbove one comect.
1% Encmymes cotolyze chemiool reoclions by which of the
folbowing?
lowerning the energy of octivation in the reoction
raising the enengy of activation in the reocton
inceasing entropy
inceasing the freo energy of the products

1.4 Owidation-Reduction Reactions and Metabolism
11. The gain of electrons by o molecule & colled
a. inhibiticn . oxidotion
b. enbopy. d. redudion

appEa
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CHAPTER 1 Metobolism: Energy ond Enzgmes

12. In which of the followsng processes is corbon diocosde reduced to

fiorm corbobydnote?

o. cellulor respiration

b. moncompetinve inhibition
c. photosynthesis

d. induced fit model

B ENGAGE
AP Applying the Big ldeas

1. R togeted theropy used o treot concer, drugs tomget
cernin parts of the cell ond the signals thot ore needed for con-
cer 1o develop and grow. Some torgeted theropies moke w=e of
enzyme ishibitors thot torget encymes swuch os DA polygmerose,
on enzgme reguired for DA replicotion.

In @ pamograph, describe how enyne inhibitors funchion and
expdoin whij this method of concer treatment is o vioble option.

2. EEETF] Free energy is the amount of energy left to do work
ofier o meodion occcurs and B determened by subtrocling  the
free energy cormtent of the reoctonts from thot of the produects.
Scientsts dioim that free energy is required for living systems
to maintomn orgonization, to grow, or to reprodsce. but muitiple
strofegies for copturing, stonng ond using it exist in different L
ing systems.

In o porogroph, being os specific ond detoiled os possible,
justify this cloim using ot leost THREE exomples.

3. EEEEXY nicotinamide odenine dinucleotide (NAD") & invobved
with mony types of oxidation reoctions where olcohols are con-
verled 1o kelones or oldehydes. B is noted in the iob that in the
obsence of néacin, the sote of hydrogen tronsfer os seen in celhdor
respirotion by MAD+ s greotly reduced ond cells do not thrive.

o. Bosed on the lob observotions described obove, anolyze the
rofe niocin and MAD# ploy in metobaolic reoctions?

b. Exploin how this relotes to how moleculor infteroctions offect
structure and function.

AP Applying the Science Proctices

Analyzre the Data

Does ATP concentrotion impaoct cell motility? Understonding thot
ATP is o unit of enengy foe the cell, reseorchers studied the effect of
inoreased concentrotion of ATP on the beot frequency of cefilutor

flogello.
Data and Observations

Mo mowement wos obsenved ot concentrotions of O to 4 b ATP
When the ATP concentrotion wos roised to 8 pM, oboat 20-30% of the
fiogeila beol ot o frequency of obout one beat eveny two seconds. In
12 2 ATR they were 95.100% motile, with 0 beot frequency of obout
one per-second.

Think Critically #1 #& @5
1. Construct o groph to #strote the findings of these reseorchers.

2. Exploin what & hoppening to the cell as ATPF concentrotion
ncreoses.

3. Whot would hopgen if obther nucleotides, such os TP CTP, UTP or
GTP were substituted for ATP? Design a foliow-up investigotion
thot would test this queston.

Adpnina

Agoning
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Bixiels moy oo doy commes from modiying the: pro<ess of photasyrshesis

AP Photosynthesis is a powerful process. Plants, olgoe, and some bacterda cormy
out o series of chemicol reactions dusing photosynthesis that homess C0, from the air,
o they comibvne woter from the soil with sunlight to oreate the molecules that g
ofganisms rely on—oxygen, carbohydrates, oils, and amno ocids.

Photosynthesis con also be the key to solving our world's feel crisis. Plant
researchers ore tweaking the basic chemistry of photosynthesis to create commercially
imiposrtent oils end fuels. One example s work being done with Cameling, o drought-
resistont, ollseed crop. Scentists ore modifying how Cometino coptures sunlight by
genetically engineering the plent so that the leoves at the top are Lighter, allowing
sunlight to poss through 1o the lower leaves, improving the efficiency of photosynthesis.
Another gool iImproves the absorption of CO,, providing the row moterials for od
production, which are precursors: far pc-te-imu_l biofuels.

Other researchers gre focusing on terpene—anather end result of pholosynthesis.
Terpene s a high-energy organic malecule, produced by pine trees, that mokes
turpentine. Ongoing resaarch olms to increase terpene production and process this to
moke o demestic source of diesel ond oviotion blofuets. In the future, you may be on
a commerceal flight where the meol providing fuel for your body and the diesel fueling
the airpione con both trace their origins to o photosynthesizing plant.

As gou read through the chapler, think abouwt these Essentiol Questions:

1. Wheat types of orgonisms use photasynthesis to obtoin the free energy necessony for
Life processes? LEBLO3

Z How do plants copture solor energy ond comwert it to chemicol energy of food?
2h82a)

3. What is the relotionship between photosynthesis and cellulor respirotion in terms of
reactanis ond producis? How ore these processes interdependent? BEEEEH

ForLowing e BIG IDEAS

HEG DER
Plonts hove evolved the ability to copture sodor energy and stose |1 caron-bosed organic nutkents.

BaS IDEA

3 Al life on Eorth depends on the energy stofed in carbohydraotes produced throwgh photosynthesis.

Organic nutrients produced by plonts through photosynthesis ore passed on to other organisms in o food web that
have evolved to feed on plonis, thas tronsferring free energy among members of the web.

1
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CHAFTER 2  Fhotosynthess o7

2.1 Photosynthetic Organisms
Learning Outcomes

Upon completion of this section, gou should be able to
1= Explain how outotrophs are able to produce Buedr
owen food.
2. Describe the componens ol a chloroplast
3. Compare the roles of cxpien and oorbon dioside in
autatraphs and heterobrophs

Photosynthesis converts solar energy imbo the chemical
energy of a carbolvvdrate. Pholosynthetic organisms, in-
cluding plants, algae, and cyancbacterta, are called auto-
trophs, because they produce their own food (Fg. 2 1a). Tt
has been estimated that all of the wordd's green |.'rl'|._7.1|:1i.u1h-
together produce between 100 billkon and 200 billion met-
ric tons of sugar each vear. Imagine enough sugar cubes bo
re-creade the volume of 2 million Empire State Busldings!

Bo wonder photosynithetic organisms are able o
sustain themselves and all other living organisms on
Earth. With few exceptions, it s possible fo trace any & Osciictona a0x  kelp Sequaias
food chain back to plants amd algse. In other
words, producers, which have the ahility o
synthesize carbohydrates, feed not only
themselves but also consumers, which
must take n preformed orgamic maol- Salar encrgy
ecules. Collectively, consumess are cafled
heterotrophs. Both autotrophs and hetero-
trophs use organic molecules produced by
photosynthesis as a source of bullding Bocks
for growth and repair and as a source of chemical
energy for cellular work.

Photosynthesizers also produce copious amounts
of oxygen gas (0.) as a by-product. Oxygen, re-
guired by organisms for collular respiration, rises
high into the atmosphere, where it forms an
o@one shield Lhat flters out ultraviolet radiaton
and makes termestrial life possible.

Ol and coal provide about 907% of the en-
Ergy needed bo p::um-_'r 1'E|:‘u.{‘]|=-., faa.‘ll.ltll:';_, CiE-
puters, and a mubtitude of electrically energized
appliances. The energy within that odl and coal
was originally captured from the sun by plants
and algae growing millions of years .].B-_u—ﬂlm the
name "fossil fuels” Tu.f.a-. s trews are also come
moly used as fusl. Fermentation of plart made-
rials prodiuces ethamol, which can be used o fuel
automobiles directly or as a gasoline additive.

The products of photosynihesis are cribi-
cal to humankind in a number of other wavs.
They serve as a source of buillding materi-
als, fabrics, paper, and pharmaceuticals. OF
course, we also apprectate green plants for the

I iU o

. Heterotraph

T L
k]
4
Figure 2.1 Autotrophs and the relationship bo heterotrophs.  a. Promsynthetic
oegaonisms [outotropihs) indude cyonobocienia fed); olgor, such os kelp (middie); ond plonts [rghry
simple beauty of an orchid blossom, the scent b phomsyrhesic orgonimes homess the enargy om the sun ond provido goses ond nusronts Sor
of @ Fose; or the majesty of the forests. heterobropbes. Heterobrophs genesote chemiool energy and produce corbon dioside ond woler
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Photosynthesis in Flowering Plants
Photosynihesis takes place in the green porbons of plants. The
leaves of a flowering plant contain mesophyll tissue, in which
cells are specialized for photosynthesis (Fig. 2.2). The raw mate-
rials for photosvnthesis are water and carbon diocdde. The roots
of a plant absorh water, which then moves in vascular tssue
up the stem to a leal by way of the leaf veins, Carbon dioxide
in the alr enkbers a leaf thmngh small openings called stomata
(sing.. stoma). After entering a leaf, carbon diocide and water
diffuse into chloroplasts (G cliforas, “green”; plastos, “formed,
maolded”), the organelles that carry on photosynthesis.

A dowble membrane surrounds a chloropiast, and it semiffuid
inkerior & called the stroma (Gl strori, “bed, matiress™). A differend
membrang system within the stroma forms fattened sacs called thy-
lakoodds {Cke. thrylikos, “sack ), which in some places are stacked to

form grana (sing., gramum). The spece of each thylakoid is thouwghs
o be connected o the ﬂrpamufwewmlﬂ-llnlaknd within a chio-

roplast, therelw forming an inmer compartment within chloroplasts,
tﬂllud.ll‘h‘:&'l._k].ﬁ.h.‘ndm Owerall, chic membranes provade
& bremendous surface area for pholosynithesis b ooour.

Dared MmN

inmsor mambrane

Ehylakoid spacs
thwiakaoid momorana

imidependent thyiakoaid

In: & graniusm

in & granum

The thylakodd membrane contains chlorophyll and other
plgments that are capable of absorbing the solar emergy that
drives photosynthesis. The stroma contains an enzyvme-rich
sofution, wiere carbon diceade is first attached to an organic
compound and then reduced to a carbobwdrate,

Humans and other respiring organisms release carbon di-
oxcide into the abr. Some of the same carbon dioxcdde molecules
enter a leaf through the stoma and are converted to carboby-
drate. Carbolwdrate, in the form of glicose, & the chief source
of chemical energy for most organisms. Thes, an interdepen-
dent relatiomship exisis between organdams that make their
own food {autoirophs) and those that corsume their food (hei-
erotrophs) (see Fig 215

Check Your Progress 2.1

1. Descrbe Pwes major grougs of pholosynihelic sroanisms.
2. Distinguish the part of o chisroplast thel sbeorbs selar
Eniergy fem the part thet farms. o coarbohydrate.

cuticia

uppeT
epblonms

mesoipindl

aphderTrS

23000

Figure 2.2 Leaves and photosynthesis.
The row moterials for photosynithesss one carbon
dioeade and water Woter enfers a leal by leal
watins, ond conbon i ceidic anters the siomoto. Both
diffuse mdo chianoplosts, whach hove fwa majar
ports. The grono are mode up of thylokoids, which
are membroncas disks. Their membrane contains
phaoicsynibelic pigments, such as chiorophylis o

Grana  gnd b These pigments ohsorh sobar encrgy. Tha
shromo s o semefiuld inbence whene carbon deowioe
s enngmoticaily reduced 1o o corbohaydrota,

MGl Edeoion  Cvdaon & ol nce Saircn
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2.2 The Process of Photosynthesis
Learning Qutcomes

Upon completion of this section, you should be able 1o

1. Describe the ovemil process of phodosynEhesis,
2. Compare enengy inpul and cutput of the lght reaction.

3. Compare corbson inpud and owtput of the Cabdin cycle
nesotion.

The overall process of photosvaithesls can be represented by an
equation:

solar anargy

600, + 12 H,0 B ICHO) + 6 Ha + 60,

In this equation, (CH, O} represents carbohwydrate. If the equa-
tion were multiplied by &, the carbohydrate would be C H O
or glucose.

The overall equation imples that photosynthess invobees
oxcbdation-reduction (redox) and the movement of electrons from
o mokecule o another. Becall that oxidation is the loss of elec-
trons, and reduction is the gain of electrons. In living organisms,
the electrons are very often accompanied by hydrogen lons, so
that oxidation is the loss of hydrogen atoms (H* + &) and reduc-
tion s the gain of hydrogen atoms. This simplified rewrite of the
equation makes it clear that carbon dioxide has been reduced amd
water has been oxddized:

-:d.uunnr\gy
003 + Hi) s [CH0) + O

Ouidation

It takes hydrogen atoms and a lot of energy to reduce car-
bon dioside. From vour study of energy and enzyvmes, vou
might expect that solar energy s not used directly d“““E phu-—
tosynithesis; rather, it s converted to ATP molecules. ATP is
the energy currency of cells and, when cells need something,
they spend ATE In this case, solar energy is used o generate
the ATF needed to reduce carbon diosdde to a carbohydrate.
OF course, this carbohydrate represents the food produced by
plants, algae, and cyanobacteria that feeds the biosphere.

The Role of NADP*/NADPH

As vou have learned previously, the electrons needed to reduce
carbon disdde are carried by a coenzyme. NADP Is the coen-
zyme of oxidation-reduction {redox coeneyme) active dusing
photesynthesis. When NADP® is reduced, it has accepted bwo
electrons and one hvdrogen atom, and when NADPH s oxi-
dized, it gives up its electrons:

MNADP* + 2e + H* == MADPH

What molecule supplies the electrons that reduce NADP
during phaotosynthesis? Put a sprig of Elodes in a beaker amd

Figure 2.3
Photosynthexis
reletses axygen.
Bubbling indicates
thaat Ehie aquosic plonk
Efodor releoses

0, gas whan &

photosynthesizos.

supply it with Hght, and you will observe a bubbling {(Fig. 2.3).
The bubbling oceurs because the plant is releasing cxygen as it
photosynthesizes.

A famous experiment performed by C. B. van Niel of Stan-
ford University found that the oaygen given off by photosyn-
thesizers comes from water. Van Miel performed two separate
experiments. When an isotope of oxygen, 0, was a part of
water, the O, given off by the plant contained ™0, When “0

was a part of carbon dioxide supplied toa plant, the O, given off
by a plant did not contain the 0. Why not? Because the oxygen
in carbon dioxide doesn’t come from water; it comes from the
air. This was the first step toward discovering that water splits
during photosynthesls. When water splits, cxvgen bs released
and the hydrogen atoms (H* + &) are taken up by NADP.
Later, MADPH reduces carbon dioxide to a {'&.rbu:-hydrale_

Two Sets of Reactions

How does phaiosynthesis occur? The process can be divided into
two stages, the light reactions and the Calvin cyele reactions. The
term pliofosyniieas comes from the associations between these
two stages: The prefex phofo refers to the light reactions that
capiure the waves of sunlight needed for the synthesis of carbobiy-
drates oocurring in the Calvin cycle. The light reactions take plaa:e
on thvlakodds, and the Calvin q.-cl.e takes place in the storma.

Light Reactions

The light reactions are so named because they ocour only when
the sun bs out. The green pigment thumph't-ll present in thyla-
koid membranes, is largely responsible for absorbing the solar
energy that drives photosynthesis.

During the light reachions, solar energy enenpizes clectrons,
which move down an electron ransport chain. As the electnong
move down bhe chain, energy i refeased and captured o produce
ATP molecules. Energized electrons are also taken up by NADF,
which i reduced and becomes NADPH. This equabion can be wsed
to surnmarize the light reactions, because during the light reactions
solar energy B comverted to chemical energy:

solar energy = chemical energy
[ATP, NADPH}



1M

Calvin Cycle Reactions

The Calvin cycle reactions are named for Melvin Calvin, who
in 1961 received a Nobel Prize in Chemistry for discover-
ing the emzymatic reactions that reduce carbon dicxide o
a carbohydrate in the stroma of chloroplasts (Fig. 2.4} The
enzymes that speed the reduction of carbon dioxide during
both day and night are located in the semifluid substance of
the chloroplast stroma.

During the Calvin cvcle reactions, CO), 15 taken up and
then reduced to a carbohydrate that can later be converted fo
glucose. This equation can be used o summarize the Calvin
cycle reactions, because during these reactons, the AT and
NADPH formed during the light reactions are used to reduce
carbon dioxide:

chemical energy = chemical energy
[ATF, MADPH) {carbohvdrate)

Sttmmary

Figure 2 5 summarizes our discussion so far and shows tha
during the light reactions, (1} solar energy is absorbed, (2)
water is split so that oxvgen 5 released. and (3) ATP and
NADFH are produced.

Dhuring the Calvin cycle reactions, (1) OO, is absorbed and
(2} reduced to a {‘.i.rill.'rh_-.'drdlr_' D{CH_,G:I l.r_l.- LII.IIJLII'!H ATP amd
NADPH from the light reactions (bottom set of red arvows). The
top set of red arrows takes ADP + (Prand NADP* back to Lighi
reactions, where they become ATF and NADPH once more, so
that carboldrate production can continue.

SOdar
enoy

Figure 2.5 Owerview of

photosynthesis. The process of
phaolosynthesis consisis ol tho Lght reactions

ond the Calvin cycle reoctions. The Bght

readlions, which produce ATP and MADPH, accur in
thie thiginkoid membrane. These molecules one used in
the Cobetn cuclo reachons, winich ioke ploce in the stroma.
The Cohlvin cycle recchions retuce conbon dioxdde

io o corbabgdroin.

thwyplakoid —
mam b

Figure 2.4 Melvin Calvin. Mohan Coban, o chemist, is most noted
for fis work using 0 corbon 14 modope o follow the noubs Bhod corbon
bowels theowgh o plont dusing phabosynghesls

Check Your Progress 2.2

1. Expiain how redox reoactions are used in photosynthesis.
2. Deseribe e role of ennpmed durifng pholesynthesis.

oo,

CHO
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CHAFTER 2  Fhotosynthesis

2 3 Planl:s Cﬂnvert Solar Etmrg_',r

Upnn mmpl.eunn of this :.er_um. you should be able 1o
1. Deseribe the relafionship between wiovelangth and enengy
in the eleciremagretic spectim.

2. Explain the role af photosynthelic pigments i harnessing
salar energy.

3. Exarnine how ATP and MADPH are prodoced from rediox
regetions and membnone grodisnts

Solar energy can be described in terms of fis wevelength and its
energycontent. Figure 2 b shows the types of radiant energy from the
shortes wavelength, camma ras, bo the longest, radio waves. Most
of the radiation reaching the Earth bs within the visible-light range.
Higher-energy wavelengths are screened out by the ozone bver in
the atmcsphere before they reach the Earth’s surface, and lowes-en-
Becaise visible light is the most prevalent in the environment,
organiams have evolved o use fhese wavelengihs. For example,
human eyes have cone cells that o cobor waneleryzths, and
plants have pigments that are energized by most of the same wave-
lengths (Fig 2.6).

Pigment maolecules absorb wavelengtie of Bghi. Most pigments ab-
sorb only some wanelengths; they reflect or transmit the other wave-
The: przments in chloneplasts are capalbde of ahsarbing varos.
portions of visble ghi This i called thesr absorphion spectrum.
Photosynithetic organizms differ in the tvpe of chlosophyl they
contain. In plants, chlorophwll a and chlorophyil b play prominent
rales kn photosymthesis. Carotenobds play an accessory role. Both
chloroplsdls ¢ and b absords violat, blue, and sed Bght better than

FLLY]

the light of other colors. Because green light = transmithed and
reflected by chdorophyll, plant leaves appear green to ws. In short,
plants are green because they do mof use the green wavelengthl
The casolersads, which are shades of velbow and orange, are ablie
tor absorb light in the violet-bluegreen range. These pigments. be-
come foticeable in the fall when chlorophnd] breaks doswrn.

How dio vou determine the absorption spectrum of pigments?
To identify the absorption spectrum of a particular pigment, a pu-
rified sample is exposed o different m'.ﬂmgﬂu.uﬂllglﬂhﬂﬁh
an instroment called a A speciro
mmmatheuwﬂai]@rtlhﬂpam&ﬂuuughﬂumple
and from this it is possible to caleulate how moch was absorbed.
The amount of light absorbed at each wavelength is plotted on a
graphy, and the result i a recosd of e pigment’s absorption spec-
trum (Fig. 2.6h). Notice the low absorbance reading for the green
and vellow wavelangths and recall why plants ane green.

A photosystem consists of a plgment complex (molecules of
chlorophyll a, chlorophwll b and the carotenoids) and electron
accepior molecules within the thylakold membrane. The pig-
ment complex serves as an "antenna” for gathering solar energy.
Electron Flow in the Light Reactions
The light reactions utilize two photosystems, called photosys-
tem | (PS5 I} and photosystem 1 (PS 1I). The pholosystems are
named for the order in which they were discovered, mot for the
order in which they occur in the thviakoid membrane or partici-
pate in the pholosynthetic process.

During the light reactions, electrons wsually, but not al-
ways, follow a noncyelic pathway that begins with photosvstem
Il |:th 2 7). The pigment complex absorbs solar energy, which
i5 then passed from one pigment to the other undil it is concen-
trated in a particular pair of chlorophyll @ molecules, called the
redchion cenfer. Electrons (e7) in the reaction center become so
energized that they escape from the reaction center and move
to nearby electron acceptor molecules.

Inoreasing wavekengihi .
'l‘ﬁEi‘“ N
InCreasng enesgy
Gamima Mioo- | Hadio
rays Kroys | UV | | nfraned
visibia light
380 500 00 750
Wawelangths jnm}

Foladve ADSOERDM  —

380 =] 00 T8a
‘Wawalengths (nmj

a. The slectromagnasic spoctrsm includes wisibée ght

b. Ansorption spectrum of phatosynthetic pigmens.

Figure 2.6 Pholosynthetic pigments and photosynthesis. o The wowelengths in visible light dfier occoeding 1o enengy conmient ond color
b. Tha photasynthetic pigmests in chiorophylls o ond & ond the corofenoids obsort cerloin wawelenghs within visible lght. This ks thelr ohsorption specinem



Figure 2.7 Moncyclic pothway:
electrans maove from waler 1o
MNADF. Emnsmzedstecions [reploced
from veoher, which spifts, roleosing maggen)
beoyve phobosisiom I ond poss down on
= alactran transport choin, leoding io tha
formaotion of ATP: Encrgized etections
(replocad by phoiosystiom | by way of
tha ETC) ke photosystem | and pass

o MADE which 1han combines seth H*,
becoming HADeH.

"'L.,.w“‘_.,f

P5 Il would disintegrate without replacement electrons,
and these are removed from water, which splits, releasing oxy-
gen to the atmosphere. Motice that with the loss of electrons,
water has been oxidized and that the oxygen released duning

ynthesls does come from water. Many osganisms, includ-
ing plmlslhem&e!marbd humans, wse this aoxygen within their
mitochondria to make ATF. The hvdrogen sons (H*) stay in the
thvlakodd space and contribute to the formation of a hydrogen
fom gradient.

An electron acceptor sends energized electrons, received
from the reaction center, down an electron transport chain (ETC),
a series of carriers that pass electrons from one o the other. As
the elecirons pass from one carrier to the next, energy is caplured
and stored in the form of a hydrogen jon (H*) gradient. When
these hydrogen ons fow down their electrochemical gradient
through ATP synthase complexes, ATP production ocours (see
Fig. 2.9). Motiee that this ATP is then used by the Calvin cycle re-
actions in the stroma to reduce carbon dicedde h.'racm'bnlnm'aie

When the PS5 | pigment complex absorbs solar energy, en-
erglzed electrons leave its reaction center and are
by electron acceptors. (Low-energy electrons from the slectrm
trapsport chat adjpeent to P5 Il replace those lost by PS L)
The electron acceptors in PS | pass thelr electrons to NADP*
muolerules. Each NADP* accepts two electrons and an H* to
become reduced and forms NADPH. This NADPH i then used
by the Calvin cyche reactions in the stroma along with ATP in
the redwction of carbon dioxide to a carbolhydrate.

Ly ——a CHyil

Cabdn cycle

FEaCTOnNS

ATP and NADFH are not made in equal amounts during the
Hght reactions, and more ATP than NADPH s requered during
the Calvin cycle. Where does this extra ATP come from? Every so
often, an electron moving down the noncyclic pathway i re-
routed back to an earlier podnt in the electron transport chain.
The eyclic pathway, which ocours in many prokaryvotes, and
at high oxvgen levels in eukarvotes, enables electrons to par-
teipate in additional redox reactions, moving more H across
the thylakold membrane and through ATP synthase, ultimately
producing more ATP (Fig. 2.8).

Organization of the Thylakoid Membrane
As we have discussed, the following molecular complexes are
present in the thylakoeld membrane (Fig. 2.9):

P51, which consists of a pigment complex and electron accephor
molecules, receives electrons from water as water splits, re-
leasing oncvigen.

The electron transport chain (ETC), consisting of Py (plasto-
quinone) and cytochrome complexes, carries elecirons
from PS 11 to PS5 | via redox reactions. Pq also pumps H*
from the stroma inko the thylakoid space.

P5 1, which also consists of a pigment complex and electron
acceptor mobecules, s adfacent to NADP reductase, which
reduces NADP* to NADPH.

The ATP synthase complex, which has a channel and a pro-
truding ATF synthase, & an enzyme that jeins ADP + @®.

Copyngin © MG e bl Edcaion



CHAFTER 2  Fhotosynthess

Figure 2.8 Cyclic electron pathway. Electrons
lecye and retum 1o photosysiem | Enengized elecirons leowe
the photosystem | reoction ceer ond ore token up by on
etectron ooompbor, which posses them down on elecinon
tronspart chain before they retum 1o photasystem 1. Only
ATP production ooours os o result of this patfrway
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OOy —=-CHO
Caswin cycie
reactions and
ather enzymatic
reactions

thytak cid membrane d
thydakoid space

Figure 2.9 Owgonization of

a thylokoid. . Eoch thylokald
membeone within o granum produces
MADPH ond ATP. Ele-cirans mave
through seguential moleculor
comglexes within the thyloooid
meimbeone, ond the lost one passes
alscinons to MADP-, after which &
becamaes NADPH. A comier of the stort
af thiz sleciron fronspt chain pumps
hydrogen ions from the stromao nlo
this thaylokoid space. Whan hydrogen
bans Hoe bock ot of thee spoce infdo
the stroma theough on ATP synthose
complex, ATP & produced from
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BIG IDEA 4: Interdependent Relationships

Tropical Rain Forest Destruction and Climate Change

Leonords DiCopa not only is o fomous oc-
o but olwo shives bo moke giobal changes
through his foundation. One aspect of the
Leanorda DiCopro Foundaotion is the pro-
teclion of tropical rain forests. Most peo-
ple think about sowng the frogile species
of plonts ond animals that ke n the min
forest, but globally there is o lorger Ezue
at haond.

Climote choange it a suite of globaol
symptoms lorgely doe to the irtroduce
ton of cedoin gases into the atmosphere.
For at least o thousond weors prior ta 1850,
otmosphesic carbon dioxide ﬂ:'l:lzj L
remained foirly constont ot 0028%. Since
the 1850%, when industriolizotion began,
the amount of CO, in the aotmosphere haos
increcsed o OU0ZE% (Fig. 24)

Role of Carbon Dhoide

In much the some woay os the panes of o
greenhouse, CO, and other goses in our
otmasphere trap rodiont heat from the sm.
Thesefone, these goses ore colled green-
ouse gases Wikthout ony gresnhouse gases,
the: Eorth's tempembure would be obout 33°C
cooler than it & now. Likewise, ncregsing the
concentrafion of greenhouse goses mokes
the Earth wanmer and waber more acidic.

Certninly, the burming of fossd fu-
els odds OO to the atmosphene. But on-
other foctor thot contributes (o an incease
in omaspherc C0O, is tropical ron forest
destruction.

Role of Trapicol Rain Forests

Mamy scienfists comdader tropical min  for-
it 10 be the "lungs™ of the Eorth. Between
10 and 30 million hectanes of min forests are
lost eveny year to ranching, logging, maning,
and otherwise developing areas of the fo-
e<t for humon needs.

Eoch year, deforestotion in tropicol
rain forests occounis for 10-20% of oll
CO, in the atmosphere. With your bady,
if you lose lung copocity. you lose body
function. Similosfy, the consequence of
losing forests B greoter trooble for cli-
mate chonge, becouse burning o forest
odds OO0, to the atmaesphere and removes
the trees thol would ordinarily absorb

co,.

The Earth |= a System

Corbon dicxide = removed from the oir vio
photosynthesis, which bokes ploce in for-
ests, oceons, and other terrestriol ond mo-
rine ecosystema. In foct, photosynthesis
produces onganic matier, which is estimoted
1o be several hundred times the mass of the
people [Rdng on Earth. Thus, these enwvinon-
ments act of a sink for 00, preventing oo
much from occumuloting in the obmosphers,
wihene 00, con offect global temperatures
and bing about clemote change.

De=pite their reduclion o site from an
original 5% to less than 5% of lod sur-
foce todoy. trapical rain forests moke o saub-
stontiol contrbation to global OO0, remosol.
They are o criticod efement of the Eorth's
systems and, e omy biologicol system,
one esserntol for normal, healthy function.
Tropicol rain forests contribube greotly 1o
the uptoke of CO, and the productivily of
photosynthesis, becouse they are the maost
efficient of oll terrestrial ecosysiems.

Tropscol roin forests oocur neor the
equator They con exisl wiereves tempero-
ture= are abowve I5C ond roinfoll = heoavy
NO0=-200 cm per year) ond regulos Huge
trees with buttressed tunks and beood, wn-
divided, dork-green leoves predominote.

Mearly all kand plants i o ropical rain forest
ane woody, and woody vines ore abundant,

R maght be hypothesived thaot an n-
crecsed amount of OO in the atmosphere
woulld couse photosynthess to noease in
the remaining portion of the forest Recent
studies, howeser, ore showing that the op-
posite i true. Too much CO, con decrease
photosymhbesis, becouse increcsed tem-
perctures con reduce woler ond minenol
ovailobility. Scientists workang with wheat
showed o decrense i the production of
retrogen-conlaining compounds; another
study showed incrensed herbivony os plonts
wene unoble to produce ther defense touing
ot higher temperatures.

Thes= and ofher sludes show that, for
the Eorth, oz for any biologicol system,
eguibrium is neceszary for heolth. As o
biologicol system, the Earth &= sens#tive to
environmental change. Our ability o prop-
erly bolonce humon activily with the nesds
of the biosphene requires thot we become
educobed about how the Eorth functions.

Questions 1o Consider

1 How con a rise in tempesoture ofect
the production of food orops?

2 How con increased OO levels offect
the organims that ive in woter?

E 4 &
1 Maximuem "
o4 L
L
P L
53 ............................ - o aa
E- Probanie o
! 1 ncrease ab -
;1*- ...... 5 kot RRCRATAT e g
g?p I- Minimwum i
g8 :
8, I
- -
L e e s s e
©|oo ®|50 2000 2080 20
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Figune 2A Climote chonge. Mean globol tempenoture chonge |s expedied 1o rise due 1o
tha introduction of greenhouse goses into the atmosphare. [Sowoe: noture.com: “Mature Climote
Chonge,” 3 [October 2012} 36973, dob¥ 1038/ nclimote 1795 )
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ATP Production

The thylakold space acts as a reservolr for many hydrogen
ions (H"). First, each time water is oxidized, two H® re-
main in the thylakoid space. Second, as the electrons move
from carrier bo carrier via redox reactions along the elec-
tron transpart chain, the electrons give up energy, which is
used to pump H* from the stroma into the thylakoid space,
Therefore, there are more H* in the thylakold space than
in the stroma, This difference and the resu:lling flow of H*
{ofien referred to as protons in this context) from high to low
concentration provide kinetic energy that allows an ATP syn-
thase complex encyme o enzvmatically produce ATP from
ADP +(P). This method of producing ATP is called chemios-
mosis, because ATP production is ted to the establishment
of an H* gradient.

Check Your Progress 2.3

——'\-\.

F e

1.wmngmﬂmuw:pm
2. Describe the mavement of etections fram wates ta NADP*
in Ehe light reactions.

JADP+3F

105

2.4 Plants Fix Carbon Dioxide

SET— .
| Upon complation of this section, you should be able 1o I
1. Describe the three steps of the Cotvin cycle and when ATP |
andies MADPH i needed. I
2. BEvaluate the @gnilicance of RuBP corbesylote snzyme o
phatesynthesis.
3. Explain how glyceroidefyds-3-phosphate (GIF) is used o
produce other necessary plont molecules,

T — -

During the Hght reactions, the high-enerpy molecules ATF and
MNADPH were produced The Calvin cyele, another sertes of chemd-
cal reactions, will use these rrusecudes. for an amazing
process—earbon dioacide fation. Carbon dioxide in ks gas form is
all arowend ws in our atmosphere. Wi and other respiring ongan-
tsms release it as waste during cellular respiration. Undfostunately,
O, I unattainable by heterotrophs—we cannot harness or extract
0, frowmy the sir and then use those carbon abomes b make sugas
Plants, and other awtotrophs, can take the carbon from OO0, gas
and corwert, ar “Ax,” it in the bonds of a carbohydrate. The word
Sfixation & ot hmited to photosynihesis. As vou will learn in bater
chaplers, some bacteria can undergo fixation by removing nitro-
gen from the air and fxing i indo organic mobecules.

The Calvin cvecle is a series of reactions Hat can occur in Hhe
dark, but it wses the products of the light reactions to reduce car-
bor dbecide captused from the atmosphere o a carbolydrate. The
Calvin cyele has three steps: (1) carbon dioxide xation, (2) carbon
diocsde reductson, and {3) regeneration of RoBP (Fig. 2.10).

ribsioreg- 1, B-hisphosphata
3P 3qphosphogiycerate

PG L3-bsphosphoglycerata
G3F glyoerakiemyde-3-phosphate

b ADP= & P

Figure 210 The Calvin cycle
reactions. The Cobvin CyChr k= dividad Nt
thres pomions ii'I:I_2 Sirthcn, CDJ redisction,
ond regencrotion of RUBP: Bacouse five GAP
ore needed to resform thiee FuBP, it toloes

x 2 threa tens of the cycle to hove a net gainaf
one G3P. Two G3F molecules are neetaed 10

form gluoose:
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Step 1: Fixation of Carbon Dioxide

Carbon dioxide fixation is the first step of the Calvin cvele.
During this reaction, a molecule of carbon dioxide from the
atmosphere iz attached to RuBP (ribulose-1, 5-bisphosphate), a
S-carbon molecule. The result is one écarbon molecule, wihich
splits into two I-carbon molecules.

The encyme that speeds this reaction, called RoBF carbosylase,
is a protein that makes up about 20-50% of the probein conbend
of chloroplasta. The resson for s abundance may be that i#t &
unusually show—it processes only a few molecules of subsirate
per second compared bo thousands per second for a typical en-
zyme—so there has bo be a ot of it bo keep the Calvin cycle going.

Step 2: Reduction of Ca.rhﬂrl Dioxide

{}phasphuglycumtuh Each of twa 3PG molecules undergoes
reduction to G3P (ghyceraldebywde-3-phosphate) in two steps:

ADP + (P

NADFH MADP

As APC bocomes G3P, ATP becomes
ADFP + P, and NADPH bocomes NADP:.

Energy and electrons are needed for this reduction reactbon,
and they are supplied by the ATP and NADPH that were
made during the lght reactions. The difference between 3PG,
BPG, and G3P {all with 3 carbons) is that G3P is reduced, has
more electrons, and & now more chemically able to store
energy and form larger organic molecules, such as glucose.

Step 3: Regeneration of RubP

Notice that the Calvin cvcle reactions in Figure 2.10 are mul-

tiplied by 3 because it takes thres turns of the Calvin cycle
to allow one GAP to exit. Why? For every three turns u( the

Calvin cvcle, five molecules of GAP are used to re-form three

malecules of RuBF, and the cycle continues. Notice that 5 x 3

{carbons in G3P) = 3 ® 5 (carbons in RuBP):

5 GaP IRulP

3 ATP JADF+ P
Az e moloculos of G3F becoms theeo
modecukes of Ralk®, theee molocules of ATP
become iheree molecuies of ADP + P

This reaction also uses some of the ATP produced by the
light reactions.

Figure 2.11 Fole of G3P. &3 i the first reoctand n o number

of plans cell metobodc polTeous From this starting point, cif¥eront
corbohydroies con be produced, swch o= sucrose, sionch, and colluloss
Fatty ocd synesis ieods to triglycendes making up péant oils, ond
procuction of aming odds allows She plont fo moke profoins.

The Impnrtame of the Calvin Cj.rcle

G3P s the product of the Calvin cycle that can be converted bo
other molecules a plant needs. Notice that glucose phosphate is
among the organic molecules that result from G3P metabaolisen
{Fig. 211). This is of imberest to us because glucose is the mol-
ecule that plants and animals most often metabolize to produce
the ATP molecules they sequire for their energy needs.

Glucose phosphate can be combined with fructose (and the
phosphate removed) bo form sucrose, the molecule that plants use
i transport carbolyrdrates from one part of the plant to the other.
Glurnee phosphate = abo the starting point for the synithesis of
starch and ceBulose. Starch is the shorage form of ghiscose. Some
starch is stored in chlomoplasts, but most starch is stored in armdo-
plasts in roots. Ceflubose is a strochural component of plant cell walls
and becomes fiber in our dist, because we are unable o digest it

A plant can e the ydrocarhon skeleton of GIP to foom fatty
acids and glycerol, which are combined in plant oals. We are all fa-
muliar with corn oil, sumflower oil, and oliveodl, used in cooking. As
mentioned in the begnning of the chapler, reseanchers are modify-
ing phobosynithesis o produce oils that could also be used as fuel.
When is added to the vdrocarbon skeleton derived from
GAP, amdno acids are formed, allowing e plant b produce probedn.

Check Your Progress 2.4

1. Describe the three mojor $teps of the Coivin cycle
2. Bustrete whiy it bakes three turms of the Calvin cycle o
produce one B3P

e H L B ot Hird i B el 16 d oo Sdrce
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2.5 Other Types of Photosynthesis
L-eurning nm

| Upon completion of this seclion, you should be obie 1o
1: Compare the mlernol loootion of photosynthesis -H'_,
and C, plants.
2. Contrest C,/C, modes of photosyrhesis with CAM
phatosynifess
3. Explain heow different wegs of achisving photosymhesis
allow plants ta adapt 1o pareular emvironments.

The majority of plants, such as azaleas, maples, and tulips, carry
on photosynthesis as previously described and are called €
plants (Fig 2 124). C, planis use the enzyme RuBF carbosylase
to fixx OO, to RuBF in rrmph\lli 1pl'u:|l|:|ar..'niheuc:l calls. The Frst
detected molecule following fation is the 3-carbon molecule
3PG:

RuBP carboxylase

b O, fheation in a C,; plant, com, feo moys

Figure 212 Carbon dioxide fixotion in C, and C, plonts.

a.in l:_2 plﬂnl:,'l:lj] k= token up by the Colwn oycle directly in mesophyll
cefls. b. C, plomts fom o C, molecule in mesaphyll cells prior to releasing
C0, 1o the Cohen cycle in bundie sheoth ool

107
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As shown im Faygure 2.2, leaves have small openings called sio-
mata, through which water can leave and carbon deceide (C0)
can enter. If the weather is hot and dry, the stomata chose, con-
serving water. (Water loss might cause the plant bo wilt and die )
MNow the concentration of OO, decreases in beaves, while O, a
by-product of photosynthesis, increases, When O, rises in C
plants, RuBP carboxylase combines it with RuBP instead of CO,
The result is one molecule of IPG and the eventual mlum.euf
CO . This is called photorespiration, because in the presence of
Llﬁhl {piodo), cocvgen b5 taken up and 00, is released (respintio).

An adaptation called C, phnmwnthem enables some
plants to avoid phﬁhare:zp;mum

C, Photosynthesis

In a C, plant, the mesophyll cells contain well-formed chlo-
roplasts and are arranged in parallel layers. In a C, leaf, the
bundle sheath cells, as well as the mesnphl..ll ne]ls comtain
chloroplasts. Further, the mesophyll cells are arranged con-
centrically around the bundle sheath cells:

RuBP + CO,

C, plants fix CO, to PEP (phosphoenolpyruvate, a C, molecule)
u:..lnH the enzyme PET carboxylase (PEPCass). T'h.e resull is
oxaloacetate, a C, molecule:

PEPCase
PEF # €0, =——= ogxaloacetste

Ira C, plang, OO0, s laken up in mesophyl]l cells, and then malate,
a redured form of oxaloacetate, is pumped into the bundle sheath
cells (Fig 2 12F). Onby here does OO, enter the Calvin cycle.
Because it takes energy to pump molecules, vou would think
that the C, pathway would be dmadtmtaganuﬁ Yet in hot, dry
:hml:es.lhen&l photesynthetic rate of O, plants, soch as sugar-
cane, corn, and Bermuda grass, is abowt two to three times that
of C, plants {e.g., wheat, rice, and oats). Why do C, plants enjoy
such an advantage? The answer is that tl‘h?\- can avold photo-
respiratbon, discussed previously. I“]'rnh:rapurarhn = wasteful
because it &5 not part of the Calvin cpde. Photorespiration does
not cocur n C, leaves because PEPCase, unlike RuBP carboscyl
ase, does not combine with O,. Even when stomata are chosed,
0, is defivered to the Calvin cw_]e in the bundle sheath cells.
When rheweatlurlsmd.emb C, plants ordinarily have the
advantage, but wien the weather becomes hot and dry, C, planis
hmtheadﬂrdag?,xndwemnupmﬂwmbﬂpmhnﬂ:ﬂm. In the
early summer, E:_ plants such as Kentucky bluegrass and creeping



bent grass predominate in lawns in the cooler parts of the United
Stabes, but by midsurnemer, crabgrass, a C, plant, begins bo take over.

CAM Photosynthesis

CAM stands for crassulacean-acid metabolism; the Crasso-
laceae is a family of flowering succulent (water-containing)
plants, such as a jade plant, that live in warm, dry regions of
the world. CAM was first discovered in these plants, but mow
it is known to be prevalent among other groups of plants as
well, such as pineapples.

Whereas a C, plant represents partitioning in space—carbon
disxide fixation occurs in mesophvil cells, while the Calvin cvcle
occurs in bundle sheath cells—CAM is partitioning by the use of
time. During the night, CAM plants use PEPCase to fix some
COy, forming C, molecoles, which are stored in large vacuoles
in mesaplhl] cells During the day, C, molecules {malate) release
CO, to the Calvin cvcle when "x.A.DI‘H and ATF are available
from the light reactions (Fig. 2.13). The primary advantage for
this partitioning again has to do with the conservation of water.
CAM plants open their siomata only at night; therefore, only at
that time does atmospheric CO, enter the plant. During the day,
the stomata close; this conserves wates, but OO, cannot enter
the plant. Photosvnthesis in a CAM plant is minimal, because a
limibed amount of CO, is fived at night, but it does allow CAM
plants to live under stressful conditions.

Photo
to the

The differend types of photosynithesis give us an opportunity to
consider thal organisms are metabolically adapted bo thedr en-
vironment Each method of photosynithesis has its advantages
and disadvantages, depending on the climate.

thesis and Adaptntinn
vironment

REVIEWING the BIG IDEAS
T

electrons. LEBLa3 2AZalf

00 fiagion ina CAM plant, pineapale, Anonas Comosus

Figure 213 Carbon dioxide fixation in o CAM plant.  CaM
pilonis, such o pineapple, §x 00, of night, forming o C, moleculs that is
relecsed to e Caolvin cpcle dunng the doy.

C, plants most likely evolved in, and are adapted o, areas
of high light intensities, high temperatures, and limibed rainfall.
C, plants, however, are more sensitive to cold, and C, plants do
better than C, plants below 25'C. CAM plants, on the other
hand, compete well with either type of plant when the environ-
ment is extremely anid. Surprisingly, CAM is quite widespread
and has evolved into 23 families of fowering plants, including
some lilles and orchids! And it is found among nonflowering
plants, including some ferns and cone-bearing trees,

Check Your Progress 2.5

1. Deseribe same plants thol use 0 methed ol photesymhesis
aither than C, photosynihess,

2. Explaoin why C, pholosynihesis is odwontogeous m hot, diy
condiliona.

Autodrophs thot evalved eorly in Earth's histony likely wsed redocing ogents such as hydrogen sulfide os o source of

Fhotomdstrophs copture free energy Irom sunlight; the obility to use woles 08 o source of slectrons, followed by the
refease of oxygen nto the otmasphere, likely evolved in o commaon ancestor of cynoobacterio, plonts, slgoe, and
cerioin olher unicellulor eukarystes. 1TEL0.3 24 2al 2 28

Autotrophs make their own food, whersns heterotrophs take in food moade by other orgonisms. 2.8 2.ab

Thvough o seres of coordinated metabalic pathwaoys, photosynthesis captures free energy in sunbight that, in tuen, i
used 1o produce carbohydnates and other erganic molecubes from corbon dioxide and water, providing lree energy 1o

dirive ceflular procesges, in oll argonisems. 28 2 cd

in phetesynthesis. 4.4 2g

The double-membraned struc e Mn:hl.nrnplmﬂ allows cells 1o I:I'.":ITLH‘E sobar ensrgy and codvwed it ko chemical enengy |

Aulotrophs take in carbon dioxide from the environment when they photasynthesize; in tuin, oorbon disside = returmed
to the atmesphers when autolrophs and helerslrophs carmy on cellular respiration, thus eyeling carbon alams theough

Living organisms. 4.A4.6.0,c.d

Ineractions among arganisms and with thelr enviromment resull in the transfer of free enengy, with fead chains and

food webs dependent upon the carbohydrates produced by photosynthesis. 4.4 G.ad

PG e HE Eadwaion Do oo Pl foos ol oaock
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CHAFTER 2  FPhodosynthests

B SUMMARIZE -
AP Answering the Essentiol Questions

Living vorgonisms requie free energy to maointoin onder, grow, and
reproduce, ond they use vorious strotegies to copture, transfosm,
store, ond tronsfer energy. Tewo of these strolegies ore photosgn:
thesis omnd cellular respirotion. Plonts, olgoe. some unicellulor
eukoryotes, ond cyonobacterio ore outotrophs ond moke thes own
food by photosynthesis, tronsforming solor energy into the chemi-
col energy of sugors. In tism, heterotrophs consume the products
of photosynthesis to mes! their energy demonds. This concept car-
ries through the warous lesels in o food choin or food webc plonts
use sunfight to produce chemicol energy [(food] for themsebves
ond other orgonisms (conssmers). § plons disoppeored, Eorth
would not be oble to support life—o good argument to protect

ecosyshems.

Early awtotrophs  The eorliest outotrophs that evobved on Earth—
the chemoaouiobophs—coptsed free enengy from smoll incogonic mol-
ecules like HLS from their environment in the absence of oxygen Todoy
photooutctrophs. copture free energy present & sunlight. The wove-
lengths of light coptured possess enough encngy to split woter, provid-
ing o sowce of hydrogen ions, electrons, ond oygen gos. (You'll soon
see why outotrophs need hydrogen ions ond electrons ) Severol melion
years ago this resulted 0 on increosingly oxidizing otmosphere. Aen:
bic cellulor respiration tops into the ouidizing abdity of cxygen, allowing
organic compounds to be wmed os fuel to power cellulor processes
Thus, photosynthesis ond cellulor respirotion ore interdependent pro-
cesses. Photosynthesis generoies coygen ond cmganec molecises that
ore wed by the mitochondno of eukonyotes os fued for cellulor resgiro-
tion. Both processes produce ATP, the energy currency of the cefl The
wirste prodwcts of cellulor respirotion, corbon dioxide ond woter, cycle
bock os the row moterols for photosynthesis. The overnoll equation for
photosyrthesi shows that it is o redox regction inwhich corbon dioxide
i= reduced, ond woler = oxidized:

Energy + & 00, + G H, O

CHO,+60,

The photosynthetic process Photosyribesis conssts of beo
stoges: the Eght-dependent o light-copluring reoctions: (nicknomed the
light reoctions] and the Cobvin oycle: The Eght reactions toke plooe in the
thytoikooid membrones of the chicroplasts, and the Cobvn cycle ooours in
the stromao of the chiomplosts. The light reoctions begin with the coptune:
of solor energy n the visible light range. Light-oopturing pigments one
embedded in the thylokoed membrones. Chiomophytls o ond b obsory
vinlet, blue, ond red wovelengths best ond reflect green. The comtenoids
obsorb viclet-biuve-green fight ond refiect yeliow-to-orange Bght. Whot
chicrophylis predominant ore influenced by erviscnmentol foctors, indud-
img temperctune {that’s why the leaves of mory brees turn different colors
ini thee follh Also embedded in the internol membrones of chiomplasts aore
tean photosysiems [PS | ond P5 L which ore pigment compleses that cop-
ture solor enengy and excbe electrons fo higher energy bevels. In the non-
cyclic patineoy, PS Il coptures ph otors of light ot o slightly higher energy
lemwet than PS L energizing chiorophyll o eledirons. The oxidotion {spéitting)
of woter reploces these electons in the reaction-center chicsophyll o
molecules. Owygen & relecsed to the otmosphene, ond hydmogen ions [+
remuain in the thyplokoid spoce. PS | ond PS B ore connected by the tronsfer
of higher free energy electrons through on electron ronsport choin (ETCY
grodient used to moke ATP wia ATP synthose. In PS | light-energzed elec:
trons ore coptuned by MADP*, which combines with H* from the stromo g
become MADPH. In the cyclic pathwoy cormed on by some bacteno, ATF
= peneroted bt not BADPH.

14

The free energy gield of the light reactions stored in TP ond
NADPH will be used to power the nreoctions of the Caobvin oucle for
corbon fingtion. In corbon foaotion, OO0y from the obmosphene is
reduced to corbohydmte, nomely o three-corbon molecule colled G3F
{glyceraldehyde-3-phosphote, in cose you ore curicus). Molecudes of
G3P con be used to synthesize ofl the organic motesiols o plont nesds.
{¥ou don’t need o memorize off the subsirobes, products, and enzymes
in the Cobvin cycle, but if provided with o diogrom of the cycle, you
shiould be ohle to follow it} During the first stoge of the Cobvin oycle, the
enzyme RUBP corbooylose “foes™ corbon from OOy to RuBP. produwc:
ing on unsiobie sx-corfon molecule tho! mmediotely splits EHe twa

3-corbon molecules. As the cycle progresses, corbohydnate is produeced
using MADPH and ATP from the light reoctions. Eoch "™ of the Calvin

cycle produces one G3P moleculs; five other G3F molecules dre used o
regencroie RUBP. R iokes two G3P moleoules to produce one molecule

of glucoss (CH O

B ASSESS

Choose the best onswer for eoch guestion.

21 Photosynthetic Organisma
1. Al of the following ore exaomples of orgonismes thot con
photosynthesize EXCEPT
o cyanobociene
b pne rees
. ooch.
d maushrooms.

2. Caorbon diokide enters leoves through o smoll opening colled the
o sloma
b stromo

. thylakodd.
d. gronum.

2.2 The Process of Photosyrihesks
3. The function of light reoctions is to
o obton OO0
b make corbohydrate.
. convert light energy inmto o usoble form of chemicol energy.
d megencrote RuBP:

4. The Colvin cydie reactions

o produce cowbohydroie.

b convert one form of chemicol enengy into o different form of
chemicol energy

. megenerole more RuBP:

o All of these ore cormect

2.3 Plants Comvert Solar Energy
5. The finol occeptor of electrons during the light reodtions of the

noncyclic slectron pothwoy is
o PSL d. HADE,
b PSR e. wabter
. ATE
E. The oxygen gwen off by pholosynthesis comes from
o H O . glucose
b OO d. RuBP.

T. Chemiosmosis
o depends on compleses in the thylokoid membrane.
b depends on on electrochemicol grodient.
. depends on o difference in H* concentration between the

thilaiooid spoce and the stromo.
o All of these ore correct



2.4 Plants Fix Carbon Disobde

For questions B=-10, imdicote whether the stotement ks tree (T) or
folze (FL

B

L3

10

RuBP carbomylose is the enmyme thot fives corbon dioxide 1o
RuBP in the Cotvin cuypdle

When 3G becomes GAP duing the light reactions, corbon
dicoside is reduced bo corbohydrote.

MADPH ond ATP cycle between the Colvin cycle and the light
renctions constontiy.

The ATP ond NADPH from the lightt reoctions ane used to
o. split woter

b. couse RuBP corboxyiose to fix OOy,

o resform the photosystems.

d. comert 3G to G330

2.5 Other Types of Photosynthesis

j*3

CaM photosynthesis

0. is the some o= C, photosynthess.

b. s on odopbotion to cold erdronments in the Scuthern
Hemesphere.

c is prewobent in desert plonts thot close their stbomaoto during
the doy.

d. occurs in plonts thot live in morshy oneos.

. €, photosynthess

0. is the same os C; photosynthesis, becouse # tokes ploce m
chioroplosis.

b ocowrs in plants whose bundle sheoth cells contom chloroplosts.

. is on odvartoge when the weother is ot and dry.

d. Baoth bond c ore conect

B ENGAGE - s
AP Applying the Big Ideas

1

ms:zrlhtdmﬂ'rﬂtnrguﬁJmslmmmm
core processes ond feotures thot evolved ond ore widely dis-
tributed omong organisms todoy. Defend this doim wsing TWO
pieces of evidence from medobolic pothwoys.

m&mnmmnwdﬂwm:muﬂ sirue

twrol feotures of CELLS thot ollow orgonisms to copture, stone or

use free energy.

o. Describe TWO mechonisms or structsrol feotures of cells
emgéoyed for wse in pholosynthess.

b. Ewploin how the two featunes gous described in post |og) fundtion
to alfow onganisms to coplure, siore or use free enemgy.

.mmmqﬂmﬂmhhﬂwuﬂﬁminpgm

molecudes and the cbsomption of lght by chloropiosts provides
cells with o wider range of functions. Feel free to refer o evidence
produced through scientific proctices.

AP Applying the Science Practices

Codmium is o heawy metol that is toxic to humons, plonts, ond
onimals. It is often found os o comominont o soil. Use the dotn below
to onswer guestions about the effect of codmum on photosynthesis in
tomoto plonts.

.,

= Linal chaa
a0 == Rate of Phibayt ik
== Chilgrapnpll Canlam
E o
g
2 &0
w
g
; p
20
o
[+] 1] 20 a0 40 50 B0
Cadmium Concentrasion (g}

Dronis csbtain o brosn Chaaliol, C ot ol 200, Coalimdim beedcily isdueed chan ol &
TERPOG MRS I Liptoaieir S i) dsalalir it Leesiineg b o slabendis Sisleguiaed
ineugh e oming ocd Sege slrolegy. Plaar and Cell Phgsralagy £5(T1 16811883

Thinik Critleally =1 =05 SEF

1. What was the effect of codmium on keof size, chiorophyll comtent,
ond photosynthesis roie?

2. At whot concentrotion of codmium wos the lorgest effect on leod
size obhserved? On chiceophyl! content? On photosynthesis mote?
3. Predict the effects on cellutor respination if an onimol eots
contomenoted tomotoes.

Copyrgin © MG s HilEdcotm
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Ewveny cell of thes rock climber i manufocring ond wsing ATE

AP A rock dimber, o bacterium moving throwgh o solution, an ocelot climbéng o tree,
or o snail moving slowdy to hide under o rock—eoch, Including the tree, is making ond
using ATE AT ks on anclent "molecudor fossiL® Its moleculor struchure, plus is presence
i the first cell or cells that arose on Eorth, oocownts for its being the universol energy
currency of cells.

ATP is unégue aomong the cell's storehouse of chemicols; amino ocids join to moke
0 protesn, ond nucleotides (pin o moke DMA or RMA, but AT s singulor ond works
olone. Whether you go swimming, taks o tennis closs, or just hang out, ATF molecules
provide the energy needed for nenve condection, muscle controction, ond any other
cellulor process thot requires enengy. Cellular respination, by whsch cells horvest the
energy of orgonéc compounds ond comeert it to ATP molecules, is the topic of this
chapter. It's a process that requires many steps and iméolves the cytoplosm ond the
mitochondri, the powerhouses of the cell.

Az you recd Hrough the chapter, think about these Essentiol Questions:
1. How are the processes of photosynthests and cellulor resgiration interdependent?
{8103

2. ‘What is the role of the electron tronsport system in producing ATP? 282003
3. What Is the role of enzymes in reguloting cellulor resperotion? S804

ForLowing the BIG IDEAS

Cellular
Respiration

CHaPTER OUTLINE

31
3.2

i3

34
3.5

Overview of Cellular Respiration 113
Ohatsice the Mitochondria:

Glyeahyss 115

Chutside the Mitochondria:
Fermentation 117

Inside the Mitochendria 119
Metabolism 124

e
The maojority of organisms on Earth use cellulor respirotion, indicoting on ancient biologscol Lineage.

W Chemicol energy in the bonds of food molecules con be relecsed in smoll, regulated steps throwgh cellulor resparotion,

tronsteming free energy to create ATP modecules.

W The energy for ife iyplcolly originotes with sunlsghi; this solor energy posses to the chloropiost where some of & |s stored in e
chemacal enengy of corbohydnotes, which ore possed o miochondrio where some |s stoned in the chemiool energy of ATP molecules.
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CHAFTER 3 Collular Respiration

3.1 Overview of Cellular Respiration
Learning Outcomes

Upan completion of this sectisn, jou should be able 1o
1. Describe the overall reachon for gluoose Braokdown and
show thal B 2o redox reaction.
2. Exormine the role of the MADH and FADH,, redax reactions
in cadlular respiration.,
3. Summarize @ phoses of cellulor respinotion.

Cellular respiration is the process by which cells acquire energy
by breaking down nutrient molecules produced by photosyn-
thesizers. Cellular respiration requires osvgen (0.} and gives off
carbon dioxdde (C0,), which, i effect, & the opposite of photo-
synthesis. In fact, it i3 the reason any andmal or human breathes
{Fag. 31} and why plants require a supply of oxvgen. This chermi-
cal inberacton between andmals and plasts is important, becauss
animals, like humans, breathe the oovgen made by photosyn-
thesizers. Most often, cellular respiration mvolves the complets
breakdown of ghucose to carbon diosdde and water (H,0):

I—m_!
GHe, + a0y ——= 600y + &8HO

o | BT

+  onergy

Thes eqquation shows that cellular respiration s an oxidation-
reduction reaction. Recall that oxidation is the loss of elec-
trons and reduction b the gain of electrons therefore, ghicose
has been oxidized and O has

been reduced. Also
remember that

113

a hydrogen atom conmsists of a hydrogen jon phus an electron
(H* 4+ ). Therefore, when hyvdrogen atoms are removed from
glucose, so are electrons; similardy, when hvdrogen atoms are
added to oxvgen, so are ebackrons.

Glurose s a high-energy maolecule, but its breakdown prod-
ucts, OO0, and HLO, are low-energy molecules. Therefose, as the
equation shows, energy is released. Thes s the energy that will
be used to produce ATFP molecules. The cell carries out cellular
respiration in order to build up ATF molecules.

The pathways of cellular resplration albow the energy within
a glucose molecule to be released slowly, so that ATP can be pro-
duced gradually. C-e[l-muuldInﬁeairemenduuaammmlurfnerg.
if glucose breakdown occurred all at once—most of the energy
wirild become nonusable heat. The step-by-siep breakdown of
ghucose to OO, and H_ O uswually produces a maxionum yield of
36 to 38 ATP molecules, depe-m.tmt on the conditions to be
discussed later. The energy in these ATP molecules is equivalent
to about 39% of the energy that was available in glucose. Even
though it might seem less efficient, this conversion is more
efficlent than many others; for example, only between M and
30% of the energy within gasoline is converted to the motion
of a car,

NAD* and FAD

Cellular respiration irvolves many individual metabobe reactions,
each one catalvzed by its own enzvme. Encymes of particular
significance are those that wse NAD', a coenzyme of oxidation-
reduction [sometimes called a redox cosneyme). When a metabo-
lite is oxidized, NAD* accepis two electrons plus a hydrogen
ton (H*), and NADH resulis. The dectrons received by NAD®
are high-energy electrons that are usually carried to the electron
traneport chain (see Fig 6.12):

NAD* 4 2g 4+ H* == MADH

NAD" can oxidize a metabolite by accepling electrons and can
reduce a metabolite by giving up electrons. Only a small amoust
of NAD* neads to be present in a cell, because each NAD* mal-
ecule 5 used over and over again. FAD, another coenzyme of

(1, and glucose enter cols,
which release H,(r and (0,

Milochondna use

. enengy from
Figure 3.1 Cellular respination. When an coplat breothes, it ooguires glucose to facm AT
conggen, ond when it foeds on o Bzond, 8 ocquines glucose. Both molecules enber fom ADP+ [P

It= Bloooctream and ore ooried bo tha body's colis, whene cetlolor respenotion
ocours. Carbon dasido and water are relecsed os glucose breckdawn in
matochandria prowides ihe energy for ATF production.
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obdation-reducton, s sometimes dsed mstead of NAaD®. FAD
accepts two electrons and two hydrogen joms (H) o becomse
F."I.D'HJ.

Phases of Cellular Rfsp&ralinn

Ceflular respiration imvolves four phases: glveolvsis, the prepara-
tory reaction, the diric acld cycle, and the electron transport chain
I:Fq.;, 3.2}, Glweolyaks takes pl.ll.l.- oirtside the mitochondria and
does nol requine he presence of oaygen. Therefore, ghvoolysis i
anaeroble. The other phases of cellular resplration take place inside
the mitochondria, where aovgen is the fnal acceptor of electrons.
Berause they reqguire oxvgen, these phases are called aerobic.

During these phases, notice where CO, and H.O), the end
products of cellular respiration, and ATE, the main outoame of
respiration, are produced.

* Glyrolysis (Gl glycos, “sugar”; hysis, "spliting”) 5 the
breakdown of glucose (a -carbon molecule) to bwo
malecules of pyruvate (two 3-carbon molecules). Chddation
results in NADH and provides enough energy for the net
gain of bwo ATP molecules.

* The preparatary (prep) reaction takes place i the matrix of the
mitochondsion. Pyruvate is broken down from a 3-carbon §C)
to & 2carhon (O 'rac:el-..] group, and a 1-carbon CO, nu:u]-emlve
s redfeased. Since glyeobvsis ends with two mabecubes of
prruvale, the prep reachon occurs twice per glucose molecilbe.

* The ditric acid cycle also takes place in the matrix of the
miitochondron. Each 2-carbon acebvl group matches up
with a d-carbon molecule, forming two 6-carban citrate

molecules. As clirate bonds are broken and sadation
occurs, MADH and FADH, are formed, and two CO, per
citrate are released. The citric acid cvcle 1= able to produwce
one ATP per turn. Because bwo au.h-l groups enter the
cvche per glucose mobecule, the cy dle hurns twice.
s The alsetran tranaport chuade (ETC) is a series of carrioers
on the cristae of the mitochondria. NADH and FADH,
ghve up their high-energy electrons to the chain En-u.-rgfu
i5 refeased and captured as the dectrons move from a
higher-energy o a lower-energy state during each redox
reaction. Later, ths energy s used for the production of
between 32 and 34 AT by chemiosmosis. After oxvgen
receives electrons at the end of the chain, it combines with
hydrogen lons (H™) and becomes water {H,O).
Pyrupate, the end product of givoolysis, is a preotal metabolite; its fur-
ther treatment depends on whether eogen i svadlable. If cocvgen 5
available, enters a mtochondrion and s broken down oom-
pletely o CO, and HO, as shown in the cellular resparabion equation
ipage 1300, H oxvgen bs not avadable, prrruvate is further metabolized
in the cytoplasm by an anserobic process called fermentation. Fer-
mentabion resals ina net gain of only b ATF per gleoose modecule.

Check Your Progress 31

1. Descriye how the Tormubo for celluloar respiraon includes
bath oxidation and reducon reoctons.

2. Explain why NADY and FAD are needed during cedlulos
respiration.

3. Describe the four phoses of compliete glucese breakdman,
including which relegie OO, ond whsch produse H_O.

Figure 3.2 The four phases of complete glucose breakdown. The
compiete breckoawn of glucnee consis of four phases Glgooiysts in the ogiogomm
produces pyrisvobe, which enioes miochandno f coggen i ouoloble: The cormmsarsion
EEOChan and tha dirc ood cyoks tht foliow oo insice tha mitcohandno. Ao, insda
mEoC honorie, tha alocimn imrsport Chain recohaas ho alectrons thal wosns removed Trom

glusrrese breckriown products. Eoch stoge genonobes elecions (7]

from chemicnd breckdgwn ond ooldotion reodians. The
: gpul.:lplrgu.l:mu 35 1o 38 ATR,

St © oG el Edaoim
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CHAFTEE 3 Callular Respiration

3.2 Qutside the Mitochondria:
Glycolysis
Learning Outcomes )

Upan completon of this section, you should be abie 1o

1. Dezeribe the role of glyeolysis in callular resganation,
2. Lt the inputs and outputs of glycolyses.

3. Explain how energy-rvestment and energy-hanvesting
steps of glycolysss result in hao net ATR

Glyeolysis, which takes place within the cvtoplasm outside the
mitochondria, is the breakdown of C (6carbon) glucose o
two C; (I-carbon) te molecules. Since glveolvsis occurs
tmil.'er:ia.lhl in wgard.m it st likely evolved before the cltrc
acniﬂ.h:le and the electron transport chain. This may be why
ghmhlsh.ocﬁus in the cytoplasm and does not requilre oxygen.
There was no free oxvgen in Earth'’s early atmosphere.

Glyeolvsis is a series of ben reactions, and just as vou woubd
E:Lpectlinranwmhln: pathwway, ead:stephull:imvnerrzvm
The pathway can be conveniently divided into the energy-
investment step and the energy-harvesting steps. During the
enerpy-imvestment step, ATP is used to “jump-start” ghycolysis.
During the energy-harvesting steps, four total ATP are made,
producing two net ATF overall.

Energy-Investment Step

As ghecolysis bepins, two AT are used to actrvate glucose by add-
ing phosphate. Glucose eventually splits into two C, molecules
knowwn a3 GIT, the same molecule produced during photosynithe-
ats. Each G has a phosphate groep, each of which i scquired
from an ATP molecule. From this point on, each O, molecule
undergoes the same series of reactions.

Energy-Harvesting Steps

Ocidlation of G nosr oocurs by the removal of electnons accom-
panied by hydrogen lons. In duplicate reachons, electrons ane
picked up by coenzyme NADY, which becomes

2NAD* 4 de 4 2H* =—= ZNADH

When O, = available, each NADH molecule carries bwo high-
energy electrons to the electron transport chaln and becomes
NAD* again_ In this way, N&D‘ iz recveled and used again.
The addition of inorganic phosphate results in a high-energy
wsed b disectly synthesize bwo ATP in the later steps of gheolvsis.
nshmwmwammwma
. i, bevause anenzyme passes a high-energy phosphate
to ADF, and ATP results (Fig. 3.3). Notice that ths (s an examgple of
a coupled resction: An energy-releasing reaction s driving foreand
an enengy-requiring reaction on the surface of the enzyme.
Oxidation occurs again, but by the removal of H,O.
Substrate-level ATP synihesis occurs again per each C
and two molecules of pyruvate result. Subtracting the
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soloo HE

Figure 3.3 Substrate-level ATP synthesis. Subsirotes
paricipofing in tha recclion ane onented on the anzymsa. & phosphale
group ks ronsierred io ADP, produscing one ATP molecule. During
glyjcodysis [soe Fig. 2.4], BMG s o O, subsiroba [sach gray ball & o corbaon

oipem] that gives up a phosphate growp bo ADP. This reoctian acours tvion
per gluscase moleoule:

twio ATP that were used to get started, and the four ATP
produced overall, there is a net gain of two ATP from glvcolvsis
(Fig. 3.4).

Inmprocts and Cutputs of Glycolysis
All together, the inputs and outpuls of gheolvsis ane as follows:

Inpiuts: autpuls
B gucose 2 {3C) pyruvate
2 Ml 2 [HADH |

Fl X ADEP

Motice that, so far, we have accounded for only 2 of the 36 o
38 ATP molecubes that are theoreticallv possible when glucose is
completely broken down fo OO, and H O When O, is available,
the end product of glyeolyvsis, pyrovate, mlﬂuﬂwmlrhrlmndﬂa.,
where i 18 metabolized. 180, is not available, fermentation, which
is discussed next, ocouwrs.

Check Your Prograss 3.2
[ tmmemmuummmmm_}

2. Explasin hew ATP i produced fram ADP and phasphate
during glycolysis.
1 a.wummmmumw _J

S



Figure 3.4 Glycolysis.  This motabalic pattway begins with C, glscass jsoch gray boll & o corbon abam ond ends wish twa C, pynuvote molscoles.
horeesting steps. Eoch of the ten steps & coolyzed by o speciolized enoyme.

Conyrgin © G e HiEdiaion
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CHAFPTER 3 Ceflular Bespiration

3.3 QOutside the Mitochondria:

Fermentation

| Upan completon af this section, you should be abls 1o
1. Summenize e o fermentation pothwoys.
2. Diseuss the condilions under which arganisms may
switch between celludar respiration and fermentatian
3. Compere the benefits and drawbocks of fermeniation,

Complete glucose breakdown reguires an inpul of oxvgen o
keep the electron transport chain working. So how does the cell
produce energy if coovgen is limited? Fermentabon is an anaero-
bic process that produces a limited amount of ATPin the absence
of oxygen. In andmal cells, incloding human cells, pyruvate,
the end product of glveolysis, is reduced by NADH to lactate
{Fig. 3.5). Depending on their particular Wbﬂcl&ru vary
&5 to whether they produce an organde acsd, such as lactale, or
an alcohol and ECI_ Yeasts are good examples of organiams
that generate ethyl alcohol and CO, a5 a result of fermentation.

Why is it beneficial for pyruvate to be reduced when
oxvgen is not available? Because the cell still needs energy
when oxygen s absent. The Fermentation reaction regener-
ates MAD*®, which is required for the first step in the energy-
harvesting phase of glveolysiz. This NAD* s now “free” to
return to the eadier reaction (see return arrow in Fig. 3.5) and
become reduced once more. Although this process generates
much less ATP than when oxvgen 15 present and glucose is
fully metabalized into OO, and H,O in the ETC, ghveolysis and
substrateJevel ATP 51.I'1'|I3'|HL"- p-mdme enough energy for the
cell ko continue working,

Advantages and Disadvantages of Fermentation

As discussed in the Big Idea 2 feature, “Fermentation and Food
Production,” people have long wsed anserobic bacteria that
produce lactate to create cheess, vogurt, and saverkraut—even
before we knew that bacteria were responsible! (iher bacteria
produce chemicals of industrial importance, including isopro-
parud, Butvric acad, proprionic acid, and acetic acid when they
ferment. Yeasts, of course, are used to make breads rise.

Despite i#ts low vield of only two ATP made by
substrate-level ATP wnt}egh lactie acid fermentation is
essential o certain animals and tissues. Typically, animals use
lactic acid fermentation for a4 rapid burst of energy, such as a
cheetah chasing a gazelle. Also, when muscles are warking
vigorously over a short pertod of time, lactic acid fermentation
provides them with ATE, even though oxygen is temporarily In
limutted supply.

Efficiency of Fermentation

The two ATF prodoced per gheeose during alcofolic fermentabxn
and lactic acd fermentation are equivalent to 14.6 keal. Complets
glucose breakdown bo {0, and HL.O represents a possible energy
vield of 686 keal per molecule. Therefore, the efficiency of fer-
mentation i only 14.6 keal/686 keal x 100, ar 1% of the total

v

Figure 3.5 Fermentotion. Formentotion consists of giyoolyss
{oliosed by o reguction of pgnsaote. This recycles MAD* ond it returns to

the glycoiytc poifwoy 8o pick up mone electrons. As with glyoolysis, eoch
sep is ootolyzed by o speciofized enzyme

possible for the complete breakdown of glcose. The inpats and
outputs of fermentation are shown here:

Farmentation
impts ] aidpiEls
ghucese 2 Laclate o
2 aloohol amd 2 CT3
1ADP+2 (P 3%.—.—:”

The two ATP produced by Fermentation fall Ear short of the theo-
retical 36 to 38 ATP maolecules that may be prodoced by cellular
respiratbon. To achieve this number of AT per ghacose molecule,
it Is necessary bo move on fo the reactions and pathways that
ncmwlthmgm in the mibochondraa.

Check Your Progress 33

1. Explain fermeniabion’s rale i NADS regeneration,
2. Summarize the two foms of fementotion.
3. List the advantages and deadvantoges of lermernbation

&
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BIG IDEA 2: Energy and Molecular Building Blocks

Fermentation and Food Production

Al the grocery store, you will find such
fems o breod, yogurt, sod souce ond
pickies (Fig. 38). These ore just a few of the
many foods that are produced when mécro-
orgonims ferment [break down sugor in
the obtence of oxygen). Foods produced
by fermentotion lost longes, becouse the
fermenting crgonisms hove remaved many
of the nutrenis that would ottroct other or

gonima. The products of fermentotion con
even be dangencus to the veny organisms
thal produced them, os when geosts ane
killed by the alcohol they produce.

Yeast Fermentation

Boker's yeast, Soccharomyces cerewsine,
&= odded to breod for the purpose of leay
ening=—the dough rises when the geotts
geve off COy. The ethyl olcchol produced
by the fermenting yeost evaporates during
baking. The mony varieties of sourdough
beedds obioin their Leovening from a starter
composed of fermenting yeosts alang with
bexcteria from the envisonment. Depending
on the community of mécroorganisms in the
starter, the flavor of the bread may ange
from souwr ond tongy, os in Son Froncisco-
style sourdough, to o milder boste, Such o
that produced by most Amesh friendship
beeod recipes.

Bacterial Fermentation

Yogurt, Sour cream, and cheese are pro-
duced through the aoction of various loctic
ocid bacteria thot couse milk 1o sour. Milk
contains lectose, which these bacteria
use o5 o carbohydrobe source for fesmen-
tation. Yogur, for example, & mode by
odding Loctic acid bacterin, sauch 05 Streps
tococcws therrmophilus and Loclobocilus
bulgaricus, o milk and then incubating it
o encouroge the bocleria to comeert the
loctlose. During the production of cheese,
on enzyme called rennin must olso be
odded o the milk to couse it to coogulate
and become solid

Old-feshioned brine cucumber pick-
e, souerdkrowt, and kimchi are pickled
wegetobles produced by the octson of ocid-
producing, fermenting bocteno thol comn Sur
wive i high-=oft emvdironments. Solt is wsed
o dinow liquid out of the wegetables and to
aid in their preservation. The bocterio need
not be odded to the vegetobles, becouse
they ore olrsody present on the surfoces of
the plars.

Soy Sauce Production

Soy souce B trodiionally mode by odd-
ing a mold, Aspergiliis, ond o combénation
of yeosis and fermenting bocteria to soy-
beons and wheat The moid breaks down
sAarch, suppiying the fermenting microor-
ganisms with sugar they con use 1o pro-
duce organic ocids

A= you con see from esoch of these
exaomples, fermentation is o biologically
ond economécally mporant process  thot
scentists use for the befterment of our lves.

Cruestions to Consider

1. How would the production of fermento
Bon produds difer fram that of other
fooed producis?

2. What products of fermentation do you
use on o doly boss?

Figure 34 Products from fermentotion.
Fermanbotion of diferent corbohydrses by
microosgpanisms lke boctera ond yeost helps
produce the peoducs: Shown.
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CHAFTER 3 Callular Respiration

3.4 Inside the Mitochondria
e ———
L|'|:|ﬂl'l I:C'rl'lph!l.‘lﬂl‘l of this section, Hﬂu should be able 1o
1. Expilain the fote of each carbon during the complete

oerabic metabolam of glucose.

2. Contrast substrate-level phosphorglation and
chemisamosis as methods of ATP synthesis.

3. Describe how electnon enengy from medox reactions is
used to cregbe a prodon grodsent.

The prepasatory (prep) reaction, the citric ackd owle, and the
electron transport chain, which are needed for the complete
breakdown of glicose, take place within the mitochondria. A
mitochondrion has a double membrane with an intermembrans
space (between the outer and inner membrane). Cristae are folds
of inner membrane that jut out indo the mateix, the Imnermost
compartment, which is filled with a geHike fluld (Fg. 3.6). Like
a chlewoplast, & mitichondrion & kghly structored, 5o we woukd
expect reactions to be bocated in particular parts of this orgamnelle.

The enzymes that speed the prep reaction and the citric acid
cvcle are arranged in the matric, and the electron transport chain
is kocated i the cristae in a very organized manner. Most of the

Figure 3.6 Mitochondrion structure and
function. A miochondrion & bound by o
doubile mesmbeone with on intermembroneg spoco
bebtweoen the outer and ner mambiranes. The
Imner membsane mmaginoies 1o foem the shelfiios
crisha.
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ATP from cellular respiration is prodwced in midbochondria; thene-
fore, mitochondria are often called the powerhossses of the cell.

The Preparatory Reaction

The preparatory (prep) reachon is so called because it converts
products from gheeolvsis into products that enter the citric
acid cycle. In this reactbon, the E: prruvate is comverted to a C_,,
acetyl group and OO, is given off. This is an oxidation reaction
in which electrons are removed from pyruvate by NAD* and
MADH is formed. One prep reaction oocurs per pyruvate, so
the prep reacton oceurs twice per glucose molecule:

2 NAD*
x‘f \._._J/L'-u
2 = +2CoA _I-'ILI'JU + 20y

iLH| LlH: carbon
pyruvabe acebyl Cof i coica

2{MNADH

2 pynembta + 2 Cod —————=2 noetyi—Cok + 2 carban
diaxide

Cristae: Iocation
of tha efeciran
transpart chem

127 ¥y ‘h_", N ity
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The C, acetyl group is combined with a maolecule known as
CoA. CoA will carry the acetyl group bo the citric acid cvele in
the mitochondrial matrix The bwo NADH carry electrons to the
electron tranaport chain. What abowt the CO.? In vertebrates,
such as oursebes, OO, freely diffuses out of pells inbo the Blood,
which transparts it to IJ'ue Iung-t where it is exhaled.

The Citric Acid Cycle
The citric achd cvcle, also called the Krebs cycle, is a cyclical
metabalic pathway located in the matrix of mitochondsia {Fig.
3.7). At the start of the diric acid cyele, the (C) acetyl group

carried by CoA joins with a C, molecule, and a C citrate mol-
ecule results. During the cyele, ‘oacidation oceurs when electrons

4 pgain a subsirate is
oxidired, bud thits fme
FAD is reduced o FADH

Figure 3.7 Citric ocid eyele. The citric acid oycle ooours in the
mitcchondria and ks responsible for e complete reducticn of the glucose:
mabacule. The citric ocid cycde turns bwice per glucose moloosde.

are accepted by NAD® in three instamces and by FAD in one
instance. Therefore, three NADH and one Fﬁ'LI:IH.z are formed
as a result of one turn of the citric acid cyele. Also, the acetyl
group received from the prep reaction is oxidized to two {II
molecules: Substrate-level ATP synthesis is also an lmr:n:u'-tml
event of the citrie acid cvele. In substrate-level ATP synthesis,
vou will recall, an enzvime passes a high-energy pku.wphate- (1]
ADP, and ATP resulis.

Because the ciric ackd cycle turns bwice for each original
glucose molecule, the inputs and outputs of the citric acid cyele

per glucose molecule are as follows:

npats autputs
2 [2C) acotyd groups -UFTJ.'

& MAD*Y & NADH
2 FAD 2 FADH,
ZADP+2 0P

N

1 The cycle begins when
a Lyacobyl group coaried by
Lok combines with a
mokacul e o form cHraba.

2. Teace ower subsirales
are addized s NAD-
reduced ba NADH,
and CO i roleased.

L8]

LMADE |
o

2. ATP s produced as ani
energized phosphaba is
trarecfomred froen: & substrain
o AP

e T T T Ty
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CHAFTER 3 Callular Respiration

Production of CO,
The six carbon atoms originally located in a glucose molecule
have nnwi:-emn'ue{Dz_The prep reaction produces the first bwo
CO., and the citric acid cycle produces the last four CO, per
glucose molecule. We have already mentioned that this i the
CO, humans and animals breathe out

This far, we have broken down glucose bo CO, and hydro-
gen atoms. Recall that, as bonds are broken and B,Iur:u:mgeﬁ
cormverted to E-D energy in the form of high-energy electrons
is released. ]"-]A.DI-I and FADH, capture those high-energy elec-
troms amd carry them to the eleciron transport chain, as dis-
cussed next.

Electron Transport Chain

The electron chain (ETC), located in the cristae of the
mitochondria and the plasma membrane of aerobic prokaryotes,
is & series of carriers that pass electrons from one o the other.
The high-energy electrons that enter the electron bransport chain
are carried by NADH and FADH,. Figure 3.8 is arranged to show
that high-energy electrons enter the chain and low-energy elec-
trons leave the chadn.

Members of the Chain
When NADH gives up its electrons, it becomes oxddized o
NAD*, and when FADH, gives up its electrons, it becomws
oxidized to FAD. The next carrier gains the electrons and is
reduced. This oxidation-reduction reaction starts the process,
and each of the carrlers, in furn, becomes reduced and then
oxidized as the electrons move down the chain.

Mary of the redox carriers are cvtochrome molecules. A

18 a protein that has a tightly bound heme group

with a central atom of iron, the same as hemoglobin does.
When the iron accepis elecirons, it becomes reduced, and when
iron gives them up, it becomes oxidized. As the pair of electrons
is passed from carrier b carrier, energy is captused and eventu-
ally used to form ATP molecules. A number of palsons, such as
cvardde, cawse death by binding to and blocking the function
of evtochromes.

Hhtmthrdedm-‘genm:eﬂtﬂum&ph‘atmnndthe
reason we breathe to take in oxvgen? Oxvgen is the final sccep-
tor of elecirons from the electron transport chain. COxvgen
recelves the energy-spent electrons from the last of the carriers
{Le, eviochrome oxidase}. Affer receiving electrons, oxvgen
combines with hvdrogen bons, and water forms:

O+ 2 +2H

Hiy

The critical robe of oxvgen as the final acceptor of electrons
during cellular respiration is exemplified by noting that if oxygen
is mod present, the chain does not funchion, and no ATF & pro-
duced by mitochandria. The Bmited capacity of the body o form
ﬁJ‘Phawwtlnlﬁmnnlh#&ulmiheeleﬂmnHchham
mieans that death eventually results if oaopgen is not available.

Cycling of Carriers
When NADH defivers high-energy electrons to the first carrier of
the electrom transport chaln, enough energy has been captured
by the time the elecirons are received by O, to permit the produc-
tion of three ATF molecules. When FADH, delivers high-energy
electrons to the electron transport chain, two ATF are produced.
Crace MADH has delivered elecirons to the dectron trans-
port chain and has become NAD?, it is able to return amd pick
up more hydrogen atoms. The reuse of coenzymes increases
cellular efficiency, because the cell does not have o constantly
make new MAD*; it simply recycles what ks already there.

The ETC Pumps Hydrogen lons.  Essentially, the electron
traneport chain consists of three protein complexes and two car-
riers. The three protein complexes are the NADH-O reductase
complex the cvtochrome reductase complex, and the cvtochrome
oxidase complex. The twao other carriers that transport electrons
between the complexes are coenzyme ) and cytochrome ¢
(Fig. 3.8).

We have already seen that the members of the electron
tramsport chain accept elecirons, which they pass from one to
the aother via redox reactions. 5o what happens to the hydrogen
bvns (H*) carried by NADH and FADH,? The compleves of the
electron transport chain wie the energy released during redox
reactions to pump these hydrogen jons from the matrix into the
intermembrane space of a mitochondreion.

The wertical arrows in Figure 3.8 show that the probein
complexes of the electron transport chain all pump H* into the
intermembrane space. Energy obtained from electron passage
is needed, becanse H* jons are pumped and actvely trans-
ported agaimst their gradient. This means the few H” bons in the
matrix will be moved to the intermembrane space, where there
are alreadv many H* ions. Just as the walks of a dam hold back
water, allowing it to collect, 50 do cristae hold back hydrogen
tons. Eventually, a strong electrochemical gradient develops;
about ten Hmes as mamy H* are found in the intermembrane
space as ase present in the matrix.

The ATF Synthase Complex Produces ATF. The ATFP
synthase complex can be likened o the gates of a dam. When the
gates of a hydroelectre dam are opened, water rushes through,
and electricity (energy] is produced. Simikardy, when H* flows
damngruimﬁfmm&mhbmﬂnhrmspmemﬂwmm
the enzyme ATP sinthase synthesizes ATP from ADP + (F). This
pmmuhu[hdduﬂmnmh,b&cm&ﬁpmﬁmhmuﬁedh
tie establishment of an H* gradienl,

Once formed, ATP moves out of mitochondria and is used
to perform cellular work, during which it breaks down to ADP
and (). These molecules are then returned to mitochondria
for recveling. At any given time, the amount of ATF in a homan
wold sustain life for onby about & minute; therefore, ATP
synthase must constantly produce ATE It is estimated that
mitochondria produce our body weight in ATP every day.

Active Tissues Contain More Mitochondria.  Active tis-
sues, such as muscles, require greater amounts of ATF and have
more mitochondria than less active celle. When a burst of energy

is required, however, musches stll ubilize fermentataon.
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Figure 3.8 Orgonization ond function of the electron transpart
chain. The clectron frarsport chain |5 lecoted in the mitcchondeiol
cristoe. MADH and FADH;, bake: slectirans to the ebactron ronsport chain
Az clockons mowe from ane prodsin comples to the other wio redox
recclions, energy is usod io pump hydoogen lons [H7) o e mabs o
the infermembans spoce. A hydrogen |lons flow down o concentrobion
gmodient ¥om the mMermembrone spoce inio the mitochondnal motris, ATF
I= syntheszed by the enzyme ATP synthose. For every pair of electmons
thot enters by way of NADH, thies ATP result. For eveny pair of electrons
thot enters by woy of FADH, . o ATF result. Osygen, the final occepior of
the electrons, becomes a port of woter. ATP leoves the matrix by way af o
channel protein.
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psis and the citric acid cydle {io the leff], as well
i produced as 4 result of electrons passing down the
transpaort chain (ko the sightl. A maxinum of 32 o M ATP

o mainky r 1 ut the barmyard. unwhpﬂdt-:edh:,u-ealmuaupmchmu
Energy Yield from Glucose Metabolism Substrate-Level ATP Synthesis

Figure 3.9 calrulates the theoretical ATP vield for the complete Fughh:mem.\heuh there is & mef gain of two AT Fom gheolysis,
breakdiwn of glocose o OO, and HLO during cellular respiration. which takes place in the cyfoplasm. The citric acid cycle, which
Notice that the diagram includes the number of ATF prodoced mnusmmenmmuimltﬂmnlﬁa,mmunﬂﬁwmuﬂTPpar
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molerule. This means that a total of four ATP ane formed by
substratedevel ATP symithesis outssde the electron bransport chain.

ETC and Chemiosmosis
Most ATP s produced by the electron transport chain and
chemiosmosis. Per glucose molecule, ten NADH and two
FADH, take electrons to the electron transport chain. For
each MADH formed frside the mitochondria by the atrc
acid cycle, three ATP result, but for each FADH,, only two
ATP are produced. Figure 3.8 explains the reason for this dif-
ference: FADH, delivers its electrons to the transport chain
after NADH, and therefore these electrons do not participate
in as many redox reactions and don't pump as many H" as
NADH. Therefore, FADH, cannot account for as much ATP
production.
Efficiency of Cellular Respiration
Figure 3.9 provides the theoretical ATP for each stage of cel-
lular respiration. However, we know now that cells rarely ever
achieve these theoretical values. Several factors can lower the
ATP yield for each molecule of glucose entering the pathway:
= Insome cells, MADH canmd cross mitochondrial

membranes, but a “shuttle” mechanizm allows (& electrons
i be delivered bo the eleciron irnsport chadn inside the

mitochondria. The cost to the cell is one ATF for each NADH
that is shuttled to the ETC. This reduces the overall count of
ATP produced a5 a result of glycohysis, in some cells, to four
instead of six ATP.

* Al times, cells need to expend energy o move ADP
muolecubes and into the cell and to establish
protein gradients in the mitochondria.

There Is still considerable sesearch imlo the precise ATP
yield per glucose molecule. However, most estimates place the
actial yield at asound 30 ATP per glucose, Using this aumber
we can calculate that only between 32 and 39 percent of the
available energy is usually transferred from glucose ko ATF. The
rest of the energy is lost in the form of heat.

In the next section, we conskder bow cellular resplration fits
into metaboliam as a whaole.




124

3 5 Metahuhsm

=T

LT R = L = S =it P i T
| Upon completion ef this section, you should be able 1o
1. Compare the pathways of corbohydrate, Tol, and protein
calabodismm.
2. Explain how the structune af mitechondrio and chilenoplasts
enables a flow of energy through ving argonims.

Key metabolic pathways routinely draw from pools of par-
theular substrates needed to wnthuhe or degrade larger
molecules. Substrates like the end product of glveoly-
sis, pyruvate, exist as a pool that is continuously affected
by changes in cellular and environmental conditions (Fig.
3.10). Degradative reactions, termed catabolism, that break
down molecules must be dymamically balanced with con-
structive reactions, or anabollsm. For example, catabolic
breakdown of fats will occur when insufficient carbody-
drate i present; this breakdown adds to the metabolic pn-n]
of pyruvate_ When energy needs to be stored as fat, pyruvate is
taken from the pool. This dymamic balance of catabolism amd
anabolizm is essential to optimal cellular function.

Catabolism
We already know that gluecose is broken down during cellular resps-
raton. However, other mobecules Hke fats and proteins can also be
broken down as necessary. When a fat &= wsad as an energy source,
it breaks down to ghverol and three fatty achds. As Figure 310
indbcates, ghveerol can be converted o ptmvabe-m‘;denl&ts!].-
colysis. The fatty acids are comverted o 2-carbon acetyl CoA that
enters the ciiric arjzlﬁ'de An 18-carbon fatty ackd results in nine
acetyl CoA molecules. Cakuhlmnsmlhair&.pumm of these
can produce a total of 108 ATF molecules. This is why fals are an
efficlent form of stored energy—the three long fatty acid chains
per fat molecule can produce considerable ATP when needed.
Proteins are less frequently used as an emergy source, but
they are available as necessary. The carbon skeleton of amino
acids can enter glvcolysis, be converbed o acetvl groups, or
enter the ciric acid cycle at some other juncture. The carbon
skeeleton 15 produced i the bver when an amino acid undergoes
deamination, or the removal of the amino group. The aming
group becomes amemonia (NH,), which enters the urea cycle
and becomes part of urea, the primary excretory product of
humans. Just where the carbon skeleton beging degradation
depends on the length of the B group, since this determines the
number of carbons left after deamination.

Anabolism

We have already seen that the bullding of new molecules
requires ATP pmduced during breakdown of molecules. These
catabolic reactions also provide the basic components used
to build new motecules. For example, excessive carbolwdrate
intake can result in the formabion of fat. Extra G3P from gly-

cobysis can be corverted bo glyeerol, and acetyl groups Fom
glveolysis can be joined to form fatty acids, which in hurn are

[t [t ] =
T A
vy

Figure 3.90 The metabolic pool concept.  Corbohydroses,
fobs, ond proteins con be used os energy Sources, ond their Monomers
[corbohydrofes ord probains) or subunits fots) emer degrodotive
poftwoys at specific poénts. Catobolism produces molecules thst con
olso be used far onobalism of other compounds

used to syntheszize fat. This explains why you gain weight from
eating too much candy, ice cream, or cake.

Some substrates of the citrde acid cyele can be con-
verted to amino acids through transamination—the transfer
of an amino group o an organic ackd, forming a different
amino actd. Plants are able o synthesize all of the amino
ackds they need. Animals, however, lack some of the
enzymes necessary for synthesis of all amino acids. Adudlt
humans, for example, can synthesize 11 of the common
amino acids, but they cannot synihesize the other 9. The
amino acids that canmot be synthesized must be supplied by

o e g, o e - B i e noes - L B ucaran
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the diet; they are called the essential amino acids. The
aming acids that can be synthesized ase called nones-
sential It ks quite possible for animals to suffer from
protein deficlency if their diets do not contain adequate
quantitbes of all the essential amino ackds.

The Energy Organelles Revisited

The equation for photosynthesis ina chloroplast is opposite thai
of cellular respiration in a mitochondrion (Fig. 3.11):

esis
enorgy + 600 + 6 HD S————*= CHulL+ b0,
calular respiabion

While you were studying photosynithesis and cellular respira-
ton, you may have noticed a remarkable similarity in the stroe-
tural organization of chloroplasts and mitochondria. Through
evolution, all organisms are related, and the similar organiza-
tom of these organelles suggests that they may be related also.
The two organelles carry out related but -uppueuhe- processes:

1. Use of membrane. In a chloroplast, an inner membrane
forms the thylakosds of the grana. In a mitochondrion, an
inner membrane forms the comvoluted cristae.

2. EHectrow tramsport clain (ETC). An ETC &5 located on the
thylakoid membrane of chloroplasts and the cristae of
mitochondria. In chloroplases, the elecirons passed down
the ETC have been energized by the sun; in mitochondria,
energized electrons have been removed from ghucose and
glucose products. In both, the ETC establishes an electro-
chemical gradient of H* with subsequent ATP production
by chemiosmosis,

3.  Emcymes. In a chloroplast the stroma confains the enzviees
of the Calvin cycle, and in mitochondria the matrix con-
tains the enzymes of the chric acid cyele. In the Calvin
cvcle, NADPH and ATF are used to reduce carbon dioxide
ko a carbohydrate. In the citric acid cyele, the oxidation of
plucose products produces NADH and ATP.

Flow of Em:rg}r

The ultimate source of energy for producing a carbolydrate in
chloroplasts s the sun; the ultimate goal of cellular respiration
in a mitochondrion is the conversion of carbohydrate energy
indo that of ATP molecules. Therefore, energy fows from the
sun, through chloroplasts to carbolvwdrates, and then through
mkochondra o ATP molecules.

This flow of energy maintains biologhcal organization at all
levels from molecules to organisms to ultimately the biosphere.
In keeping with the energy laws, some energy s lost with
each chemical transformation, and eventually the solar energy
captured by plants is lost in the form of heat. Therefore, all life
depends on a continual input of solar energy.

Although energy Aows throwgh organiames, chemicals cycle
within matural systems. Aerobic organisms wilize the carboly-
drate and oxvpen produced by chloroplasts to generate energy
within the miochondria fo sustain life. Likewise, the carbon

Figure 3.11 Photosynthesis versus cellular respiration.
In photosynthesis (foo), woler s addized ond cxygen s relecsod: n

ceflular respeoiion [bodiom), oaygen ks reduced bo woaler. Boéh processes
hawve an electron transpodt chan locofed within mombsones. (fhe grana
of chiaroplosis ond the cristoe of miochondna), whene ATP s produced

by chemiosmosis. Both howe enzyme -cololyzed resctions within the
semifluid interios in photosynthesis, CO, is reduced to o carbohydrote: in
cefiular respieation, o corbohydrate |s oxidized 1o COy

divxbde produced by mitochondria returns to chloroplasts to be
wsed in the manufacture of carbolwdrates, producing oxvgen
as a by-product. Therefore, Ehhmp]asﬁ. and mitochondria are
instrumental in mot ondy allowing a fow of energy through lving
organisms but also permitting & opding of chemicals.

Ehl!::k Your ng'ess as

1. Evaluate how colabalam and anabalism are bolanced
within o cell

2. Compare the structure and function of chioroplests and
mmitochandria.
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bay-preducts like aleohed or loctic oeid. 2.4.2 5.3

All orgonisms—anchasa, baclerdo, and eukoryoles—use either anoerobic or oerobic cellular respirotion 1o ransfer free
energy 1o the bonds of ATF, the energy currency of the cell; this energy con be used to power cell processes. 18103

White the first steps of cellulor respination reguire no oxygen, cerobic conditions ore essentiol for the function of the
electron ranaport chain, In the absence of O, fermentation occws o eke out smoll amounis ol ATP bul creates waxic

The alow, step-by-step entymolic procecses of glyeslysis ond the Krebs cycle metobolize corbohwydrotes tn waterand
€O, cllowing slow relense of free energy thot is caplured in the creation of ATP by the eleciron franspart chain; the
remaining energy iz lest as heat. 2A 115 20 2a1-4. 48 1he

MAD and FAD ferry electrons ond H* jons 1o the eleciron tronsport chain where they power ATP production by

chemiosmosis. 2.0 214, 2 .4 2 0.3-4

The final election occeplod in aerobic cellular respiration s OXYGEN. 2A e IE

i y

The double-membrane struciune of the mitochandrion prmﬁ:lu.h:rr_-nud surface area and H'H:IH.E
comparimentalization of Krebs cycle enzymes and electron fronsport choin functions: 4.4 2.41-3

In cellular respiration, corbohydrotes of other groups of organic malecules are oxidized while oxggen is reduced,
producing water; the “waste products” of respiration are the row materals of photosynthesis. Enengy Rows, bl

maoleciiles recycis 4.8 6o

B SUMMARIZE

AP Answering the Essentiol Questions

Living orgonisms requare free energy for life processes such os growth
and reproduction. All organesms corry out some form of cellulor res-
pirotion os on energy-procuring siroleguy, whether or not ouggen =
present. Although cellulor respirotion ond photosynthesis evolwed
Independently. todoy they ore interdependent processes. in photo-
synthesis, woter B codized ond ocxpgen = refeosed; in respinotion,
cuygen is reduced to woter. Both hove on elecron transport chain
embedded within membrones, where ATP is produced by chemiosmo-
sis, ond both hove encpme-cotolyred recctions within the semi-fued
mtesior of chloroplosts and mitochondna. In pholosynthesis, 00, =
reduced 1o o corbohydrote, whereas in resparation, o corbohydrote s
ouidized to 0, through axidotion-reduiction (redax) reoctions. Do you
see similorites between the chemicol eguotion for ceflulor respeotion
below ond the equotion for photosynthesis?

CHO; + B Oy = & 00, + 6H;0 4+ energy

The compiete breokdown of glucose occurs in four phoses:
glycolysis, on mtermediote reoction, the citric ocid or Krebs cycle,
ond the electron tronsport chain. Glycolysis occurs in the cyloplosm
of cefls ond prodweces pyreabe, which enters the mitlochondrion if
oaygen is ovoiloble. The mitochondron is the site of the citric ocid
or Krebs cgcle; eoch stoge of the oycle generotes electrons {e7)
from coddation reactions. Also, inside the mitochondrion, the electron
tron=port choin (ETC) receiwes the electrons thot were nemowed from
glucose breakdown products. If oxygen is present, the theoneticaol
energy yield per gluccse molecule is 26 to 38 ATP, depending on the
particular cedl

Glyeolysis Let's explore the sioges of cellulor respirotion in more
detail, beginning with gycolysis. Scentists thank thot glycolysis evolved
in oncient proboryoies o moke ATP before cuggen wos present @
Earh’s atmosphere jremember from our study of photosynthesis thot
opprecioble quontities of l:'_'l:I did not ocosmulote in the otmosphene
until cyonobocterio begon photosynthesizing). Glycolyss begins with
omne Cp glucose molecule ond ends with two C; pynmrote molecules.

R G e Hil E dicnion
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CHAFTER 3 Callular Respiration

Destobilizing glscose requeres an initiol investment of enengy in the
form of ATP [dont worny; the cell will get it bock?), Ax glucose is metobo-
lened, the bonds ore receranged through o series of ereryme-mediobe
sheps, redeasing free energy to form ATP from ADP ond inceganic phos:
phaote, nesulting in the production of pyruvate fremember, we studied
enzymes and the malecular structure of ATP, a nuclectide, The net goin
of baen ATP molecules con be colculoted by subtrocting the tao invested
to stort the process from those produced during the enengy-horeesting
sbeps (you don't hove o memorize ofl the substrobes, ereymes, ond
products in giycolysis or the citic ocid cycle, but if provided with dio-
gromes, you should be able to tnderstond the underlying conceptsh

The type of ATP synthesis that ocours in ghpcolysi is referred to
os substrote-level phosphorglotion becouse it does not require on
electron tronspont system ond chemiosmasis. Substrotes porticipoting
in the reaction ore oriented on on enzyme that focilitotes the fronsder
of o phosphote group to ADP. producing one ATP motecute. i onygen
is present |oemobic cellulor respinotion), the end-proded of glyooly-
siz=—pynnote—is tronsported from the cytoplasm to the mitochondrion,
whene further cxidotion oocurs. If oxygen & not present fermentotion
ond onoerobic respiration), ATP & only produced by substrote-level
phosphoryiction. In olcohol fermentotion, pyruwole is cormverted 1o
ethanol during loctic ocid fermentotion, pyruvole & reduced o form
loctoie os on end-prodsct. Mony microorganisms ooy out fermendn-
tion and anoencbic respiration; without these proces=es, breod would
not rise, ond we wouldnt hove yogurt, cheese, or soy souce. Humon
miscle oells moke ATP by loctc ocid fermentotion when owygen s
scorce, perhops leading to muesdle cromps.

The Krebs cycle The next singe of oerobic respirotion, known
os the ctric ooid cycle or the Krebs cycle, oocwrs in the mitochondsion
The stucture of the mitochondnon = similor fo the sbudure of the
chilomnoplast o mitochondrion & bounded by o double membrone with
on intermembrone spoce locoied beteween the cuter ond inner mem-
brone. The inner membrone folds o increose surfoce area, foming the:
sheidf-ice oristoe. Eleciron tronsport choins ore embedded in cristoe
In the citric ocid oycle, 00y & releosed from intermediobe cogonic mot-
ecutes. and ATP = synthesized from ADP ond inorgonic phosphobe by
substrote-leved phosphonylaton Electrorns extrocied from the imtenmedi-
ate orgonic molecules are comied by HADH ond FADH, o the electron
onspart chaing

The electron transport chain  The electron transport chain s
locoted in the méochondriol crstoe. Electrons delvered by MADH and
FADH, aore possed to a series of eleciron occepiors embedded in the
membrone os they move towond the finol electon occepion orygen
A= ehectrons ore passed from one profesn complex to onother vio redox
rections, hydrogen ions (H*) from the motrix jcytopiosm of mtochon:
drion] ore fronspored into the intesmembrone spoce. creating o proton
grodient. The flow of protons bock through membrone-bound TP syn-
those by chemicemosis generotes ATP from ADP ond inorganic phos-
phate. For ewery pair of efectrons that erters by woy of HADH, three ATP
result; for every poir of electrons thot emers by woy of FADH,, bea ATP
result. Cwygen, the finol edeciron oooeptor, becomes: port of waber. ATP
leaves the motris by woy of o chonnel proten, where it con be u=sed to
power oeliulor processes.

A= wos presiousiy stoted, the stoges of oerobic cellular respinotion
con yield 36-38 ATP, depending on cell tiype. Other foctors moy redsoe
the efficiency of respiration. For exompie, cells differ in their ability to
deliver eleckons comied by NADH generted outside the mitochondna
Wie've focused on the metobolism of glecose, but other corbohydrotes,

fots, ond protemns con be wsed os energy sources, and their monomers
or subunis enter degrodotve pothwous ot specific points. The path-
woys of cellulor respination ore reguioied by ofosteric enzymes ot key
points in gligoolysis and the citric ocid oycle, utsunlly by feedbodik inkhibs-
tion to conserve rescurces when too many intermediote: or end-pradiscts
ocoumuloie m the cefl

B ASSESS
Choaose the best onswer for eoch guestion

21 Owerview of Cellular Respiration

1. The metobolic process that produces the most ATP molecules is
o glycolysis.
b the citric ocid cycle.
. the efection tronsport choin.
d femenmtotion,

2. Which one of these pothwoys would not be octive in an oerochic
condition?
o glycolysis
b efediron tronspeet chon
. citric ocid cycle
d fermeniotion

3. The reduction of HAD* produces
o ocehf Col
b pyrsote
. MADH.
d ouygen gos.

3.2 Outside the Mitochondria: Glycolysis

4. During glycolysis, whot is the net productson of ATP per ghecose
modecule?
a D c B8
b2 d. 32

5. The prooess of ghpoolysis occurs where in the cedl?
o chicroplosts
b. mitoccondricn
. nucleus
d. cyloplosm

&. Which of the following is not produced by glpoolysis?
o HADH
b pynreote
. ATP
o FADH

3.3 Outside the Mitechondria: Fermentation

7. Which of these & not rue of fermentobon?
o Theme & a net gain of only two ATP per glucose.
b B occurs in cyoplosm.
. MADH donates electrons to the electron tronspost chaoin.
d R begins with glucosze,
B. Fermentotion is primarily invoived in the recycling of
o ADR
b MADY.
. oRygen.
d. glucose.



2.4 Inside the Mitschondria
9, The greotest contributor of electrons to the electron fonsport

chain i

0. Oxpgen.

b. glycolyse:

c. the citric ood cycle.

d. the prep reoction.

10 Which of these is not bue of the citric ocid cycle?

0. The diric ocid cycle indudes the prep reocton.

b. The ciric ocid oycle produces ATP by substrote-level ATP
synthesis.

c. The ditric ocid cycle occurs in the mitochondria,

d. The oftric ocid cycle produces two ATF per glucose molecule.

L Which of these is not bue of the eleckron Bonspaort chaoin?

a. The electron onsport chomn is locoted on the cristoe of the
mitochindria.

b. The electron ronsport chaoin produces more MADH thon any
metobolic pothwaoy.

. The electron bonsport chomn comioins ciocheome mobecules.

d. The electron ronsport chain ends when ooygen oooepts
electons.

12 The cuygen reguired by cellular respaotion is reduced ond
becomes part of which molecule?
o. ATP
b. HO
. pynnvabe
d. GOy

3.5 Metabalism

1. Fotty ocds are broken down o
0. pyruvate molecules, which toke efedirons to the eleciron
tronsport chain
b. ocetyl growps, which enter the otric ocid cycle.
. glycerol, which is found in fots.
d. &l of thewe ore comect.
4. Which of the following & not common to the chioropiost ond
mitochondrio?
o. Both use membrones to estoblesh grodients.
b. Eath hove on ETC
o Baoth use sunlight o5 o sowrce of enengy.
d. Both use o vanety of enzymes.

B ENGAGE
AP Applying the Big Ideas

1 mhmhbdm‘nﬂutnrgmﬁn'ﬁﬂmmmucum
core processes ond features thot evolved ond ore widely distribe
uted omong orgonisms todoy. Defend this cloim using TWO pieces
of evidence from metobolic paothwaoys.

E.mcm:tmcuplcnnﬁmdﬂummmmﬂm
tural fectures of CELLS thot ollow orgonisms to copture. store o
use free energy.

0. Describe TWO mechonisms or stucturol featuwres of cells
employed for v=e in photosynthesis.

b. Exploin how the tes feotsnes gou descibed inpart o) function
o aliow crgonisms to copluee, store or use fres energy

3. m&n'rgtﬂlulnrmplm,mMmdmub:plndmd
by outotrophs one broken down to ocgquire enengy for cells
0. Drow o model of o mochondmon ond lobel ot leost TWO
impartont feotes.
b. Exploin how TWO of the fectures you labeled in part o} pro-
wide essential functions for the cell

AP Applying the Science Practices

How does virol infection offect cellulor respiration? Infecton by
virses can significantly offect ceflulor respiration and the oblity of
cells to produce ATP. To test the effect of viral infection on the stoges
of ceffulor respination, cells were infected with o vinus, and the omount
of knctic ocid ond ATP produced were measuned.

']
8 ae
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Think Critically =2 35 &

1. Amolgre how the virus offected loctc ocd prodection in the cells.
2. Coloulote After B hows, by whaot percentage was the loctic ocid
higher in the virus group than n the control growp? By whot

percentoge wos ATP production decrensed?

3. Inffer why hoving o wirus such os the fls méght make o person
feel tired.

Copyrgin © MG s HilEdcotm



A coll moy become CONCEroUs whan the reguioton of codl diision hals

AP The process of cell division ks highly reguinied. In humaons, life begins as o single
cell, yet ima verny short peried of time the process of cell division produces trillions
of cells, each specialized for o porticudor function. Ower 200 different tupes of cells
are found i the humaon body, although eoch is specialized, they oll work together in
hormiony.

But what hoppens when the regulation of cell division falls? In the United States
this year, owver 76,000 individuals will be diognosed with melonoma, a form of
skin cancer, and around 9,500 pecple will die from this disease. In many Instances of
melanoma, exposure i ultrowviolet rodiotion (U] from the sun hos coused a mutation
in the regulatony mechanisms of the cell cycle. Without proper reguiotion, cell
division oocurs continuously, @ choracteristic of cancer. For melonoma, this
lo=s of cell cycle control results from o mutotion in o gene known as COKNZA
This gene is on exomple of o tumor suppressor gene, one of the key regulotory
mechanisms of the cell cycle. In this chapter we describe the process of cell division,
how it Is reguloted, ond how concer may develop when reguloton) mechanisms
mizdfunction.

As you read through the chapter, think about these Essentiol Questions:

1 Why do oll cells—archoea, bocteria, ond eukoryotes—hove to divide? Whot does
this suggest obaut the evolution of the process of cell reproduection? 38030

4 Whaot is the normal sequence of events in the process of cellular reproduction in a
eukaryotic cell? 308 RS

2. How do internol and extermol signals reguiote the cell cuycle? What s the relotion-
ship between caoncer and this regulotion? A a2 JE

FDLLDWING the BIG IDEAS

The Cell Cycle
and Cellular
Reproduction

CHaAPTER QOUTLINE

44 The Cell Cucle 130

4.2 The Eukoryotic Chromosome 133

4.3 Mitosis and Cytokinesis 134

4.8 The Cell Cycle and Cancer 0
Frokaryotic Cell Division 43

For unicellulor orgonisms, cell division results in the formation of bwo new orgondsms, while in mutticellular orgontsmes

it is the bosis of growth and repair.




4.1 The Cell Cycle

| Upan campletion of this section; you should be able o

1. List the stoges of interphase, and deseribe the M
events that oecur during each -.ﬂnge n preparaison for cell
division.

2. List the checkpainis tel regulote the progression of cells
threugh the el cptle.

3. Explain the mechanisms within the G, cell cytle checkpaint
that eveluste g'l'.‘l'ﬂ‘lh signnls. deberming Aubhen
ovailability, ond ossess DNA integrity.

The cell eycle = on orderly set of stoges thot tokes ploce
between the time o eukaorgotic cell divides and the time the
resulting doughter cells also divide. When o cell is going to
divide, it grows larger. the number of crganelles doubles,
and the omount of DMA doubles as DNA replicotion occurs.
The two portions of the cell cycle are interphase, which
includes o number of stoges, and the mitotic stoge, when
mitosis and cytokinesis oocwr

Interphase

A= Figure 4.1 shows, most of the cell cycle is spent in inter-
phase. This is the time when a cell performs its usual func-
tions, depending on its locotion in the body. The amownt of
time the cell takes for interphose waries widely. Embryonic
cells complete the entire cell cydle in just o few howrs. For
odult mommalian cells, interphase losts for abowt 20 hours,
which is 80% of the cell cycle. in the past, interphase was
knowin as the resting stoge. Howewver, todoy it is known
that interphose s very busy, ond thaot preporotions ore
being mode for mitosis. Interphase consists of three stoges,
referred to as G, 5, and &,

G, Stage

Cell biologists nomed the stoge before DMA replication G,
and they nomed the stoge ofter DMA replication & & stood
for “gap,” but now thot we know how metobolically octive

G, checkpoing

Cofl cycla main checkpoit.
B D#A s camaged. apoplosis
will cooue. Ofhorwisa, tha coll
& committod 1o dbvde whon
growth dhqnais are present
and nutnents are availabia.

Figure 41 The cell cycle. Cails go throwgh o cycle that consists of
jour stoges: G, 5. 5, ond M. The major octivibies aond checkpoints for each

shoge ore ghwan.

the cell is, it s better to think of & os stonding for “growth.”
During G, the ceil recovers from the previous division. The
cell grows In size, increoses the number of organelles (such
as mitochondrio and ribosomes), ond oocumulotes materi-
als that will be used for DNA synthesis. Othenwise, cells ore
constontly performing their normal daoily functions during
G,, Including communicating with other cells, secreting sub-
stonces, ond cornging out cellulor respiraticn.

Some cells, such as nerve and muscle cells, wypically do
not complete the cell cycle and ore permanently omested.
These cells exit interphose ond enter o stoge called G, While
in the G, stoge, the cells continue to perform normal, every-
doy processes, but no preparations are belng mode for cell
division. Cells may not leave the G, stoge without proper
signols from other cells ond other parts of the body. Thus,
completion of the cell cuycle is very tightly controlied.

5 Stage

Following G,, the cell enters the 5 stoge, when DNA synthe-
sis, or replicotion, ococurs. At the beginning of the 5 stage,
eoch chromosome is composed of one DNA double helix
Following DMNA replication, eocch chromosome s composed
of two identical DNA double helix molecules. Each double
helix is colled o chrematid, and the two identical chromao-
tids are referred to os sister chromatids. The sister chro-
matids remoin attached until they ore separoted during
mitosis.

G, Stage

Following the 5 stoge, G, is the stoge from the completion
of DA replicotion to the onset of mitosis. During this stage,
the cell synthesizes the proteins thot will assist cell division.
For exomple, it mokes the proteins thaot form microtubules.
Microtusbules are wsed during the mitoctic stoge to form the
mitotic spindle that §s critical during M stoge.

M (Mitotic) Stage
Following interphose, the cell enters the M (for mitotic) stoge.

This cell division stoge includes mitasis (nuclear division)
and cytekinesis {division of the cytoplosm) During mitosis,

Gy checkpolmt
Macsis chockpoint.
Maosis will occur
if Dh& has
replicated progerly
Agcptas will
oocur i the DRA s
damaged and
cannot bo ropaied
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CHAPTER 4 The Cell Cycle ond Cellutor Beproduction

Cell rounds Chromatin
g, amd mudeis condenses, amnd
colapsas naicleis fragments.

& 08

foamrL

121

Plazma membrane
blisinrs, and blels

Figure 4.2 Apoplosis. Apogioss is o sequence of ewents thot results in o frogmented cell. The frogments are phogooytized jenguied) by white blood

cefls and meighboning tissue cells.

doughter chromosomes ore distributed by the mitotic spin-
dle to two doughter nuclel When divisicn of the cytoplosm
is compiete, two dowghter cells ore present

Control of the Cell Cycle

& signal is an ogent thaot influences the octivities of o cell
Growth factors are signoling proteins recened ot the plosma
membrone. Even cells amested in G, will finish the cedl cycle
if stimuloted to do so by growth foctors. In general, signals
ensure thot the cell cycle stoges follow one another in the

normal sequence.

Cell Cycle Checkpoints

The red stop signs in Figure 4.1 represent three checkpoints
at wihich the cell cycle either stops or continues on, depend-
ing on the internal signals received. Reseorchers hove iden-
tified o fomily of imternol signoling proteins, colled cyelins,
that incregse and decrease as the cell cycle continues. Spe-
cific cyclins must be present for the cell to proceed from the
(5, stoge to the 5 stoge and from the &, stoge o the M stoge.

As discussed in the Big Ideo 3 feature, “The &, Check-
piodnt.” on poge 150, the primany checkpoint of the cell oycle
is the G, checkpaint. In mammalian cells, the signoling pro-
tein pS3 stops the cycle ot the &, checkpoint when DNA
s domoged. In the nome p53, p stands for protein and 53
represents its moleculor weight in kilodoltons. First. p53
attempts to initiote DA repalr, but nising levels of p53 can
bring cbhout apopiasis, which is progrommed cell deoth (Fig.
4.2). Another protein, called RE, is responsible for interpret-
g growth skignals and nutrient ovailobility signaols. RB stonds
for retinoblostoma, o cancer of the retina thot occurs when
the BE gene undergoss o mutation.

The cell cycle moy olso stop ot the G, checkpaint if DNA
fvxs not finished replicoting. This checkpoint prevents the
imitiation of the M stoge before completion of the 5 stoge. if
DM s physicolly domoged, such as from exposure to solar
rodiation or X-roys, the &, checkpoint also offers the oppaor-
tunity for DMA to be repoired.

Another cell cycle checkpoint occurs during the mitotic
stoge. The cycle stops if the chromosomes ore not properly
attoched to the mitotic spindle. Normally, the mitotic spindie
ensures thot the chromosomes are distributed occurotely to
the dowsghter cedls.

Apoptosis

Apoptosis s often defined os programmed cell death,
becouse the cell progresses throwgh o typicol series of
events thot bring obout its destruction [Fig. 4.2, The cell
roumnds up, causing it o lose comtoct with iis neighbors. The
nuclews frogments, and the plosmo membrane develops
blisters. Finally, the cell frogments are enguifed by white
blood cells ond/or neighboring cells.

& remorkable finding of the post few years is thot the
enzymes thot bring obowt apoptosis, colled cospoeses, are
olways present inthe cell. The enzymes ore ordinarily held
in check by inhibitors, but they con be unleashed by either
internol or external signals.

Apoptosis and Cell Division. In living systems, oppos-
ing events keep the body in bolonce and maintain homeosto-
sis. Cell divislon ond opoptosis are two opposing processes
thot keep the number of cells in the body ot on oppropriote
lewvel Cell division increases ond opoplosis decreoses the
number of somatic (body) eells. Both ore normol ports of
growth ond development An ocsgonism begins as a single
cell that repeotedly dvides to produce mony cells, but even-
tually some cells must die for the orgonism to take shope.
For exomple, when o todpole becomes a frog, the tail disop-
pears as apopiosis occurs. Ino humon embayo, the fingers
ond toes are at first webbed, but then they ore usually freed
from one onother os a result of opoptosis.

Cell division ocours during your entire life. Even now, your
body is producing thousaonds of new red blood cells, skin cells,
and celis thaot line youwr respiratony ond digestive trocts. Also,
if you suffer o cut, cell division repoirs the injury. Apoptosis
occwrs all the time, too, particudarly  aon cbnormod cell that
could become cancerous appears of a cell becomes infected
with a wines_ Death through opopiosis prevents o tumor from
developing and helps Limit the spread of vinuses.
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summarize whot i happening ot eoch stage.

2. Explain what conditisns might eouse o cell to hall the eall
eyele and siate brisfly whers in the eyels this would aecur,

3. Discuss how apoplosis represents a regulofan evenl of
the cell eyele.



BIG IDEA 3: Information Storage, Transmission, and Response

The G, Checkpoint

Cell division & very tighily regulsted, =o
thiod only ceroin cells in on odult body are
octively dividing. ARer cell division oocwrs,
cells enter the G, siage, Lipon completing
iz, they will divide ogain, bul before this
happens they hove o pass through the &,
checkpoint.

The G, checkpoinl ensures. thot condi-
tions are right for making the commitmen 1o
divide by evaluoling the meoning of growth
signals, determining the ovoilobildy of no-
trients, ond astessing the imegrity of DA
Foilure to meet ony one of these criteria
results inoa cell’s hofting the cell cycle and
emtering G, singe, or undergoing opoploss
ifl the problems are Sewere,

Evaluating Growth Signals

Multiceliutor orgonisms tightiy contred cell
divisson, 5o thot it occurs onty when needed.
Signaling modecules, such os hormones,
may be Sen from nearby cells or distant tis-
sues o encouroge or discourage cells from
entering the cell cycle. Such signols moy
oouse o cell to enter a G, stoge, or complete
&, and enter the 5 stoge Growth signals
thod promote cell dwvision couse o cyclin-de-
pendent-kinose (CDK) bo odd o phosphate
group bo the AB protein, o major regulator
of the &, checkpoant.

Ordinarily, o protein colled EF =
bound 1o RE, but when RAB is phosphory-
lated, #s shape chonges and it melecses
E2F. Now, EZF bind= 0 DMA, octivoting
certnin genes whose products ore nesded
to complete the cell cycle [Fig. 4A0). Like-
wihe, growth signals prompt cells thot are in
5, stoge to reenter the & stoge, complete
it, and enter the 5 stoge. If growth signals
are sufficient, o cell posses thmough the &,
checkpoint and cedl division oo,

Determining Mutrient Availability

Just o5 experienced hikers ensure thael they
hove sufficient food for ther purney, o cell
enswres thol Autrient levels are odequote
before committing te csll division. For eaam-
ple, scientists know thot stonang cells in cul-
Lo Emrrﬁ-g.mﬂ'rutm, phosphate groups
ore removesd from BB (see resverse grows in
Fig. d&af; BB does not release E2F; ond the
proteins. needed to complete the cedl oycle
ore not produced. When nuilnents becorme
avaiboibie, CDKS bring about the phosphory-
lation of RB, which then refeases E2F |[see

forward amows in Fig. dAo) After EIF binds
to DA, the probems needed 1o complebe the
cell cycle are prodiuced. Thersfone, you con
see thatl eells do nol oodmmit bo divide undil
conditions are conduchee for them to do o,

Bssessing DNA Integrity

For cell divigion to ocour, DMA must be free
of errors and domage. The pS3 protein s
imvolved in this guality control function. Or-
dinarily, p53 is broken down becouse it hos
no job to do. In response to DNA domoge,
CDK phosphonylotes p53 [Fig. JAbL Now,
the molecule is not broken down ot usoal,
ond instead its level n the nuclees begins
to rige. Phosphorylated pE3 binds bo DiA;
ceitain genes ane octivabed, ond DNG negsr
proteing are produced. If the DA dosmuogpe
cannol be repoired, pb3 Lewels cortnue to
rise, and opopbosis is tiggered. I the dom-
oge s successfully repoired, p&3 levels
foll and the cell & ollowed to complete &,

stoge—o% long o= growth signols ond nutn-
ents ane pregent, for exomple.

Actualiy. many criteria must be met Tor
o cell to commil to cell divisian, and the foil-
ure to meet any one of them maoy couse the
cell cycle to be halted andfor opoptosis 1o
be initinted. The &, checkpoant is currently
on oreo of mtense reseogrch, becouse un-
dersbonding it hobds the key to possibly cur
ing concer ond to unleashing the power of
nonmal, healthy cells to regenerobe Esues,
which could be used to cure mony other hu-
man conditsons.

Questions to Consider

1. What = the potentiol effect of on abnor-
mally high level of o growth homaone
on the regulation of the cell cycle?

2, Why maght some concers be ossock
abed with o mutation in the gene encod-
ing the p53 protein?
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Figure 4A Regulotion of the G, checkpoint. 0. When CDE jcuclin-dependant-kinose] i nat
presant, 88 rotoirs E2F. When CDK is presont, o phosphonyioied R2 relnoses E2F, and ofter it binds

b DA, the proboins necessony lor completing codl dvision one produsced. B i I'JHA.lsd'-un'ﬂgnd.
p53 s not broken down; insieod, it ks imvolved in prodecng DMA repar enzymes ond in triggering

opopiosts whan repor s impossible.
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CHAPTER 4 The Cell Cycle ond Cellutor Beproduction

4.2 The Eukaryotic Chromosome
Learning Outcomes

Upan oempletion of this section, gou should be obie 1o

1: Expdain how DMNA becomes sufficsently compached 1o M
inside o nuclews
Z. Distinguish betwesn euchromatin ond heterochmmotin

Cell biclogist= and geneticists hove been oble to construct
detaoiled models of how chromosomes are orgonized. A
eukaryotic chromosome contodns a single double helix DMA
molecule, but it is composed of more than 50% protein. Some
of these proteins ore concerned with DNA ond RMNA synthe-
sis, but a lorge majority, termed histones, ploy primarily o
structurod rale.
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The five primony types of histone molecules are desig-
nated H1, H24, H2B., H3, and H4. Remarkobly. the amino acid
sequences of H3 ond H4 vary litle between orgonisms. For
example, the H4 of peas is only two amino ocids different
from the H4 of cottte. This similarity swuggests that few muto-
tions in the histone proteins howve occurred during the cowrse
of evolution ond that the histones, therefore, hove essential
functions for survival.

A hemon cell contoins at least 2 m of DMA, yet oll of this
DMA is pocked into o nucleus that is abowt & pm in diometer.
The histones are responsible for pockoging the DA so that
it can fit into swch a small space. First, the DMNA double helix
i= wound ot intervals aroend o core of eight histone mol-
ecules (bwo copies each of H24, H2B, H3. and H4), giving
the oppearonce of a string of beads (Fig. 4.3a). Eoch beod
is called o nudlecsome, ond the nucleosomes are said to be
Joined by “linker” DA

QU

= dowble hellx

a. Mucleosomes [beads on a string ™)

1. Wrapping of DFA
argumd histons protedns.

2. Formation of a theee-dimensanal
Zhgrag structura via hisicne H1
ard ofhes DNA-binding peotoins.

3. Locese colling Indo radlial kooges.

i Hadisl ioop comains

d. Haterochromatin

1400 ren

2. Metaphase chromosomss

euchromadin

4. Tight compaction of radial
loops to form helerochromatin

8. Motaphase chomosome Tormes
with the help of a probein scaffald

Figure 4.3 Struchure of the eukargotic chromosome.  Eukongotic colls comon neariy 2 m of DA, yot they must poc @ oll ingo o nucbeus that is
around & pm in diometer. Thus, the DA s compocied by wnecling it arownd DMA-binding proteins, colled histones, o moke Nucleosomes. The mxlecsomas
ore turther comported info 0 Dgog structune, which i then Solded upon iseld mony tmes 1o foem rodiol loops, which (s the usuol compoction stote of
euchromating Heterochromotin is fusther compocied by scofiodd proieins, ond hurthes compoction can be ochieved peior 1o mitosls ond melosks.



This string Is compacted by folding into o zigzog strec-
ture, further shortening the DMA strand (Fig. 4.30). Histone H1
appears to mediate this codling process. The fiber then loops
bock ond forth into rodial loops (Fig. 4.3c). This loosely colled
euchromatin represents the octive chromotin containing
genes thot ore being tronscribed. The DMNA of euchromatin
may be occessed by RHA polymerase and other foctors thot
are needed to promote tronscription. in foct, recent research
seems to indicote that regulating the level of compoction of
the DMA is on important method of controlling gene expres-
shon in the cell

Under o microscope, one often observes dork-stoined
fibers within the nucleus of the cell These oreas within the
nucleus represent o more highly compocted form of the
chromosome colled heterochramatin (Fig. 4.30). Most chro-
mosames exhibit both levels of compaction in a lving cell,
depending on which portions of the chromosome are being
used maore frequently Heterochromatin is considered inoc-
tive chromotin, becouse the genes contained on it ore infre-
quently transcribed, if ot oll.

Prior to cell division, o protein scoffold helps further
condense the chromosome into a form thot s chorocteris-
tic of metophase chromosomes (Fig. 4.32). No dowbt, com-
poct chromosomes are easier to move about thon extended
chromaotin.

Check Your Progress 4.2

1. Summarize the diflerences between euchmematin and
heterachrmomatin.

2. List the stoges of chramosome compacting, staring with o
single DMA stremd.

4.3 Mitosis and Cytokinesis
Leaming Outcomes

Upon compdetion of this secthon, you should be able 10
1. Explain how the cell prepares the chromosomes and
cenfrasomes prios 1o nuckear division.
2. Sumimarize the mojor events il otow during milosis and
cylokinesis,
3. Dicwss why human stem cells cominuously conduct
milosis.

As mentioned, cell division in eukongotes imvolves mitosis,
which is nuclear division, ond cytokinesis, which is division
of the cytoplosm. During mitosis, the sister chromatids are
separated and distributed to two doughter celis.

Chromosome Mumber

A5 we ohserved in the previous section, the DMA in the
chromoscmes of eukonyoies is ossocioted with various pro-
teins. When o eukonyotic cell is not undergoing division, the
DA ond ossocioted proteins ore loooted within chromating,
which has the oppeomance of o tongled mass of thin threads.
Before mitosis begins, cheomatin becomes highly coiled ond
condensed, ond it is eosy to see the indhiduol chromosomes.

Table 41 Dipleid Chromosome Numbers

When the chromosomes are visible, it is possible to pho-
tograph ond count them. Eoch species has o charoctenstic
chromosome number (Table 4. This is the full, or diploid
[@m), number (Gk. diplos, “twofold®; -eides, “like®) of chro-
maosomes that is found in oll cells of the individeol. The dip-
lodd number includes two chromosomes of eoch kind. Most
somatic cells of onimals are diploid. Half the diploid number,
calied the haploid (n) number (Gk. haplos, “simple, single"),
contains only one chromosome of each kind. The gometes
of animals (egg ond sperm) ore exampiles of haploid cells.

Preparations for Mitosis

During interphose, a cell must make preporotions for cell
division. These amangements include replicating the chro-
maosomes and duplicating most celiulor crgonelles, including
the centrosome, which will orgondze the spindle opporotues
necessory for the movement of chromosomes.

Chromosome Duplication

Dusring mitosis, o 2n nuclews divides to produce daughter
nuclei that ore atso 2n. The dividing cell is called the paremt
cell and the resulting cells are colled the dowghter ceils.
Before nudleor division tokes ploce, DNA replicotes, dwpli-
cating the chromosomes in the porent cell. This oocurs dur-
ing the 5 stoge of interphose. Mow eoach chromosome hos
twio identicol double helicol molecules. Eoch dowble helix
is o chwomotid, and the two identical chromatids are colled
zister chromatios (Fig. 4.4). Sister chromatids are constricted
and ottoched to eoch other ot a region colled the centro-
mere. Protein complexes called kinetechores develop on
either side of the centromere during cell division.

Dwring nuclear division, the two sister chromatids sep-
arate ot the cenfromere, and in this wouy eoch duplcoted
chromosome ghves rise to two douvghter chromosomes. Each
doughter chromoscme hos only one dowble hetix molecule.
The dowghter chwomosomes are distributed equally to the
doughter cells. in this way, eoch doughter nucleus gets a
copy of eoch chromosome that wos in the porent cell

Division of the Centrosome

The ceptrasame |Gk centrum, “center”; sama, “body”), thie main
microtubute-orgonizing center of the cell. also divides before
mitosis begins. Boch centrosome in an animol cell contains a
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sisior chromatics
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Figure 4.4 Duplicated chromosomes. A cupicoted cheomosome
conbains hwo sister chromofids, @och with o copy of the soame genes. a.
Electron microgroph of o highly coilled ond condensad chromosom,
bypicol of o nuciews obowt 1o civice. b. Diogrommabc drowing al o
condensed cheomosome. The chromatids ane held together ot o region
collod tha cemiromaent.

poir of bomel-shoped orgonelles colled cemtrioles. Centricles
are not found in plant cells.

The centrosomes ocrganize the mitotic spindle, which
contoins many fibers, eoch of which (= composed of o bundle
of microtubules. Microtubules are hollow cylinders mode up
of the protein twbwlin. They ossemble when tubulin subunits
join, and when they disossemble, tubulin subunits become
free once more. The microtubules of the cytoskeleton disos-
semble when spindle fibers begin forming. Most Llkely, this
provides tubutin for the formation of the spindle fibers, or
it may allow the cell to chonge shope os needed for cell
diwision.

Phases of Mitosis

Mitosis is o continuous process that is arbitrorily divided into
five phases for convenience of description: prophose, pro-
metophose, metophose, anaphase, ond telophase (Fig. 4.5).

Prophase

it is opparent during prophase thot nuclear division s abowt
to oCcur, becowse chromatin hos condensed and the chro-
mosomes ore visible. Recoll thot DMN& replicotion occumed
during interphase, ond therefore the parental chromosomes
are oireody duplicoted and composed of two sisler chromo-
tids held fogether ot o centromens. Counting the number of
centromeres in disgrammaotic drowings gives the number of
chromosomes for the cell depicted.
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During prophose, the nodeclus disoppears and the
nucleor envelope fragments. The spindle begins to assem-
ble as the two centrosomes migrate owoy from one another.
I animal cells, an orroy of micretubules radiotes toword the
plosma membrane from the centrosomes. These structures
ore called asters. it is thought that asters brace the centrioles
during loter stoges of cell division. Motice thot the chromo-
somes hove no portdculor orentation, becouse the spindle
hos mot yet formed.

Prometaphase (Lote Prophase)

Diiring premetophase, preparotions for sister cheomotid sepo-
ration ore evident. Kinetochores oppear on each side of the
centromers, and these attach sister chromotids to the kneto-
chaore spindle fibers. These fibers extend from the poles to the
chromosomes, which will scon be locoted ot the center of the
spindle.

The kinetochore fibers ottoch the sister chromatids to
opposite poles of the spindle, ond the chromosomes are
pulled first toword one pole ond then toward the other before
the chromosomes come into alignment. Motice that even
though the chromosomes are attoched to the spindle fibers
in prometophase, they are still not in alignment.

Metophaose

Diuring metaophase, the centromeres of chromosomes are
now in alignment on a single plane ot the center of the cell
The chromosomes usuolly oppear os a stroight line across
the middie of the cell when wiewed under o light micro-
scope. An imoginory ptone that is perpendiculor ond posses
through this circle is colled the metgphase plote. It indicates
the future osds of cell division.

Severol nonottoched spindle fibers, colled polar spindie
fibers, reach beyond the metophose plote and overdop. &
cell cycle checkpoint, the M checkpoint, deloys the start of
onaphose until the kinetochores of eoch chromosome are
ottoched properiy o spindle fibers ond the chromosomes
ore properly cligned along the metophose plate.

Anaphase

A the start of onophase, the two sister chromatids of each
duplicoted chromosome separate of the centromere, giving
rise 1o two dowghter chromosomes. Doughter chromosomes,
each with o centromere and single chromatid composed of a
single double helb:, appear to mowe toword opposite poles.
Artually, the dowghter chromosomes ore being pulled to the
opposite poles os the kinetochore spindle fibers disossemble
at the region of the kinetochones.

Ewen as the doughter chromosomes mowve toward the
spindle poles, the poles themselves are mowving forther
opart, becowse the polor spindie fibers are sliding past one
onother. Microtubule-associated proteins, such os the motor
mdecules kinesin and dynein, ore imvolved in the sliding
process. Anophose is the shortest phose of mitosis.

Telophase

Dwring telophase, the spindle disoppeors os new nuclear
emnvelopes form oround the doughter chromosomes. Eoch
doughter nucleus contoins the some number ond kinds of
chromosomes as the originol parent cell Remnants of the
polor spindle fibers are still visible between the two nuclel.
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CoTrosome
lacks cenfriclos

Figure 4.5 Phases of mitosis in animal and plont cells. The
blue chemmanomes wens harnted from ana parent, tha resd froen the ot
parant.

The chromosomes become more diffuse chromatin once
ogoin, ond a nucleolus appears inecch doughter nucleus. Divi-
sion of the cytoplosm requires cytokinesis, which is discussed
in thee neest section.

Cytokinesis in Animal and Plont Cells

Az mentioned previcusiy, cytokinesis s division of the cuto-
ploasm. Cytockinesis ooccomponies mitosis in most cells, bt
not all When mitosis ocours but cytokinesis doesn't occour,
the result is o muttinucleated cell

Division of the cytoplosm begins in anophase, contin-
ues in telophase, but does not reach completion wntil the

Prophase
Muckeolus has disappeared, and
duplicated chromasomes ang visibbe,

Cenbrosomes begin maving apart,
and spindle i in process of formirg.

following interphose begins. By the end of mitosis, each
newly forming cell hos received a share of the cytoplosmic
organelles thot duplicoted during interphase. Cutokinesis
proceeds differently n plont ond animol cells becouse of
differences in cell structure.

Cytokinesis in Animal Cells

I omimal cells o cleavage furrew, which s an indentotion of
the membrane between the two dowghter nuecled, forms just
os anaphase drows to a close. By that time, the newly form-
ing cells have received o share of the cytoplosmic ocrgan-
elles that duplicated during the previous interphose.

The cleavoge fumow deepens when a bond of octin
filaments, colled the contractite ring, slowly forms o circulor
constriction between the two doughter cells. The oction of
the controctile ring con be likened to pulling o drowstring
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fihers attached to the skber chromatids mumbaer and kinds of cheomosomes 2 the parent coil.

oome from opposite spindie poles.

ewver tighter abowt the middle of o balloon. As the drowstring
Is pulled tight, the balloon constricts in the middle as the
matesiod on either side of the constriction gothers in folds.
These folds are represented by the longitudinol lnes in
Figure 4.6.

& marrow bridge between the two cells con be seen
during telophose, and then the contractile ring continues
to separote the cytoplosm until there ore two independent
doughter cells {Fig. 4.6).

Cytokinesis in Plant Cells

Cytokinesis in plant cells cocurs by a process different from
that s=en in onimal cells {Fig. 4.7} The rigid cell wall thot sur-
rowends plant cells does not permit cytokinesis by furrowing.
instead, cytokinesis in plant cells imaolves the building of
newd cell walls bebween the doughter cells.
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Metaphase Anaphase
Centromeres of dupicated chromosomaes Sixler cheomatids part and become
are aligned a1 the metaphase plate fcemter chromosomas that move toward the spindie
of fully formod spindie). Kinetochore spindlis pales. In this way, each pole receives the sama nucieal] reappear Chromosomas will

Cytokinesis is opporent when o small. flottensed disk
oppears between the two doughter plant cells near the site
where the metophose plote once waos. In electron micro-
grophs, it is possible to see thaot the disk is at right angles
to a set of microtubules thot rodiate oubward from the form-
ing nuciei. The Golgl opporotus prodwces wesicles, which
mowve olong the microtubules to the region of the disk. A=
more vesicles orrive and fuse, a cell plate can be seen. The
cell plate is simply o newly formed plosma membrane that
exponds ocutward until it reaches the old plosma membrane
ond fiesses with this membrane.

The new membranes relegses molecules that farm the
new plont cell walls. These cell walls, known as primary cell
walls, are loter strengthened by the oddition of celldose
fibrils. The space between the doughter cells becomes filled
with middie lomelia, which cements the primary cell walls
together.
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Figure 4.6 Cytokinesis in animal cells. A single coll becomes two cells by o
furrowing proceess. A conbroctibe ring composed of octin filoments grodwally gess smoller,
ond the cleowoge fsTow pinches the cell inka twao colls.

Figure 4.7 Cytokinesis in plant cells. Durning cytokinesis ina
plom coll, 0 coldl plaie foemes midwey between bwo daughber nuclal ond
extends o thi plosmo membrone.

The Functions of Mitosis

Mitosis permits growth ond repoic. in both plonts ond animals,
mitosis is reguired during development as o single cell devel-
ops imto on individuol In plonts, the indbsddwal cowld be o fem or
daisy, while in animals, the indiiduol could be o grosshopper
or o humaon.

In flowerning plants, merstematic tissue retains the ability
to divide throughout the life of o plant. Meristemaotic tisswe ot
the shoot tip oocownts for an increase in the height of a plant
for os long as it lives. Then, too, lateral meristem occounts
for the obility of trees 1o increase their girth each growing
SE@S0N.

vesicles comiaining
§ Mambrans Compongnis
R fusing 1o fosm ool plats

Imn humans ond other mommals, mito-
sis |s necessofy as o fertilized egg becomes
on embryoe and os the embryo becomes o
fetus. Mitosis olso occurs ofter birth os o child
becomes an odult Throwghout lfe, mitosis
ollows o cut to heol or o broken bone to mend.

Stem Cells

Earlier, you learned that the cell cycle is tightly
controlled, and thot most cells of the body
at odulthood are permonently arrested in
the G, stoge. However, mitosis i nesded to
repoir injuries, such as o cut o o broken bone.
Mony mommaolion orgons contoin stem cells
joften caolled ocdult stem celis) thot retain the abdity
to divide. As one exomple, red bone momow stem cells
repeatedly divide to produce millions of cells thot go on to
become waricus types of blood cefls.

Researchers are learning to manipulate the production
of vorious types of tisswes from odult stem cells in the tobo-
ratony. If successful, these tissues could be used to cure
illnesses. Ms discussed in the Moture of Sclence feoture,
“Reproductive ond Theropeutic Cloning.” therapeutic clon-
ing, which Is used to produce humaon tissues, can begin with
efther adult stem cells or embryonic stem cells. Embngonic
stem cells con ol=o be used for reproductive cloning, the
production of o new indviduol.

Check Your Progress 4.3

1. Describe the major events that aceur during &ach phase af
miibass.

2. Surnmerize the differessies bebyeen cuytokinesis in animeal
and plont cells and explan why the differences ae
necessang

3. Discuss the impartance of siem cells in the human body.

R GnwHil Edmoton (1§ Ratiomol il o f He ol (P LESH HS O Soees G s v i eSS e e, i Boph oo B chobes el snce 5 mecs
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CHAPTER 4 The Cell Cycle ond Cellsier Beproduction

Nature of Science

Reproductive and Therapeutic Cloning

Our knowledge of how the cell cycle is
controlled hog yielded major technologi-
cal breckthroughs, including reproductive
cloning—the ability o cdone an adull ansmol
fram a normaol body cell=—ond theropeubc
cloning, which aliows the rapid production
of moture cells of o specific type. Both
lypes of cloning are o direct result of re-
cent discoveries about how the cell cyde
is controlled.

Reproduciive clomimg, or the cloning
of odult animals, was once thought o be
impossible, becouse imvestigotors found it
difficult bo howe the muctess of on odult cell
“stowt over” with the cell cycle, even when it
wias ploced in an egg cedl that hod hod its
o nucleus removed.

In 1997, Dedly the sheep demonstroted
that reproductive cloneng is mdeed possible.
The donor cells were storved before the
cell’s nuclews was ploced in on enucleoted
egg. This coused them fo slop dividing and
go to o &, (redting] stoge, ond this mode
the nuclei emenable to ctoplosmic signols
for mitation of development (Fig. 4Bg). This
odvonce hos mode it possible to clone all
softs of fomm animals thot hove desiroble
troits and eswen o done mre onimals that
might slherwise become extinct. Despile the

encouraging resulls, however, there ore still
obaincles 1o be overcome, and a ban on the
st of federol funds n experments to clone
humans remains firmly in ploce.

In theropeutic cloning, howewer, the ob-
pective & to produce moture cells of variows
cell iypes rather thon on mdivduol orgon-
Em The purpose of therspeutic doning is
(T to k=zm mone oboid how speciolinstion
of celi occurs and 2] o provide cells and
tissues thot could be used o trect human
HAlnesses, such os diobeles, or major mjuries
fike strokes or spinal cord njuries

There are bao possible woys to corry
oul theropeutic cloning The s woy is
1o e exocily the some procedure oz me-
productive claning, eocept thol emdonc
ey cell ([E505) are separated and each
= subjected 1o o treatment that couses it to
develop into o portculor type of cell, such
s red blood cells, muscle celis, or nerve
cells Fig. 4Bb) Some howe ethicol concems
obout this Igpe of therapeutic cloning, which
= still expesmentol, becouwse if the embryo
were oilowed to continue development, it
would become on individual

The =econd woy o corry out therd-
prulic cloning = o use ookl sfewr colls
Sem cells are found n mony sngons of the

G, somatic cafls

b Therapeutic coning

with 5, ——

5o muchous
G, cedls fram "‘\_ nuclous
animal to ba
clomed .
a Reproductive cloning
T o
'Eall.ll:h'l.ﬂ- e ogg

FeimonaE ard

—-. discand ogg

SR O}MW

nucleis

embryonic
iom cofls
oo amnd

—r . discard egg

nuclsus

E-@=®

embryonic
stoim codls
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adull’s body; for example, the bone mar-
rowy hos stem cells thot groduce rew blood
cells Howsawer, adull stem celis ore Lmited
i the number of cell types they may be-
come. Mevestheless, scientists are begin-
ning to owercome this obstocle. in 2006 by
odding just fowr genes 10 odult skin stem
el Joponese seisntesls were able o ooox
the celis, colked fibroblosts, into becoming
Induced pluripotent stem celis §P5), o type
of stem cell thot = similar o on ESC. The
researchers were then able o aeote heart
and broin cefls from the odult stem cells
Other researchers howe used this technigue
o reverse Parkinson-ke symptoms in rots.

Although questions exist on the bene-
fits afiPS cells, these advances demoanskote
thot scienfistz ore octively investigoting
methods of owercoming the cument Emao-
tions and ethicol concerns of using embany-
anic stemn cells.

Cuestions to Consider

1 How might the study of thermpeutic
cloning benel scientific studies of re-
productive choning?

2. What iypes of diseoses might nod be
trectable using thempeutic cloning?

W
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Clone is bam

s
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ol
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biood
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Figure 48 Two types of cloning. o. The purpose of reproduciive Cloning s to produce on individuol thot s geneficolly kdenticol fo the ane thot

donated a rucleus. The nudeus is ploced in on enucleated egg, and, ofter several mitatic divisions, the embayo is iImplantad into o surrogate mother fos
further developmant. B, Trmnm'pn-;-u-nuherapmn:chnmg I o produce spaciolized sae cells. A nucleus is ploced in on enucloated agg, ond ofter
sevemil mibabic divisions, the embrgonic celis (colied embeygonic steem celis) ore separoted ond reated o bocome Sphd olized cedls.




4.4 The Cell Cycle and Cancer
Leaming " __._:.=, HMEs ]

Upan completion of this sectian, you should be able to

1. Describe the basst charactemsiies of cancer cells.

2. Explain the difference betwsen a benign and malignant
tumaor.

3. Datinguish between the rales of the lumar Suppressar
genes and prolo-oncogensas in the reguioion of the cell
enpele,

Canecer is o cellular growth disorder that occurs when cells
divide uncontrollobly. Although cowses widely differ, most
cancers are the result of ocoumuloting mutations thot witi-
mately caouse o loss of control of the cell cucle.

Although concers wary greatly, they usually follow a
commaon multistep progression (Fig. 4.8). Most cancers begin
os an abnomaol cell growth that s benign, or not concer-
ouws, and usuolly does not grow lorger. Howewer, additional
mutotions moy occwr, cousing the abnormol cells to fod to
respond to inhibiting signals thot control the cell cycle. When
this occurs, the growth becomes malignant, meaning thot it
5 concerous ond possesses the ability to spread.

Characteristics of Cancer Cells

The development of cancer is grodual. & mutotion in o cell
may couse it to become precancerous, but many other regu-
lotory processes within the body prevent it from becoming
cancerous. in foct, it moy be decodes before o cell pos-
sesses most or all of the chorocteristics of a concer cebl
{Toble 4 2 ond Fg. 4.8} Although cancers vany greotiy, celis
thot possess the following charocteristics are generally rec-
ognized 05 CONCErOLS:

Cancer cells lock differentiotion. Cancer cells ore not spe-
ciolized and do not contribute to the functioning of a tis-
sue. Although concer cells maoy still possess many of the
choracteristics of surrounding normol cells, they usually
ook distinctly obnormod. Mormiol cells can enter the cell
cycle abowut 50 times before they are incopabde of dinid-
Ing ogaoin. Concer cells can enter the cell cycle on in-
definite nember of times and, in this woy, seem immortol

Concer cells hove obnormal nuclel The nucled of can-
cer cells ore enarged and moy contain an abnormal
number of chromosomes, Extrao copées of one or more

Table 4.2 Cancer Cells Viersus Normal Cells

Anmormoll mechkal MNommol nucled

Do not undergo opoptosks Undergo opopiosis

Mo contoct inhibition Coniod inhibiion
wm Bremoin in original Bssue

Mew mutations anse, and one ool orown) has the ability to start o bumaor

Cancor celis now have the abilty to invade lymphatic and biood vessels
and iravel fwooeghout the body.

Mew metastatic tumaors are found some distanca from the primany humor.

Figure 4.8 Progression of concer.  The development of concar
requires o saries of muintions, lsoding first 10 o ocolized tumar and then
b meiosiobc fumors. With eoch successive slep iowand concec, e most
genoticolky aliered ond oggressiea coll becomes the domirant type

of tumce. The cells toke on charocienstics of embrgonic cells; they ane
reat differentioted; they con divide uncomtrollabty; ond they ore obie io
metasiosiza ond sprecd to cthor Bssues.

chromosomes moy be present. Often, there are also du-
plicated portions of some cheomosomes present, which:
couses gens omplificotion, or extra copies of specific
genes. Some chromosomes moy also possess deleted

portions.

Cioncer cells do not undergo apogtosis. Ordinorily, cells with
domoged DMA undergo apoptosis, or programmed cell
death. The immune system con also recognize abnor-
modl cells ond trigger opoptosis, which normolly prevents.
tumors from developing. Cancer cells fall to undergo
opoptosis even thowgh they are obnormal cells.

Concer cells form twmors. Mormiol cells anchor themseives
to o substrotum ond/or cdhere to their neighbors. They
exhibit contoct inhibition—in other words, when they
come in contoct with o neighbor, they stop dividing.

Copyrgin © MG s HilEdcotm
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CHAPTER 4 The Cell Cycle ond Cellutor Beproduction

Concer cells howve lost oll restraint and do not exhibit
contoct inhibition. The obnomaol cancer cells pile on top
of one anocther ond grow In multiple loyers, forming o
tumer. During corcinogenesis, the most oggressive cell
becomes the dominant cell of the turmor.

Concer cells undergo metostasis and angiogenesis. Ad-
ditionol mutations moy couse a benign twmor, which
is wsually contained within 0 copsule ond connot in-
wviode adjocent tissue, to become maolignant, and spreod
throughout the body, forming new tumors distont from
the primarny tumor These cells now produce enzymes
that they normolly do not express, allowing tumor cells
o invode underlying tissues. Then, they trovel through
the blood and lymph. to stort tumors elsewhere in the
body. This process is known as metastasis.

Tumors thot ore octively growing soon encounter
ancther obstocle—the bloocd vessels suppluing nutrients to
the tumor cells become insufficient to support the ropid
growth of the tumor. In crder to grow further, the cells of
the tumor must recelve odditionol nutrition. Thus, the for-
mation of new blood wessels is reqguired to bring nutrients
and oxygen to support further growth. Additiocnol mutations
occurming in tumor cells ollow them to direct the growth of
new blood wessels into the tumor in o process colled angie-
genesis. Some modes of concer treotment are oimed ot
preventing cngiogenesis from ocoouming.

Origin of Cancer

Mormaol growth and maintenonce of body tissues depend
on a bodance between signols that promote and inhibit cell
division. When this bolonce s upset, conditions swch as can-
cer moy cccwr. Thus, cancer is usuolly coused by mutotions
affecting genes that direcily or indirectly offect this balonce,
such as those shown in Figure 4.5, The following two types
of genes are usuolly offected:

1. Proto-oncogenes code for proteins thot promote
the cell cycle ond prevent opoptosis. They are often
likened to the gos pedal of o car, becouse they couse
the cell cycle to speed up.

2. Tumor suppressor genes code for proteins thot inhibit
the cell cycle ond promote apoptosis. They are often
likened to the brakes of o car, because they couse the
cell cycle to go more slowly or even stop.

FProto-oncogenes Become Oncogenes

Proto-oncogenes ore normol genes that promote progres-
sion through the cell cucle. They are often ot the end of a
stimulofory pofhwoy extending from the plosmo membrane
to the nedeus. A stimulus, such as an injuny, resulis in the
release of o growth foctor that binds to a receptor protein in
the plosma membrane, This sets in motion o whole series of
enzymatic reactions leoding to the octivation of genes that
promote the cell cycle, both directly and indirectly. Proto-
oncogenes include the receptors and signal molecudes that
make up these pothhways.

When mutations ooour in proto-oncogeneas, they become
oncogenss, or cancer-causing genes. Oncogenes ore under
constont stimulaticn ond keep on promaoting the cell cycle
regardiess of circumstances. For exaomple, an oncogens may
code for o foulty receptor in the stimulotorny pothway such
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that the cell cycle Is stimuloted, even when no growth factor
iz present! Or an oncogens may either specify an obnomaol
protein product of produce abnommally high levels of a nor-
mol produsct that stimulate the cell oycle to begin or to go to
completion. As a result, uncontrolled cell division moy occur.

Rezearchers howe identified perhops 100 oncogenes
that con couse increased growth ond leod to temors. The
cncogenes most freqguently involwved in human cancers
belong to the ros gene family. Mutont forms of the BRCAT

{breasf concer predisposition gene fj oncogene are assock-
oted with certoin hereditory forms of breast and osarion

concer.

Tumor Suppressor Genes Become Inoctive

Tumar suppressor genes, on the other hond, directly or indi-
rectly inhibit the cell cycle ond prevent cells from divid-
ing uncontrollobly. Some tumor suppressor genes prevent
progression of the cell cycle when DMA is domoged. Other
tumor suppressor genes moy promote apoptosis as o lost
resort.

A& mutation in o tumor suppressor gene ks much like
broke foillure in o cor; when the mechanism that slisws down
ond stops cell division does not function, the cell cycle
occelerates ond does not halt. Researchers howe identified
obout o half~dozen tumor suppressor genes. Among these
ore the BB ond p53 genes that code for the RB ond ph3
proteins. The Big kdea 3 feature, "The &, Checkpaint” on
poge 150 discusses the function of these proteins in control-
ling the cell cycle. The BE tumor suppressor gene waos dis-
covered when the inherited condition retinoblostomao was
being studied, but malfunctions of this gene howve now been
identified in many other concers os well, including breast,
prostate, and btadder cancers. The p53 gene tums on the
expression of other genes thot inhibit the cell cycle. The
p53 protein can olso stimulote apoptosis. it is estimated that
ower half of humaon cancers involve an abnormal or deleted
p53 gene.

Other Couses of Cancer

A= mentioned previousiy, concer develops when the delicate
bolonce between promotion ond inhibition of cell division
iz tilted toward uncontrolled cell division. Other mutations
mioy occur within a cell thot affect this bolonce. For example,
while a mutation affecting the cell's DMNA repoir system will
not immediotely couse cancer, it leods to o much greater
chance of o mutotion occuming within o proto-oncogene or
tumor suppressor gene, And in some concer cells, mutation
of the telomeraose enzyme that requlotes the length of telo-
meres, or the ends of chromosomes, couses the telomeres
to remaoin at a constant length. Becowse cells with shortened
telomeres normally stop dividing, keeping the telomeres ato
constant length ollows the concer cells to continwe dividing
owver ond ower again.

Check Your Progress 4.4

1. List the major chorocteristics of concer cells that
distinguish them from normal celis,

2. Distingush betwean a malkgnant and benign tumor

3. Compoare and contrast the eMect an the cell cycle of
fa) o mubstion in o prolo-oncogens and (b) o mulation
in o lumor Supprestar gene.
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a influsncies that couse mutaled prolo-oncogenaes.
(called oncogenas) and muiabed lumor
SLDETeSEOT QRNES

prodo-cnoogene
Codes for a growth factar,
& necepion prolsdn, ar a
signaling probain in 3
shmeimtony patmary.

B a prodp-oncagena
becomes an onocogena,
the end result can be
acthvo coll oevision.

C. Stmuiaiony patbway and
inhibRony pathway

fumor SUpDresso gene
Codes for 3 signaling
prodedni 0 an indibibory
perthrasay. B a tumior
Suppressaor gene mutates,
e end ressull can be
st ol division.

U000

d. Camcorous skin ool

Figure 4.9 Couses of concer.  o. Muiniod genes thof couse concer can be due o the influences noted. b A growth focios that binds to o ecaptar
protein initictes o reccton that tigge s o stimaiatony pothwoy. c. A stimeiatony polfwweay thot begins ol the plasmo membrone tums on probo-oncogenes. Tho
products of thase gones promeole the cell oydie ond double back 1o bocome port of the slimulabcn) posthwoy. When peofo-onco-genes bocome oncogenes, thay
one turnicssd on all the time. An inhibliony poiiteay bogines w8 lumor suppressol gones, whoss products inhibe the oell cycle. When Tumar SUDPPRSSOrN QEnes
mutoie, tha cell cycle is no longer inhisted. d. Concerows skin ool
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CHAPTER 4 The Cell Cycle ond Celluior Reproduction

4.5 Prokaryotic Cell Division
Learning Outcomes

Upan cempletion of this secticn, gou should be obie 1o
1: Distinguish between the sruciures of o prokonyotic and
eukanjatic chromasome
Z. Describe the events thot occur during binory fission.

Cell division in single-celled orgonisms, such os prokoryotes,
produces twa new individuals. This s asexual repreduction
im which the offspring are geneticolly identical to the par-
ent. In prokoryotes, reproduction consists of duplicating the
singte chromosome and distributing o copy to each of the
doughter cells. Unless a mutotion hos occwrred, the dough-
ter cells are gensticolly identicol to the porent cell

The Prokaryotic Chromosome

Prokoryotes (bocteria and archoea] lock a nuclews ond other
membronous orgonelles found in eukongotic cells. Still, they
do haove a chromosome, which is composed of DNA and
a lmited number of associoted proteins. The single chro-
mosome of prokoryotes contoins just o few proteins ond

1 Afinchment of chromosome o
a spacial plasma membeame
sEe indicates that this
baclerium s about o divicke.

Z The cedl is prepanng for bimary
fisshan by eclargag it codl wall
plasma membrane, and ocwerall
wdLIme:

3 DA repication has produced
bwoi idenbcal chromosoemes.
Carll wail and plasma. mom
brane Degin to geow inward

4. As ihe coll elongales, the
chromosomes ane pulled apart.
Cytoplasm &5 boing desbribarted
ey

5 Neaw ool walkl and plasma
mamiarane have dividod tha
daughtar ool
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Is crgonized differently thon eukaonyotic chromosomes. &
eukoryotic chromosome has mony more associoted proteins
than does o prokanyotic chromosome.

In electron microgrophs, the bacteniol chromosome
oppears as an electron-dense, irregulorly shoped region
colled the nuclecid (L. nucleus, “nuclews, kernel™ Gk
-gides, “like®), which is not enclosed by o membrone. When
stretched out, the chromosome is seen to be o cinculor loop
with o length thot is up to obout a thousond times the length
of the cell. Speciol enzymes ond proteins help coll the chro-
mosame 50 that it will fit within the prokoryatic cell

Binary Fission

Prokaryctes reproduce osexuolly by binory fission. The pro-
cess s termed bimary fission becouse division (fission) pro-
duces two [binory) doughter ceils that are identical to the
originol parent cell Before division tokes ploce, the cell
enlarges, ond ofter DMA replicotion occwrs, there are two
chromosomes. These chromosomes ottoch to o speciol
plasma membrone site and seporote by an elongation of the
cell that pulls them apaort. During this period, o new plasma
membrane ond cell wall develop and grow imanard to divide
the cell When the cell 5 opproximately twice its original
length, the new cell woll ond plosma membrane for each cell
ore complete (Fg. 4.10).

ChNORO SO
o] vl
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memmbrano

Cytopiasm

SEM 13,065

Figure 410 Binony fission. Frst, DMA mplicotes, and o3 the coll langihens, the two chromasamses saparate ond the cells becoma divided. The two
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Eschenchia coll, which lves in ocur intestines, hos a gen-
eration time {the time it tokes the cell to divide) of abouwt
20 minutes under fovorable conditions. In obout 7 hours, o
single cell con increose to over 1 million cells! The division
rote of other boacterio vares depending on the species and
conditions.

Comparing Prokaryotes and Eukaryotes

Both binory fission and mitosis ensure thot eoch dowghter
cell is genetically identicol to the porent cell. The genes ore
portions of DA found in the chromosomes.

Prokoryotes {bocterio and archaea), protists {mony algoe
and protozoons), and some fungl (yeasts) are single-celled.
Cell dhvision in single-celled organisms produces two new
individuals:

This i o form of osexual reproduction becouse one parent
has produced identicol offspring (Table 4.3}
In multicellular fungl (molds ond mushrooms), plonts,

and ocnimats, cetl division is port of the growth process. It
produces the multicellulor form we recognize os the mature

organism. Cell division is also important in multicellslar
forms for renewal and repair:

Single-celied sukaryotic organisms

ﬁm

S
ey

Table 4.3 Functions of Cell Division

ks = Rl

Frobsts ond some Mitosis and cybokinesis  Asmuol reproducbon
fungl fyeast)

Oshar fungl, plonts, Mitasks and cytakinesis  Developmant,

and onimols growth, and repaoir

The chromosomes of eukaryotic cells are composed of
DMA ond mony ossocioted proteins. The histone proteins
organdze a chromeosome, allowing it to extend as chromao-
tin during Interphase and 1o coil ond condense just prior to
mitosis. Boch spedies of multicellulor eukaryotes hos o char-
octeristic number of chromosomes in the nuclel As o result
af mitosis, eoch doughter cell recenses the some number and
kinds of chromosomes as the porent cell. The spindie, which
appears during mitosks, is involved in distributing the dough-
ter chromosomes to the doughter necled. Cytokinesis, either
by the formotion of o cell plote {plant celis) or by furrowing
{ondmol cells), is division of the cytoplosm.

In prodongotes, the single chromosome consists lorgely
of DMA with o few ossocioted proteins. During binory fis-
sion, this chromosome duplicates, and eoch dowghter cell
receives one copy as the parent cell elongates, and a new
cell wall mnd plosmo membrane form beteeen the daughter
cells. Mo spindle is imdodved in binany fission.

Check Your Progress 4.5
1. Explain hew Binary fissian in prokanotes differs from
LOSIE and CyYLOkENESEE in eukangales.
2. Desciibe e struclure of o prokaryatic and a sukaryatie
chrafasame.

R G e Hil E dicnion
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CHAPTER 4 The Cell Cycle ond Cellutor Beproduction

REVIEWING the BIG IDEAS
ES

provides a meons of asexuol reprodection. 34 263

Mitasis is preceded by interphase during which cells grow, replicole ONA, and prepare Tor division. 34 2.0. 208
Chramatid connection and allgnment lallowing DMA replication assures equal portiioning of genetic materal vt new

nucled during mitolic seporation. 3.4.2 b4

The eell eycle includes growth and cell division relying on checkpaints and chemical signols such as growth factors
and eyeling 1o regulate its rate o stopping point. 3.A.2.0.2.1E

Programmed call deoth (apoplosis) ploys o rols in normal development and diferentiation. 3A 2 602 JE 2 E1e
Mitosis and cytokinesis produce genetically identicol cells for repair, growth, ond osexval reproduction. 3.4 2 b2.3
Abnarrmal cell eycle regulatory mechansms may explain cances. 3.4 2.0 2 [

Prokaryates duplicate a single circulor chomasome before binory fission and moy transmit extro-chiomosomal

plosmids to new cells. 3A1.02-3

B SUMMARIZE -
AP Answering the Essential Questions

To continwe Ide, orgonisms must be oble to siore, retrieve ond tronsmit
genetic mformotion. The double-stronded structure of DA ollows for
information to be replicoted ond passed to the next generation theough
cell reproduction. In prokonyotes [orchoeo ond bocterio), binory fission
provides for the formaotion of pew indedduots; in eukorygotic ongan:
isms, mitosis provides for growth of tissues ond the repaoir of domoge.
Amang cukoryotes, cell division imeolves both mitosis {nucleor division)
ond division of the cytopinem [cytokinesis). Genctic maleriol is pod:
oged into chromosomes—=DMNA ossocicied with proteins=ond price 1o
mitosis, eoch chromosome is duplicoted 1o enswe thm doughter cells
recedwe the full complement of hereditony informaotion. Eoch species
hos o specific number of chromosomes; for emomple, humon somotic
celis sisch o= cells comprising skin ond muscle tissue contain 46 chro-
mosomes, wheneos somotic cefls of your fomily dog hove 78. Thes totot
mmber of chromosomes s colled the diploid number or 28

The cell eycle The cell cycle of eukaryotes consists of o set of
stages thot aore highly reguloted and includes 1) interphose, the prepo-
rolory stoge, ond [2) mitosis follosed by (3) cylokinesis. interphose, in
turn, is composed of three sub-stoges: 5, [growth os ceroin orgonelies
double}, 5 (the synthesis stoge, dusing which DA = replicoted), and G,
[more growth o the cedl prepores to divide]. Cedls of the body that ane
no longer dividing are soid o be arrested in o &, stote. During mitcees,
the chromosomes ore sored into two dowghter cells which normally
hove the some number of chromosomes as the porent cell (sometimes
the doughter cells do not recene the full complement of chromosomes,
ond we'll olk obowt this phenomenon whien we explone metosis in
Chopter 10

Interphose represents the portion of the cell oycle between nucleor
divisions and, during this time, prepomotions ore mode for cell disesion
These preparaticns inciude dupticotion of most celiulor contents, includ.
ing the centrosome, which orgonized the mifosis spindle. and mitochon-
driajthink whot would happen in ferms of enengy reguired for growth ond
development if o mew doughter cell did not receive milochondria from its

evalutionary Hmﬂhlﬂ:ﬁf&
In eukaryolic ofganisms, mitogis provides for growth of tssues and the repair of demage: In prokaryoles, mitosis

The amnipresence of mMitosis Sugoests O CoOMMon celiuler

porent cedl]. The cell's DiNG is replicoted dusing the S stode_ ot which time
the chromesomes, which consists of o sngle cheomotid eoch, ore dupl-
coted and now contoin two chromotids ottoched by o structure colled
the cenbromere jcon wou predict the fiote of these two dhromatids during
dnision?). During interphose, indvidwol chromosomes ore not disting
ond are collectvely colled chromatin

Following the 5 sioge of imterphose, the oell begins mitosis=the
process of odive division. Mitosis occurs ofter DMA repliootion ond is o
continuows process: by which the duplicole chromosomes jchromotids)

ottoched to spindie fibers olign themsehyes olong the equotor of the
cell ond then sepmote from eoch other jyou do not need to memonize
the names of the phoses of mitosis, bt you need o snderstond the
processes of replication, olignment, ond sepanation, ond the order in
which they occur) Following mitosi, the cell undergoes cytokinesis,
the splitting of the cell into teo cells, each with o complete set of
chromosomes and a supply of orgonelles. In onimal cells, o furrossng
process divides the oytoplosm, while cytokinesss in plont cells nvolves
the formoticn of o cedl plate from which the plosma membrone and the
cell wall are comgpieted. Following cell dvsion. cells ety differentiote
into specolized types of oell



Cell cycle regulation  To help ensure that the stoges of cell divie
sion fiollow eadh othver in the normol sequence, the celi cycdle s reguioted
by externol signols ond inbernal controls thot oct like stiop-ond-go signs
ot checkpoints {sort of like TSA ot oirports). Growth focbors ore signaling
proteins recefved ot the dividing cell's piosmo membrone ond trgger
the cell to begin the process of diision. Cyclins ond cpdin-dependent
kinoses ore internol signals thot increose ond decrease os the cell
cycle continues. The &, chedepoint enswnes thot conditions for drvsion
ore favoroble and thot the proper signols ore presem, and oiso checkes

DA Tor domaoge. if the DMA is domoged, opoptosis—progmommed cell
death==moy occur. Apoptosis olso ploys o nole n nomol development
ond differentiotion; for exomple, without opoptosis, our fingers and toes
wall retoin the embryonic webbing between them. Possoge through the
GJ checkpoint represents. the cell's commetment 1o mitosis: DA hos
replicoted, some orgonelles hove deplicoted, ond the ceil is reody to
erter mitosis. A& fimol checkpoint, M, ensures thaot oli of the cheomosomes:
ore olioched fo the spindle in preponation for separotion. Esrors in the
regulotion of the cedl cycle con hove detsimentol conseguences, indud:
ing the development of concer.

Cancer results primorily due to the mutotion of genes nvoleed
in the control of the cell cycle. Concer cells lock differentiotion, howe
obnormod nuclei, do not undergo cpoptosss, form tumors, ond metos:
tosize to other orgons. Concer often follows o progression in whach
DMA mutations occumulote, groduotly cousing uncontrofled growth
ond fumor devclopment. Severol cdprits contributing to the devel:
opment of concer hove been identified. One offender is p&3 pro-
tzin (coded for by the p53 gene} which ploys a key role in the G1
checkpoini of cell division. Normal p53 proteins monitor DNA ond
diestroy cells with sTeporoble domoge to DA, Thus, the p53 gene
considered o tsmor supperessar gene. Muiotions in p53 con resull in
the production of obnormaol p53 proteins thot foll to stop cell division
even if the DNA = domaoged, leading to an occumulotion of concer
cedls. Proto-oncogenes stimulote the cell cycle ofter they ore turned
on by emvironmentol signals such os growth foctors; oncogenes are
mutoted proto-oncogenes thot stimueiole the cell cycle without the
need of environmentol signols, resulting n unchecked cell division

The prokaoryote cell eycle 5o for, gur discussion bos focused
on cell division i eukornyotic cells in which milosis = primonily for
the purpose of development, growth, ond repaoir of tissues. However,
binary fission in prokoryotes—o process in which the cell simply splits
in hotf ofter replicoting DNA-—ond mitosis m wncellulor eukorgotic
peotists ond fungi ollow orgonesms to reproduce osexwsally. B should
b moted thot the structuse of the prokomyobtc cheomosome differs from
chromosomes found in eukoryoies. The prokoryotic cheomosome hos
few ossocioted prodeins ond a single, long loop of DA When binory
fiszion ocours, the chromosome ottoches to the nside of the plosma
membrane ond replicotes. Ac the cefl elongotes, the chsomosome
duplicotes are pulled oport, and the celt divides, resutting in boctena
thot, barring mutation, ore idemticoal.

B ASSESS |

Choose the best onswer for eoch guestion.

41 The Cell Cycle

For guestions 1=4, moich eoch sioge of the cell cyde 1o its correct
description.

Key:
o &, stoge
€. G, singe
b Ssioge
d. M jmitotic) stoge:
1. Al the end of this sioge. eoch chromosome consists of twa
ottoched chromatids.
2. Duming this stoge, doughier chiomosomes are distributed to two
doug hter nuclei.
3. The cell doubles its orgonelles ond occwmalates the maberials
needed for DMA synthesis.
4. The cell synthesires the proleins needed for cell divisson.
5. Which is not true of the cell cyde?
o. The cell cycie is controfled by imermoliectemol signals.
b. Cyclin i= o signoling moicule thol increases and decreoses
os the cycle continues.
c. DNA domoge con stop the cell cycle ot the &, checkpont
d. Apoptosis occurs frequently during the oell cycle.
4.2 The Eukaryotic Chromasome

B. The diploid rumber of cheomosomes
o. is the 2n numiber.
b is in o parent cell ond therefore in the bwo doughter celis
following mitosis.
c. wvanes occording to the particulor orgomnism.
d. Al of these ore comect

7. The foemn of DiNA thot contmans genes that one octieciy being
transcrbed is colled
o. hisbones.
b telomenes.
c. hetesochromotin.
d_ euchromatin.

8. Hislones ore invobsed in
o. reguloting the chedkpoents of the cell oycle.
b. lengthening the ends of the telomernes.
c. comgacting the DNA molecule.
d. cytokiness.

4.3 Mitosis and Cytokinesis
9. &1 the metophose plote dunng metophose of mitosis, there ore
0. single chromosomes.
b. duplicoted chromosomes.
€. {5, stoge chromosomes.
d. oiwoys 23 chromosomes.
1 Duwing which mitotic phoses ore duplicoted chromosomes
presem?
o. ofl but tefophose
b. prophose and anophass
c. ail but anophose ond teiophose
d. oaly dunng metophose ot the metophose plate

Copyrgin © MG s HilEdcotm
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CHAPTER 4 The Cell Cycle ond Celluior Reproduction

1. Which of these is poined incomectiy ?

a. promesophaose-=—=the lonefochores become oRoched o spendle
fibers

b. anophose-—dougitber chromosomes migroie toword spendle
poles

C. prophose-=-the necieodies disoppeors amnd the nuclieo
envelope dsmtegrotes

d. telophose=n resting phose beteeen cell dadsion oypcles

4.4 The Cell Cycle and Concer
12. Wthich of the following = not charocteristic of cancer celis?
g. Cancer cells ofien undergo ongiogenesis
b. Concer cells iend to be nonrspeciolized
c. Cancer cells undergo apoptosis.
d. Cancer cells ofien hove obnormol nuchei.

13. Which of the following siotements is true?
o. Prolo-oncogenes couse o loss of control of the cell oycke.
b. The products of oncogenes may inhibit the cell cycle
c. Tusmor suppressor gene products inhibit the cedl cycle.
d. A mabaticn in o lumor suppressor gene moy mbibit the cell
cucle

4.5 Prokaryotic Cell Division

. In confrost to o eukonyobc chmmosome, o profaryotic
chromisommaes
o. iz shorter ond fottes
b. has o single loop of DMA,
C. mever repecoics
d. coniains many histones
15. Which of the fotlowing i the tesm used (o describe asexual
reprodudtion in o single-celled orgonism?
0. cylokiness
b. mitosks
& binory fission
d. interphase
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I ENGAGE .
AP Applying the Big ldeas

1 ‘MT"E ool cyde is o complex set of stoges that &= highly
reguioted with Checkposnts Describe the events thot occur in the
cedl cycle, including ot leost one checkpoint.

AP Applying the Science Practices

‘What hoppens to the microtubules? Scientrsts performed experments
trocking chromosomes along mionotubules during mitoses. They
hypotheszed that the meorotubules are broken down, reteasing
mcrodubule subunds 05 e cChnmosomes are mowved towond the
poles of the cell. The mécrotubules wene lobeled with o yellow
flworescent dye, ond using o koser, the microtubulbes were marked
mikdway bebseen the poles ond the chromosomes by elimngling the
fworescence in the orgefing regeon os shown in the diogrom.

Furarescoent-abeied microbubules

Lasar-marked microiuiil e

*Dhls axbetwirdd fro. Moo, P, ot ol. D003 Dirdect chborean &f i iioli i
dyfeamies ol Rinetachoeas i Caioeas ainee] Sprsdies Fnpicenn o for spieds

i The Saorngd of Cedl Binkae 162 377-387. Moddce, of & 3004
Contraiien oblmass of Sbcrolullg Ukt pioodecond |oeet Bnshyiees doumol BT
AM03-431r

Think Critleally w31 =&
1. Exploin the pupose of the fluorescent dye.

2. Predict how the cefl might appear loter in onophose by drowing
O 'Clei] POT
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Moisis = T process Sl produca s $a mojonity of genobic voriotion babwsen indhadunls

M Whot are the chomnoes ol there will aver be another humon e L1 aliRd ] his
planel? Becouse of meiosis, reproduction produces offspring thal are genetically
different from the pofaams Mesagis introduces an enormous amount of IﬂinrSI[H; ]
hurnans, maore than 70 trillkon dilferent o ar combinations are possilile fram the
rmeating of two ndivideols! In otfer wonds, meiosis ensurnes thol, statistically, B unlikeiy
that ampone will ever be geneticolly the some oS gowe

In onémals, meiosis beging the process ihot produces calls calked garmetes, which
ploy on important rede in sexual regroduction. In hamons, speam are the mole gameates,
e eqos ane lise femole QoOmeies. While meicsi in the b sexes g wETY sirnd@ar, there
e some mpartant diferences n how hey ocos. One major difference pertaing to the
oge al which the process begins and ends. In moles, sperm production does nol begin
unkil p‘l.m'll:l but then conlinuas 'I]"IH'.'H.IgﬂEH.F'I o mate’s lifatirne. In femobes, the prooess
of produecing eggs has started before the Temale is born and ends anownd Menopouse.
Anather difference comterns the nurnibes nrgnmes that can be pﬂﬁdLH'.E'd‘. In males,
spenm producton is unlimited, wheneos femaoles produce anly ane egg a maonth.

In this chapier, you will see how meiosis B nvolved in prosviding the voriotion so
im@ortant in e production of gomebes,

Az you read thraugh the chapter; think about thess Essential Ouestions:
1. What are the simflarilies and dilferences beltwean meiosis ond mitosis? 1AL 1AL

2. How does the process of mMeiosis rediste the chiamasormes aumber fram diploid to
hoploid? BRI EEIS
3. How does mesasis followed by ferilizaon increase genetic diversity? 01 0 3H

FoLLowing the BIG IDEAS

The variation inrocuced during meiosis fellowed by Tenilizotion plays an impartant role in evoelutionary change.

In sexucily reproducing organisms, meioss lollowed by terflization recombines genetic informotion from both parents;
chonges in chromosome siructure and number con hove consequences for an ndividuols physsslogy,

The wariation produced by meiesis ot the cellular levels affects all levels al an arganism's physialogy.
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CHAFTER 1 Meloss and Sewual Reprodmction

1.1 Overview of Meiosis
Learning Outcomes

Upon completion of this section, you should be able (o
1. Conirasi hoploid ond diploid chromosome nuembers.
2. Exploin what s meant by hamologous chimosanes.

3. Summarize the procecs Dy which melnsis nesdieces the
ChrOMOSome number,

In sexually reproducing organisms, meinsis (G mio, “less”; -sis,
“act or process of 7] & the type of nudear division that reduces the
chromosome number rom the diploid (2n) number (GE. diplos,
“twofold”) to the haploid (n) number (Gl kaplos, “single”). The
diploid (2n) number refers to the total number of chromosemes,
which exists in bwo sets. The haphoid (n) number of chromosomes
is half the diplosd number, or a single set of chromosomes. In
humans, meiosis reduces the diploid number of 46 chromosomes
to the haploid number of 23 chromosomes.

Gametes, or reproductive cells (in animals, these are the
sperm and egg), usuallv have the haphoid mumber of chromo-
somes. In sexual reproduction, haploid gametes, which are
produced during meiosis, subsequently merge into a diploid
cell called a zypote. In plants and animals, the zvgote undergoes
development to become an adult organism.

Meinsis 5 necessary in sexpally reproducing organisms,
becapse the daploid number of chromosomes has to be reduced
by half in each of the parents in order to produce diploid offspring,
Otherwise, the number of chromosomes would double with each
new generation. Within a few generations, the cells of an animal
wotld be mothing but chromosomes! For example, in humans with
a diploid number of 46 chromosomes, in e generations the chro-
miosome number would increase to 1472 dhromosomes (36 ¥ 2.
In ten generations, this number would incease o a stagzering
47104 chromosomes (46 x 2. The Belgian cytologist {a biologist
that studies cells) . van Beneden {1809-18%), was one of the
first 1o observe that gametes have a reduced chromoseme mummber,
When studving the roundworm Asoris, he noticed that the sperm
and egg each contain only bwo chromosomes, while the xygote and
subsequent embryonic cells always have four chromosomes.

Homologous Pairs of Chromosomes

In diploid body cells, the chromosomes occur in pairs. Figure
1.1a, a pictorial display of human chromosomes, called a karyo-
tvpe, shows the chromosomes arranged according to pairs. The
members of each pair are called homologous chromosomes.
Homologous chromosomes, or homologoes (Gl homologos,
"agreeing, corresponding”), lock alike; they have the same
length and centromere position. When stained, homologues
have a similar banding pattern, because thev contain genes for
the same traits in the same order in the same locations on both
chromosomes in the homologous pair. But while homologoos
chromosomes have genes for the same traits, such as finger
length, the DNA (decoyribonudeic acid) sequence for the gene
on one homobogue may code for short fingers and the gene at
the same location on the other homologue may code for long
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Figure 11 Hemolegows chromasames.  In dplaid body cells, the
Chromosomes ooCur in poirs colled homologous cheomasames. o ln ns
miciogroph of sioined chromosomes. from o humon cell, the poirs kaove
been rumbered 1=22 and 300 Mote thof dhvomosome paies =22 ane
muiosomes, coding for monsex srois, wheneos the XX poir indudes the sex
chromosomes ond hedps detemmine humaon gender. b. These chromosomes
ore dupbcoted, ond sadh chromosome in ke homologows par is composed
of fwvo chromofids. The sister chromatids comoin ety the soeme genes;
the norsisier cheomaotics condoin genes for the some troits {e.g., type of hai,
color of eyes), but ane mow have DMA that codes for tnoit vonotions, such os
Gari hos wersues Lghi hoir,

fingers. Alternate forms of a gene (as for kong fingers and short
fingers) are called alieles. The DNA sequences of alleles are
highly similar, but they are different enough to produce alterna-
tive physical traits, such as long or short fingers.

To properdy produce a haploid nuomber of chromosomes
in gametes, vou first have to double the amount of DNA. The
chromosomes in Figure 1.1z are duplicated as they would be
just before muclear division. Recall that during the 5 stage of
the cell cyvcle, DINA replicates and the chromosomes become
duplicated. The results of the duplication process are depicted
in Figure 1 10 When duplicated, a chromosome is composed
of two identical parts called sister chromatids, each containing
one DNA double helix molecube. The sister chromatids are held
together at a common region calbed the centromere.



Why does the zvgote have paired chromosomes? Chne mem-
ber of a homobogous pair was inhersted from the malke parent, and
the other was inherited from the female parent when the haploid
sperm and egg fused together. In Figure 110 and throughout this
chapter, the paternal chromosome is cobored blue, and the mater-
nal chromosome s colored red. Howerer, s fs 2wy @ metiod
of tracking clroinasasies in diggranis. Stnce chiromoseies do aof lave
celor, genelicists gewerally wse clrommosome lesgth and celromere
Iocation to ddeetify homiologies. You will see shortly how medosis
reduces the chromosome number. Whereas the avgote and bodvy
cells have homologows pairs of chromosomes, the gametes have
only one chromosome of each kind—dervved from either the
paternal or the maternal homologue.

Meiosis Is Reduction Division

The central purpose of meiosis & b reduce the chromoseme
numiber from 2n o no Mesosis pwi nuclear divisions
and produces four haplodd dasghier cells, each hawing ome of
each kind of chromosome. The process beging by replicating the
chromasomes, then splitting the matched homologous pairs b go
from 2n to n chromosomes during the first division. The second
division reduces the amount of DNA In n chromosomes o an
amount appropriate for each gamete. Once the DNA has been
replicated and chromosomes become a pair, they may exchangge
genes, creating a genetic mixture different from the parent. The
the chromosoms number from 2n 0 n. Even though each dawgh-
ter cell now has n chromosomes, each chromosome sill has a
saster chromatid, making a second nuclear division necessary. The
end result of mendss is four gametes with n chromosormes.

Flgure 1.2 presents an overview of metosis, indicating the
two nuclear divisions, meiosis | and mesozis 1L Prior to meio-
sis [, DNA replication has occurred; thesefore, each chrome-
some has two sister chromatids, During melosis |, something
new happens that does not occur in mitoss. The homologous
chromosomes come together and line up side by side, forming
a synaptonemal complex. This process s called synapsis (Gk.
syitaprivs, “united, joined together™) and resulis in a bivalent
(L. bis, “twa®; ralers, “strength®j—that s, two homologous
chromosomes that stay in close association during the firss
two phases of medosis 1. Sometimes the term febrad (G tetra,
“fouar”) is used instead of Mivalent, because, as vou can see, a biva-
lent contains four chromatids. Chromosomes may recombine
of exchange genetic information during this association (see
section 1.2).

Following svnapsls, homologous palrs align at the metaphase
plate, and then the members of each pair separate. This separa-
ton means that only one duplicated chromosome from each
hormologous pair reaches a dasghter nuclews, reducing the chro-
o nuember from 2n bo o IE s important for each daughter
nudleus to have a member from each pair of homologows chro-
mosomes, because only in that way can there be a copy of each
kind of chromosome in the daughter nude. Notice in Figure 1.2
that two possible combinations of chromosomes in the daughter

Figure 1.2 Dverview of meiosis.  Following DA replicotion, sach
mudmnmmmmmm:.mmmu
homologous chromosomes pair and separoba. Duﬂng maiasis N, the sisbar
cheomotids of eoch dupicoied chromosome seponaie. At the completion of
maiosis, there are four haplold dowugitter cedls. Ench doughter ceil has one
of mach kind of chromosoma.

cells are shown: short red with long blue and short blue with
bong red. Knowing that all daughter cells have to have one short
chromosome and one long chromosome, wiat ane the other two
possible combmnations of chromosomes for these cells?

Modice that DA replication occurs onby once during mesosis;
i replicatson i needed belween melosis | and meiosis I, because
the chromosomes are already duplicated; they already have bwo

£ M rone- i L E e bion
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sister chromatsds. During mesosss 11, the sister chromatids sep-
arate, becoming daughter chromosomes that move to opposite
poles. The chromosomes: in each of the four daughter cells now
contain only ane DNA double helix molecule in the form of a hag-
loid chromosome.

The number of centromeres can be counted o verify
that the parent cell has the diplodd number of chromosomes.
Al the end of meiosis |, the chromosome number has been
reduced, because there are half as many centromeres pres-
ent, even though each chromosome still consists of two chro-
matids each. Each daughter cell that forms has the haploid
number of chromosomes. At the end of melosis I, sister
chromatids separate, and each daughter cell that forms still
contains the haphoid number of chromosomes, each consiss-
ing of a single chromatid.

Fate of Daughter Cells

In the plant life cycle, the daughter cells become haploid spores
that germinate Io hecome a haplodd generation. This generation
then produces the gametes by mibosis. In the animal life cvde,
the daughter cells become the gametes, etther sperm or eggs. The
body cells of an animal normally contain the diploéd number of
chromosomes due to the fusion of sperm and egg during fertil-
ization. If mesotic events go wrong, the gametes can contain the
wrong number of chromosomes or altered chromosomes. This
possibility and i consequences. are discussed in section 1.6

Check Your Progress 11

1. Deseribe whot i meant by & homologous poi of
chramasames,

2. Examine how chromosome member changes during
meiogi | and meiosia 0.
3. Explain the purpase of o bivalent in chromesame pairing.

muclecarobein | aitico sictor cheomatids  skior chromatids

of a chromosome of (s homologue

12 22

a b [

chiszmats of
1 and 3

12 3 4
Bivalont Crossing-over
farms hars oocurned
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1.2 Genetic Variation
Lmrﬁing Outcomes
Upan campletion of this section, you should be able o
1. Understand the impartance of genstic variation to
evolulionary change.
2. Explain how crossing-oser contribules bo genetic wanolion

3. Exarmane how independent assortment contributes
o genelic wariation.

We have seen that meosis provides a way to keep the chromo-
some number constant generation after peneration. Without
meiosis, te chromosome number of the mext generation would
continually increase. The events of meiosis also help ensure that
genetie variation occurs with esch generation.

Genetic variation B essential for a species o be able to
evolve and adapt in a changing environment. Asexually repro-
ducing organisms, such as the prokarvobes, depend primarily
on mudations to generate variabon among offspring. This is suf-
ficient for their survival, because they produce great numbers
of offspring very quickly. Although mutations also occur among
sexually reproducing organisms, the reshuffling of genetic
material during sexual reproduction ensures that offspring will
have a different combination of genes than their parents. Meio-
sis brings about genetsc vartation in bwo key ways: croasing-over
and independent assortment of homologows chromosomes.

Genetic Recombination

Crossing-over ks an exchange of genetic material between non-
sister chromatids of a bivalent during mebosis 1 In humans, it
iz estimated that an average of two to three crossovers occur
between the nonsister chromatids during melosis. Al synapsis,
homologues line up side by sbde, and a nuclesprotein lattice
appears between them (Fig. 1.3). This latiice holds the bivalent

Figure 1.3 Crossing-ower during
meiosis . o The homologous
chromosomes por i, and o nucsopeoioin
lottice develoaps bebwesn them. This is an
edaciron micengnaph of the loltice. B "Hppers”
he members of the bvalent 1ogether
=0 thot comesponding genes on poieed
chromosomes ore in oligrment. b This wsood
represemolion shows only feo phoces whene
monsEter chmmiotids 1 and 3 hove como
in comioct. ¢ Chicsmain indicole where
orassing-ower hos ooosted. The eschange
of color represants the exchonge of genebc
maptenol dl Following meiosis B, dowghior
chromosomies howe O new comiination af
genetic moterial due o crossing-oner, which
ooouwred beteeen nonsisier cheomotids
D.:ughm caring mslass |
=aglialigntto)e 1
d



togrether in such a wav that the DNA of the duplicated chro-
mosomes of each homologue pair is aligned. This ensures that
the genes contained on the nonsister chromatsds are directly
aligned. Mow crossing-over may ocour. As the lattice breaks
down, homaologies are temporarily held by cligsinaia
(sing.. chiasma), regions where the nonsister chromatids are
attached due by DNA strand exchange and crossing-over. After
exchange of genetic information between the nonsister chroma-
tids, the homologues separate and are distributed o different
daughter cells.

To appreciate the significance of crossing-over, keep in
mind that the members of a homoloegous pair can carry slightly

different instructons, or alleles, for the same genetic trafis: In
the end, due to a swapping of genetic material during cross-
ing-over, the chromatids held together bv a centromere are
no longer identical. Therefore, when the chromatids separate
during meiosls I, some of the daughter cefls receive daughter
chromosomes with recombined alleles. Due to genetic recam-
bination, the offspring have a different set of alleles, amd
therefore genes, than their parents. This increases the genetic
vartation of the offspring.

Independent Assortment

of Homologous Chromosomes

During independent assortment, the homologous chrome-
some pairs separate independently, or randomby. When homeo-
logues align at the metaphase plate, the maternal or paternal
homaologue may be orlented toward either pole. Figure 1.4
shows the possible chromosome orentations for a cell that
contains only three pairs of homologous chromosomes. Once
all pos=ible .allgtmenls of independent assortment are consad-
ered for these three pairs, the resull will be 2°, or 8, combina-
tions of maternal and paternal chromosomes in the resulting
gametes from this cell, simply due bo independent assoriment
of homologues.

Combinagian 4

Signiﬁcance of Genetic Variation

In humans, who have 23 pairs of chromosomes, the possible
chromosomal combinations in the gametes is a staggering 2,
or 8,388,608 The variation that results from meiosis is enbanced
by fertilization, the union of the male and female gametes, The
chromosomes donated by the parents are combined, and in
humans, this means that there are potentially (2¥9, or
70,368, 744, 000,000, different chromosome combinathons in the
zygote. This number assumes that there was no crossing-over
I:-etwem the nonsister chromatids prior o independent assori-
ment. If a single crossing-over event ocecurs, then W2, or
4,951 ?H].HI] 000.000,000,000,000,000, genetically different
n’gﬂlﬁmpmlblefmmwmupte Keep in mind that cross-
ing-over can ocour several mes in each chromosome!

The staggering amount of genetie varation achieved
through melosis is particularly important to the long-term sur-
vival of a species. because it increases genetic varkabion within
a population. The process of sexual reproduction brings about
genetic recombinations among members of a population.

Asewual reproducton passes on exactly the same combina-
tion of chromosomes and genes. Asexval reproduction may be
advantageous if the environment remains unchanged. How-
ever, If the environment changes, genetic varlability among
offspring introdwced by sexual reproduction may be advanta-
geous. Under the new conditions, some offspring may have a
better chance of survival and reproductive success than others
in a population. For example, suppose the ambient lemperatire
wene bo rise due o climate change. This change in the environ-
ment could place demands on the physiology of an organism.
For example, an animal with less fur, or reduced body fat, could
Rave an advantage over other individuals of its gmeraliun

In a changing environment, sexual reproduction, with its
reshufiling of genes dwe to meiosis and fertilization, might
give a few offspring a better chance o survive and reproduce,
thereby increasing the possibility of passing on their genes to
the next generation.

Figure 1.4 Independent ossorbment. ‘When o ponent coil bas these pairs of homaologous chromosomes, then ore 2%, or 8. possible chromaosome
alipnments ot tha marnphose ploie dos 10 indapendent oosortment. Ennnpurmummmnu:nmmmlnm:th
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BIG IDEA 1: Evolution

Meiosis and the Parthenogenic Lizards

The process of crossing-over plows an im-
portant role in the genemtion of genstic
wariation for sexuolly reproducing speeches.
For most species that undergo asexwal re-
production, fost generation times ond mu-
tathon allow for the speces to intoduce
enough varation o respond to envinonmen:-
tol chaonges. But whot aboud species, such
as the whiploil lizomd shown in Figure 18,
thod wndergo parhenogenesis? Portheno-
genesis is the production of new mdividuols
fromm wnfedilired egge it is nol uncomemon
in the animal kingdom; mony arthmopaods.
lizords, fish, ond solemanders are known to
b parthenogenic.

Parthenogenesi = o form of osesmmal
reproduction; only one pareak, the femole,
confributes genetic informotion o the next
genemiion. But typoodly these species do
not howe the shorl ganesation times of other
osexual orgonisms, such os bocherio. At
Least on the surfoce, parthenogenesis would
seem 1o it the omount of genetic vanotion
in the spedes, and thus reduce the ahiliby
of the species o respond to chonges in its
ervinonment. While some species, such os
honeybees, oeoid this problem by swsching
between parthenogenesis ond sexual repro-
duoction, tnuly porthencgenic species oppear
to be of an evolutionary disodvantoge.

Reseanchers fram o teom at the: Howand
Hughes Medicol Insttute discovered thol n
o porthenogenic speces of londs fwhip-
tail lizards, genus Aspidoscelis) there & o
wariation i the normol process of meioass.
In most coses, crossing-over dusing meoses
occurs between the nonsister chromatids
of homologous chromosomes. However, n
thee whiptod lard, crossing-over oocurs be-
twreen the sister chromatids.

Figure 18

How does this hoppen® To make this
possible, the species doubles the numbser
of chromasomes prior b mesosis-—efectely
maoking on oddfional copy of the gencme
and forming o pair of homologous chromo-
somes from o sngle porent This doubling
ollws the meduchon dwiaon in meiosis 10
produce diploid (2} gomedes, o requirement
fior mony species thol undergo parthenogen:
esic. Then, the speces aliows for crossing:
over to occur between the sister chromotids
themsalves. Since there are alwoys slight
differences im the sster chromotds [they
are never truly identical), smoll amounts of
wariation are mairtained in the genome. ond

In parthenogenic species, such as the whipiail lizard, wariations in the
process of mesosis ollow 1he spacies 1o increase genetic variotion with each generation

this is passed on to the next genenration. The
amount of genetic woriotion moy be smoll,
but thit woriotion n mesosis allows for Dome
level of genetic recombination, thus prowid
ing geenetic wariation to the species.

Cpestions 1o Consider

1. Does this process produce the some
omount of genetic vosiation os would
pccur in normol sexoal reprodoecton?

2. How would you test to determine the
omount of gemnetic vorioton produced
by parthensgenic species?

Check Your Progress

1.2

1. Describe the two main woys in which mesoss contribubes

bty genetis variation

2. Exomine how many combinations ol chromosomes
are possible i the gametes in o cell with four poirs of

homologous chromosomes.

3. Evalunbe wiy messis and sexual reproduction are
impadant in respanding 1o the changing efdronmend.
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1.3 The Phases of Meiosis
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| Upan compietion of this section, you should be oble o
1. Dexcribe the phases of meigsis ond the major svents that
accur during eoch phase.
2. Understond how meioss reduces the chiomosome
Aumber fram diplsid 1@ haploid.

Mebosls consists of two unique, consecutive cell divisions, mebo-
sis | ared mebosis [l DNA s replicated in 5 phase of the cell cyele
prior o metosis [ but not metosis [ Both mebosis [ and medosis
I contain a prophase, metaphase, anaphase, and telophase.

Prophase |

It b5 apparent during prophase | that suclear division is about
to occur, because a spindle forms as the centrosomes migrate
away from one another. The nuclear envelope fragments, and
the nucleolus disappears.

The homologous chromosomes, each having replicabed
durirg 5 phase of the cell cycle, consist of two sister chroma-
tids. The homalogous chromosomes undergo svnapsis bo form
bivalents. At this Hme, may occur between the
nonsister chromatids {see Fig. 1.3). As described earlier, cross-
ing-over increases the genetic diversity of the daughter cells,
because after crossing-over, the skter chromatids are no longer
identical.

Throughout prophase [, the homologous chromosomes
have been condensing, so that by now they have the appear-
ance of compacted metaphase chromosomes.

Metaphase |

During metaphase |, the bivalents held together by chiasmata
{see Fig. 1.3) have moved toward the metaphase plaie (equator
of the spindle). Metaphase | is characterized by a fully formed
spindle and alignment of the bivalents at the metaphase plate.
As in mitosis, kinetochopes are seen, but the two kinetochores
of a duplicated chromosome are attached to the same kineto-
chore spindle fiber.

Bivalents independently align themselves at the metaphase
plate of the spindle. Either the maternal or paternal homologue
of each bivalent mav be oriented toward ebther pole of the cell.
The orientation of one bivalent is not dependent on the orl-
entation of the other bivalents. This independent assortment
of chromosomes contributes to the genetic variability of the
daughter cells, because all possible combinations of chrome-
somes can oocur in the daughter cells,

Anaphase I

During anaphase I, the homologues of each bivalent separate
and move o opposite poles, but sisker chromatids do not

separate. This splitting of the homologous pair reduces the
chromosome number from 2n to . However, each chromo-
some still has two chromatids (Fig. 1.5).

Telophase 1

Completion of telophase | s nol necessary during meiosis.
That iz, the spindle disappears, but new nuclear envelopes
meed not form before the daughter cells proceed to meiosis [L
Also, this phase may or may not be accompanied by cytokine-
588, which & separation of the cvtoplasm. Notice in Figure 1.5
that the cells have different chromosome combinations than
the original parent cell (not all of the combinations are shown
in Fig. 1.5). The cells exiting telophase | are also haploid com-
pared to the diplodd parent cell.

Interkinesis

Following telophase, the cells enter interbdmesis, a short rest
period prios to beginning the second nuclear division, meiosis
II. The process of interkinesis s stmiflar to interphase between

mitotic divisions, except that DNA replication does not oocur,
because the chromosomes are already duplicated.

Meiosis Il and Gamete Formation

Al the beginning of mesosis [1, the two daughter cells contain
the haploid number of chromosomes, or one chromosome
from each homologous pair. Note that these chromosomes
still consist of duplicated sister chromatads at this podnt. Dur-
ing metaphase [, the chromosomes align at the metaphase
plate, but they do not align in homologous pairs, as in meio-
sis 1, because only one chromosome of each homologous palr
iz present (Fig. 1.5). Thus, the alignment of the chromosomes
at the metaphase plate is similar to what is observed during
mitosis.

During anaphase I, the sister chromatids sepasate,
becoming daughter chromosomes that are not duplicated.
These daughter chromosomes move toward the poles. At the
end of ielophase Il and cviokinesis, there are four haploid
cells. Because of crossing-over of chromatids during mesosis [,
each gamete most likely contains chromosomes with a mix-
ture of maternal and paternal genes.

As mentioned, following mebsis [, the haploid cells
become gametes in animals (see section 1.5). In planis, they
become spores, reproductive cells that develop into new mul-
ticellular structures without the need to fuse with another
reproductive cell. The multicellular structure is the haploid
generation, which produces gametes. The resulting zvgobe
develops into a diploid generation. Therefore, plants have
both haploid and diploid phases in thekr life cycle, and
plants are said to exhibit an elfermation of generalions. In
mosk fungl and algae, the zvgole undergoes metosis, and the
daughter cells develop into new individuals. Therefore, the
organism s alwavs haploid.
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Figure 1.5 Stoges of Meiosis. When diploid homalogous chromosomes pair during melosis I, crossng-over cocurs, os represented by
thie exchanga of color. Poirs of homologous chromosemes separoie during melosis L ond chromaotids separcte, becoming hoplosd doughler
chromosames, with twa coples of eoch dunng mehasis . Following meilosis § ond the separoiion of sister chromotids, four haplold dowghter
culls ore produced.

Check Your Progress 1.3

F W

1. Describe the differences between the chiemasamal
mﬂu:ﬂ.ﬂtmlﬂﬂ metophose I
af meidkis.

2. Exploin whet would cowrse doughter celis following
mlhﬁmmm:r
nonidentical chromosomes.

3. Examine whot could hoppen if hamologous chromosomes
limed up top to battom instend of side by side during
meinsis | I




1.4 Meiosis Compared to Mitosis

Upan compietion of this section, you should be able 1o
1. Contrastchanges in chromesome number, genetic variability,
and number of doughter cells betweesn meiosss and miloss.
2. Distinguish the events thot secur during proghose | of
meiosis et do net oceur dusing proghass of milogs.
3. Compare chromosame abgnment during meiasis | 1o
MElosTs

Daughter nuciod ase Nod geneticaly identcal to parantal coll

There are many sirnidlarities between the processes of mitosis.
In both processes:
= Anordedy serbes of stages, including prophase,
prometaphase. metaphase, and telophase are involved in
the sorting and divison of the chromosomes.
= The spindle fibers are active in sorting the chromuosommes.

= Cytokinesis follows the end of the process o divide the
cvinplasm between the danghter cells.

However, the function of mitosis and mesosis in an organism
15 very different. Mitosis maintains the chromosome number

Daughter nuclel are genetcally idomtical to paremial coil

Figure 1.6 Meiosis | compared 1o mitosis. Why does meiosis produce doughter ceils wath half the number of checmosomes, wheneos mitoses:
produces dowghéer cells with the some nusnber of chromosomes as the parent cell? Compore metophasa | of meiosss 1o melophase of mitoss. Only in
metaphase | of melosis ore the homotogous chromosomes poired of the metophase plote. Members of homologous chromosome DOFs Sapanabe during
onaphose L ond thenefone the dowughter oells one haplaid. The exchange of color between nonsister chromotids represents the crossing-over thot oocusned
during mistorsis | The blue chromasomes wera inhserited from the poternal porent, ond the ned cwomosames wene inherited from the moternal panant

156
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betwean the cells, wheneas meiosis b5 often referred bo as reduc-
tHon division.

Figure 1.6 compares mesosis and mitosis. Several of the
fundamental differences between the two processes inclode:

= Meiosis requires bwo noclear divisions, but mitosis
reqquires only ome nucear divisbon.

* Meiosis prodoces four daughter nuclel. Following
cyiokinesis, there are four daughter cells. Mitosis followed
by cytokinesis resulis in bwo daughter cells,

* Following mesosis, the four daughter cells are haplosd and
have half the chromosome number as the diplobd parent
cell. Following mitosis, the daughter cells have the same
chromosome number as the parent cell.

= Following meiosis, the daughter cells are genetically
sdentical neither to each other nor to the parent cell.
Following mitosis, the daughter cells are genetically
sdentical to each other and to the parent cell.

In addbtion to the fundamental differences between mei-
osls and mitosts, two specific differences between the bwo
types of nuchear divisions can be categorized. These differ-
ences involve oocurrence and process.

Occurrence

Meiosis oovurs only at certain tmes in the hfe cycle of sexually
reproducing organisms_ In humans, medosis ocours only in the
reproductive organs and produces the gametes. Mikosis is more
common, because 1t ocours in all Hsswes during growth and

repair.

Process

We now compare the processes of both mewsis | and metosis
I o ebbosis.

Medosis I Compared to Mitosis
MNotice that these events distingudsh mesosis [ from mitosis:

* During prophase [, bivalents form and crossing-over
oocurs. These events do not occur muiboais,

* During metaphase | of melosis, bivalents
independently align at the metaphase plate. The paired
chromosomes have a total of four chromatids each.
During metaphase in mitosis, individual chromosomes
align at the metaphase plate. They each have bwo
chromatids.

* During anaphase | of meiosis, homologues of each
bivalent separate, and duplicated chromosomes (with
centromeres intact) move to opposite poles. During
anaphase of mitosis, sister chromatids separate,
becoming daughter chromosomes that move to

opposite poles.

Meiosis IT Compared to Mitosis

The events of melosls [ are similar to those of mitosis, except
that in meiosis [ the nuclel contain the haploid number of

Table 1.1 Meiosis | Compored to Mitosis

Prophase | Prophase

Poiring of homologous Ko painng of chromosomes

chaomosomes

Metophase | Metaphaose

Bheolants ol metophoss plats Duplicoied chromosomes ot
miophase piote

Anophase | Anophose

Homodoguas of cach bivalent Eiter chwomatids seporote,

sepoemie, ond cuplicoted bacoming doughler cCheomosomos

cheomosomes move 1o polos ikat mowe 1o the poles

Telophase I Telophose

Two hoploid dowughder cefis, mot Two diploid dmsghter cells,

Identical to the poret cell idewricol to the parent oell

Prophase I Prophoss

IMa painng of chromosomes Mo poring of chromasomes
Metaphase Il Metophaose

Hapioid number of dupkicated Diploid number of duplicoted
chromosomes of metophase chiomosamas at metophose
paate plcte:

Anaphase 1l Anophase

Siztor chromotids Sistor chromatits separnte,
becoming doughter chvomosomes  becoming doughier chromosomes
that morve 1o the poles thot move o tha poles
Telophaze | Telophase

Four hoploid doughier cofis, not.  Two déploid doughbar cells,
ganaticolly idenbool identical to the posent cedl

chromosomes. In mitosis, the original number of chromosomes
is maintained. Meinsis [ produces bwe daughter cells from each
parent cell that completes medosis |, for a total of four daughter
cells. These daughter cells contain the same number of chro-
mosomes as they did at the end of meiosis | Tables 1.1 and 1.2
compare metoas | and I to mitess.

Check Your Progress 1.4
tmeMMWIu |
meiosis and metophase of mitoss.
2. Explain how meiotis I & more simar to mitasis than o
meiosis L
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1.5 ThE Cycle of Life
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|
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I.:Ipnn mmpu-unn of this section, you should be able 1o
1. Confro=t the life cycie of plonts with the Life cycle of
anEmals.
2. Describe spenmatogenesis ond oogenssis in humans.

The term life cycle refers to all the seproductive events that
occur from one generation to the next similar generation. In
ankmals and humans the individwal ks abwavs diploid, and mebo-
sis produces the gametes, the only haploid phase of the life
cvcle (Flig. 1.7). In comtrast, plants have a haploid phase that
allermates with a diploid phase. The generation, known

as the gametophyte, may be larger or smaller than the diplosd
generation, called the sporophyte.

Figure 1.7 Life cycle of humans. #eiosis in males is o port of
sparm producion. and melosks in females is o part of egg prodwcion
When a haplold sperm ferlilizes a hopioid egg. the rygoée is diploid The
zygote undergoes mitasts 0s it dewvelops into o newbarn child. Miosis
conbnues throwughout (e during growih aond repolr.

Mosses growing on bare rocks and forest floors ase the
haploid generation, and the diplold generation ks short-lived.
In most fungd and algae, the zygote is the only diplold portion
of the Life evele, and it undergoes mewsis. Therefore, the black
moeld that grows on bread and the green scum that flosts on a
pond are haploid.

The majority of plant species, including pine, corn, and
sycamore, are usually diploid, and the haploid generation is
short-ived. In plants, algae, and fungi, the haploid phase of the
life cycle produces gamete nuched withowt the need for meiosks,
because it has ocourred earlier.

Animals are dipboid, and meiosis oocurs duning the produe-
tion of gametes, called gametogenesis. In males, meiosis is a part
of spermabogenesis (GE. sperm, "seed”), which occurs i the testes
and produces sperm. In females, medosis s a part of cogenesls
Gk oon, "ege”), which ocowrs in the ovarses and produces eggs. A
sperm and an egg join at fertilization, restoring the diploid chro-
mosome number. The resulting rygole undergoes mitosis during
developrment of the fetus, After birth, mibesis is imolved in the
continued growth of the child and the repair of Hssues at any Hme.

Spermatogenesis and Oogenesis in Humans
In human males, spermatogenesis oocurs within the testes: in
fermales, oogenesis oocurs within He ovaries

Spermatogenesis

The bestes contain stem cells called spermatogonia. These cells
keep the testes supplied with primary spermatocyvtes that
undergo spermatogenesis, as described in Fligure 1.8, lop. Pri-
mary spermatocyies with 46 chromosomes undergo meiosis |
i form two secondary spermatocyvtes, each with 23 duplicated
chromosomes. Secondary spermatocyvtes undergo mebosis 11
0 produce four spermatids with 23 daughter chromosomes.
Spermatids then differentate inko viable sperm (spermatozoa).
The spermatozoa will exit the penis via ducts

Dogendsis

The ovaries contain stem cells, called oogonia, that produce
many primary oocvies with 46 chromosomes during fetal
development. They even bepin oogenesis, but only a few con-
timue when a female has become sexually mature. The result of
meiosis [ is two haplodd cells with 23 chromosomes each (Fig.
1.8, bothom). One of these cells, bermed the secondary ooeyte,
receives almost all the cytoplasm. The other is a polar body
that may either disintegrate or divide again.

The secondary socyte begins meiosts I but skops at meta-
phase IL Then the qecm'n.d.-a.n oocyvte leaves the ovary and
enters the uterine tube, where sperm may be present. If no
sperm are im the werine tube, mllaspermdmnnlenw
the secondary oocvie, it eventually disintegrates without com-
pleting melosis. If a sperm does enter the cocyte, some of its
contents irigger the completion of meiosis 11 in the secondary
oocyvte, and ancther polar body forms.
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Mpicsis § is completod
after entry of sperm
ot

[

zygata

09 rucieus E=l

Figure 1.8 Spermatogenesis and cogenesis in mammals.
Spermoficgenesis produces four viablbe spem, whereas oogenesis
profucos one egg ond ot Leost teo polor bodies. In humons, both sperm
ond egg have 23 chromasomas soch; thanefare, following fertlizotion, the
rygote has 45 chromosomes.

At the completion of oogenesis, following entrance of a
sperm, there is one egg and two or three polar bodies. The polar
bodies are a way to “dispose of " chromosomes while retaiming
msch of the evtoplasm in the egg. Cytoplasemie molecules and
organelles are needed by a developing embryo following fertil-
ization. Some rvgote components, such as the centrosome, are
coniributed by the sperm.

The mature ege has 23 chromosomes, but the avpote formed
wihen the sperm and egg niclel fuse has 46 chromosomes. There-
fore, fertilization restores the diplold number of chromosomes:
The production of haploid gametes and subsequent fusion of
those garmetes inbo a diploid zvgobe complete a human life cvele.

Check Your Progress 1.5

1. Descrite where cells that underge meiosss are located in
umans.,

2. Compare the number of gametss produced during oogeness
ond Sprermolngen et in umans:

1.6 Changes in Chromosome
Number and Structure

Leaming Outcomes
Upan completion of this section, you should be able to
1. Distinguizh between eupioidy ond aneuploidy,
2. Explain how nondispunction con couse manasamy and
trisamy aneuplaidy.
3. Describe humon diseosed coused by hanges in the
number of sex chromosomes.

4. Choracterize how changes in chromosome strsciure can
lecd to human diseases.

| -

We have seen that crosaing-over creates vartation within a pop-
ulatbon and i3 essential for the normal separation of chromo-
somes during melosis. Furthermone, the proper separation of
homologous chromosomes during medosis [ and the separation
of sister chromatids during mebossis [ are essential for the main-
tenance of normal chromosome niembers in Hving organisms.
Although melosis almost always procesds normally, a failure of
chromosomes ko separate, or nondisjunction, may occur, resuli-
ing im a gain or loss of chromosomes. Errors in crossing-over
may result in exira or missing parts of chromosomes.

Aneuploidy

The correct number of chromosomes in a species 1s known as
euploldy. A change in the chromosome number resulting From
nondisjunction during meiosis is called aneuploddy. Aneuploidy
iz seen in both plants and animals. Monosonmy and trisomy are
bwo aneuplodd states.



Monosemy (2n = 1) oocurs when an individual has only
one of a particular type of chromosome when he or she should
have two. Trisomy (2n + 1) ocours when an individual has three
of a particular type of chromosome when he or she should have
two. Both monosomy and trisomy are the result of mondisjune-
Hon during mitosis o meiosis. Pristary soudisicorelion ocours
during meiosis | when both members of a homologows pair go
into the same cell (Fig. 1.90). Secondary mondisjsnmction
occurs during meiogis I when the sister chromatids fail o sepa-
rate and both daughter chromosomes go into the same gamete
{Fig- 1.95).

Notice that when secondary nondisjunction occurs, there
are two normal gametes and two aneuplodd gametes. In con-
trast, wien primary nondisjunction sccurs, no normal gametes
are produced. Therefore, primary nondisjunction tends to have
more deleberious effects than Rt

In animals, monosomies and trisomies of nonsex, or awbo-
somal, chromosomes are generally lethal, but a trisomic individ-
ual is more likely bo survive than a monosomic one. In humans,
only three autosomal trisomic conditions are known to be viable
bevond birth: trisonyy 13, 18, and 1. Only trizomy 21 is viable
bevond eardy childhood and 15 characterized by a distinctive

set of physical abnormalities and intellectual disabilities. [n
comparison, sex chromosome aneuploids are better tolerabed
in animals and have a better chance of producing survivors.

Trisomy 21
The most common autosomal brisomy seen among humans is
trisomy 21, also called Down syndrome. This syndrome is eas-
ily recognized by these characteristics: short stature; an evelid
fold; a flat face; stubby fingers; a wide gap between the first and
second toes; a large, Assured tongue; a round head; a distinctive
palm crease; heari problems; and some degree of intellectual
disability, which can sometimes be severe. Individuals with
Do symdrome also have a y increased risk of develop-
ing leukemda and tend o age rapidly, resulting in a shortened
life expectancy. In addition, these individuals have an increased
chance of developing Alzheimer disease later in life.

The chamces of a woman having a child with Down syn-
droeme imcrease rapidly with age In women ages 20 o 30,
the incidence of trisomy 21 is 1 in 1,400 births; in women 30 to 35,
the incidence is about 1 in 750 births. It i thought that the longer
the oocvies are stored in the female, the greater the dhances of

|:|:n.+1| |1r||+1| |1u—1| |1n-1|

= 1

|:m+1 | |1n—1 |

b

Figure 1.9 MNondisjunction of chromosomes during cogenesis, followed by fertilizotion with normal sperm. o Mondisjuncion con ocour
during maiosis | |primany nondsjunction) ond results in obnormal eggs thot oiso howe cne mose or ons less thon the nomiol number of chromosomes.
Fertilization of these obnormal eggs with normal. spsenm resulls in 0 ygote with obeormal chromaoseme numbars. 2n= diploid nember of chromosomes:

b Nondispunciion con olso occus durmg meiosis § secondory nondsjuncbon) i the sistor chromofds seporabe bat the resulling dougiter chiomorsames go
Imto: the some doughtar cell Then the egg will hove one maone or one bess than the usuol number of chromosomes. Fertiizotion of these obnommol eggs with

normal spam produces a zygobs with abnormol chromosome numBers.
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Figure 110 Trisomy 21 Pessons with Bown syndrome, or trisomy 1, howe on extro chromaosome 21 b, The konyobgpe of on indeviduol with Boen
syndrome shows three copées of cheomosome 21, Therefone, the indiiduol hos three copies insteod of two copies of eoch gene on chromosome 21 An axine
copy of the Sant gane, wiikch |eads bo high Llevels of parinae in the blood, acoounts. for mony of the chomchenstics of Down syndome:

i more Hkely o have a Down symdrome child, most babies with
DChosemn ‘-hl'ﬁjﬂlﬂ'ﬂ.‘ are born to wonen vounger than age 40, because
this is the age eroup having the most babies. Furthermore, ressarch
indicates that in 23% of the cases studied, the sperm contribbed
the extra chromosome. A karyotype, a visual display of the chro-
mosomes arranged by size, shape, and banding pattern, mony be
periormed to identify Tabies with Do symdrome and other anew-
ploid conditions {Fq.r 1300,

The genes that cause Down syndrome are located on the Tong
arm of chromosome X1 {Fig. 1.10), “and extenstve imesHzative work
has been directed toward discovering the specific gemes respon-
sible for the characteristics of the syndnome. Thus far, vestigatons
have discovered several genes that may account for various condi-
tons seen in persons with Down u.l:l.-;.i.lu:'l'u: For example, they
have bocated the gemes most el i'ufq.'ttln:\.d‘:k for the increased
tendency ioward leukemia, cataracts, and an accelerated rate of
aping. Researchers have also discovered that an exira copy of the
Garf gene canses an increased level of purines in the bleod, a finding
associaed with ivellectual disability. One day, i may be possible o
control the expression of the Gard gere even before birth, so that at
least this spmprtom of Down syndrome does not appear

Changes in Sex Chromosome Number

An abnormal sex chromosome number 13 the result of inherit-
g Lid ] :'l:l...u'r_l. or oo few X or Y chromosomes. _‘\:Llru!u-|u|||.'|.u.:ll1
du:rl.l'lgl.n.‘n;.';urwh:lh ur.mi.ﬂ.-r:ln.illl.'ﬁ.:,l:-r'l.e.hl.i can resailt in panmeies with
an abnormal number of sex chromosomes. However, extra cop-
fes of the sex chromosomes are much more easily tolerated in
humans than are extra copies of sutosomes. .

A person with Turner syndrome (X0 & a female, and a
person with Klinefalter 'l-l.:I1I.1rl.III:Ll.' (XX 15 a male. HLI‘l'.'I:"—'\I.'!'
deletion of the SRY gl.'nl:" aon the short arm of the Y chromo-
some resulis in Swyer syndrome, or an "XY female " Individuals
with Swyer syndrome lack a hormone called testis-determining
factor, which plays a critical role in the development of male
genitals. Furthermore, movement of this gene onbo the X chro-
mosome may result in de [a Chapelle syndrome, or an "XX
mabe " Men with de la Chapelle sy ndrome exhibit undersized
testes, sterility, and rudimentary breast development. Together,
these observations S that im humans the presence of the
SRY gene, mob the number of X chromosomes, determines male-
ness. In its absence, a person develops as a female.

Why are newborns with an abrormal sex chromosdme num-
ber more lkely to survive than those with an abmormal aviosoms
number? Becanse females have two X chromosomes and males
have CII'II:I.' OF, e r'l'll.Hil.l: L'JI.FH:'L't females o prl.hfut'l: bvice Hhe
amount of each gene from this chromosame, but both males
and females produce roughly the same amount. In reality, both
males and females only have one functioning X chromosome. In
females, and in males with extra X chromosomes, any addstional
¥ chromosomes become an Inactive mass called a Barr bﬂl}',
named after Murray Barr, the person who discovered it This
inactivation provides a matural method for gene dosage com-
pensation of the sex chromosomes and explains why extra sex
chromosomes are more easily tolerabed tham extra aubosommes.

Turmer flJI".I.'IlI.‘u:I:I‘I.E Erom birth, an X0 individual wath Turmer
symdrome has only one sex chromosome, an X; the O signifies the
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a. Furnes syndeoime misseg
chromosomis X

Figure 1.11 Abnormol sex chromosame number.  Mondisjuncian of
syredramss, wiea hove anly one X chromosome, oS shown, and (B) Elinedociber

absence of a second sex chromosome (Fig. 1.118). Therefore,
the nucleis does not contain a Barr bods
incidence s 1 im 10,000 fermales.

Turner females are short, with a broad chest and widely
-|.'l.|-:' ed r||'_'}=!_|.--. These individuals also have a bow |.‘--:1- terior hair-

The approdrmate

ine and neck webbing. The ovaries, oviducts, and uterus are

1 i k wabling

very small and underdevel oped. Turner females do not undergo

puberty or menstruate, and their breasts do not develop. How-

ever, some have given birth following in vitro kertilization using
onor eges. They vsually are of nor intelligence and can

d was. Th Il f nal intellig

ead fairly normal lves of they secemve hormone supelements.

lead fabrl 11 Fith I 1 plement

Klinefelter 5}'ndmme. A male with Elinefelter syndrome
has two or more X chromosomes in addition to a Y chromosome
(Fig. 1.114). The exira X chromosomes become Barr bodies. The
approximate incidence for Klinefelter syndrome is 1 in 500 to
1,000 males.

In Klinefelter males, the testes and prostate gland are under-
developed and facial hair is bicking. They may exhibit some
breast development. Affected individuals have large hards and
feet and very long arms and legs. They are usually slow to learn
but do not huve an intellectual disability unless they inherit more
than iwo X chromosomes. No matter how manv X chromosomes
there are, an mdividual with a % chromosome i a male.

While males with Khinefelter syndrome exhibit no other
BT health abnormalities, ||Ir.'.'- hawne an increased risk of some
disorders, including breast cancer, ostesponosis, .||'|d.'sU|.".L- which
disproportonately affect females. Although men with Elinelelter

ent, some have

1-.r|r_1n.1|1'-L Ly pn..uh do not need medical treat
Il.u.llll that feshosterone I.||-'r.J|'.~1 |.-|.:|.'l- increase musche & :|.'|1|.-;I.||
and concentration ability. Testosterone ireatment, however, does

not reverse the sterility associabed with Klinefelter syndrome due

to incomplete testidle developement.

b Klimefeiior syndromae [siuin]
TR SO K

s cheomosomes 5 inlemied better than with oulosomes. People with jo} Tumer
symdrome, who howe mone thon one X chvomosome: plas a 'Y chirmmosoema

Poly-X Females.

female, has more than two X chromosomes and, therefore, extra

A poly-X female, sometimes called a super-

Barr bodies in the nucleus. Females with three X chromosomes

have no distinctive phenotype aside from a tendency to be tall
and thin. Although some have delaved motor and lampuage
development, as well as learning prok e, maost poly-X females

dis ot hawe an intellectual disability. Some may have menstrual
diffbculties, bul many menstruate wa..ul.lr.l. and are fertile. Chil-
dren usually have a normal kar votvpe. The incidence for poly-X
females s about 1 in 1,500 femabes.

Females with more than three X chromosomes ocour r.:nr.'|_|..
Unlike XXX females, X00XX fermnales are usually tall and have a
sevene intellectual disability. Various physical abnormalities are
seen, but they may menstruate normally.

Jacobs 5}'11er|:|.1£. XY males, termed Jacobs syndrome,
can result only from nondisjunction during spermatogenesis.
the I'rl.'qun-.'n{'\. of the X% kd.l.':-l.i-
im 1,000, Affected males are usually taller than

Among all live male births,
tvpe is about
average, suffer from persistent acne, and tend to have speech
and reading problems, but they are fertile and may have chil-
dren. Despite the extra Y« hromosome, there is no difference in

behavior between XYY and XY males.

Changes in Chromosome Structure

Changes in chromosome structure are another type of chro-

mosomal mutation. Some, but not all, changes in chromosonme

structure can be detected microscopically. Various agents in the
environment, such as radiation, certain organde chernbcals, o
eVen Viruses, can cause chromosomes o break. Ordinarily, when
breaks occur in chromosomes, the two broken ends reunite
hirwever, the

o give the same sequence of genes. Sometimes,

WicCarca - 1L O ucetian  CTAVEPL
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broken ends of one or more chromosomes do not repoin in the
same pattern as before, and the results are various tvpes of chro-
mosomal rratations.

Changes in chromozome structure include deletions,
duplications, translocations, and imvershons of chromosome
segments. A deletion occurs when an end of a chromosome
breaks off or when two simultaneous breaks lead bo the loss of
an internal segment (Fig. 1.12q). Even when only one member
of & pair of chromosomes 15 affected, a deletion often causes
abnormalities.

A duplication is the presence of a chromosomal segment
miore than ance in the same chromosome (Fig. 1.126). Duplica-
tions may or may not cause visible abnormalities, depending

a Dwalethon B Duplicotion
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on the size of the duplicated region_ An inversion has occurred
when a segment of a chromosome has been turned asound
1807 (Fig. 112} Most individuals with inversions exhibit no
abnormalities, but this reversed sequence of genes can result
in duplications or deletions being passed on to thelr children,
as shown in Figure 1.13.

A transhocation = the movement of a chromosome segment
froan one chromosems o anotber, aon s chromosome.
The translocation shown in Figure 1124 i helanced, meaning that
there is a reciprocal swap of one piece of the chromosome for
the other. Ofen, there are no visible effects of the swap, but if
the imdividual has children, they receive one nomal copy of the
chromosome from the normal parent and one aof the abnormal

-

d Trarsiocation

. Imversion

Figure 112 Types of chromosomal mutotions. o Delotion & the loss of o chromosome piece. b. Duplicotion oorurs when the some pece is repeated
Within tho ChIOMOSCME. C | MVETSIoN DOCLrs Wihin 0 pieco of Chiomosoima broos oose ond then mﬂmmm.ﬂ‘. Tramsiocation s tha Dﬂ'lﬂ'w

H-ELHE 113 Deletion. When chromosocme T loses on end plece,
tha result i Willloms syndrome.

&
Eﬂﬂma et



Figure 1.14 Tronslocation. o When chromosomes 2 ond 20 cachange segments, (b) Alogille syndeome, with distinctive body fectures, sometimes
results becouse of argon malfunction cousad by the chromasome 20 tansiocotion.

chromosomes. The translocation s now webaloned, with extra
muberial from ane chromosome and missing material from another
chromosome. Embryos with unbalanced transbocations uswally
resull in miscarriage, but those individuals who are born often
have severe symmptoms.

Some Down syndrome cases are caused by an unbalanced
translocation between chromosomes 21 and 14. In other words,
because a portion of chromosoms 21 is now attached bo & pos-
tion of chromosome 14, the individual has three copies of the
genes that bring about Down symdrome when they are present
in Eriplet copy. In these cases, Down ayndrome s not caused by
nondisjunciion during mesosis but ks pasaed on normally, as b
any other genetic trait.

Human Symdromes

Changes in chromosome structore ocour in humans and lead o
varions symdromes, many of which are just now being discovered.
S-nmehuwsdmgahchxmtwm structure can be detected in
humans by dolng a karvetype. They may also be discovered by
studving the inherstance pathemdadwderma paﬂml.-ar&milv

Deletion mes.  Williams syndrome socurs when chne-
IS Fmﬂaﬂmetﬂphm{ﬂﬂglli’lj Children who
have this syndrome look like pixges, with turmed-up noses, wide
mwsisths, a small chin, and large ears. Although thelr academic
skills are poor, they exhibit excellent verbal and musical abdlithes.
The gene that governs the production of the protein dastin &
midasing, and this affects the health of the cardiovascular svstem
and cawses their skin b age prematurely. Such individuals are
very friendly but need an ordered life, perhaps because of the loss
of a gene for a protein that is normally active in the brain.
Er]duchat{"ulsm‘ls}rmlmmusem when chromosanms
5 b missing an end piece. The affected individual has a small
head, an intellectual disability, amd facial abnormalities. Abnaor-
mal development of the glottis and larmx results in the mosd
characteristic symptom—the infant’s cry resembles that of a cal

Translocation Syndromes. 4 person who has both of the cheo-
msomes volved ina translocation has the nocmal amount of

genetie mateclal and ks healthy, unless the chromosonse exchangs
breaks an allele irdo two pleces. The person who inhersts onlby one
of the translocated chromosomes no doubt has only one copy of
certain alledes and three copses of certain other alleles. A genetic
counselor beging o sspect o ranslocation has occurred when
spontaneous abortions are commonplace and EBamily members
suffer from various syndromes. A microscopse h!-d'm.iqu.e allewas a
technician to determine if a translocation has occurred.

Figure 1.14 shows the phenotyvpe of individoals who have a
rranslocation between chromosomes 2 and 20. Although they
have the normal amount of genetle matertal, the rearrangment
of the genetic material also commonly causes phenotypic and
phyvsiclogeeal problems, collectively called Alagille syndrome.
People with this syndrome ordinarily have a deletion on chro-
mosome 20 (Fig. 1.104a), which can lead to a congenital heart
condition called tetralogy of fallot, which produces digital chub-
bimg of the fingers (Fig. 1.14b). Liver problems are also com-
maon in Alagille syndrome. The symptoms of Alagille syndrome
range from mild to severe, so some people may not be aware
they have the syndrome untd after they've had childsen.

Tmm]nmuxumnah:berﬁp:mme fior a variety of other dis-
orders, inchsding certain types of cancer. In the 197(0s, new stalming

fechnigques idenbified that a ranskoecabion from a porton of chromo-
some 22 o chromasome 9 was responsible for many cases of chromic
mvelogenous leukemia. This ramslocated dhromosome was called
Philadedphia chromosome. In Burddtt hmphoma, a cancer comemon
i children i equatonial Africa, 8 large tumor develops from lvnph
glands in e region of the jaw. This disorder imvolves a ranskeation
from a portion of chromosome § o chromosome 14.

Check Your Progress 1.6

1. Explain the kinds of changes in chromozome numbers thal
etn be coused by nandejunclion in melosis.

2. Exomine why Sex chromosome oneupbosty is mone
codmemon than outesame aneupboidy.

3. Compare struclural chonges betwesn an fwersion ond o
ranslocation.

Cariral W rchs e Uity Fompl in b MEES o ured otio n Tru o, LS cie nce Sou s
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Genetic varioton and mutotion ploy roles in nelural selection, and o diverse gense pool S imparton for the survival of o
species in 0 changing envirenment. 1AL LA 2 b 3C.1d

Meinsis is 0 key process in sexeol repreduction, with both evolutionony costs and benefits. 1A 1A 2 K 1A 3D

JAle

3AZcT-325

Understanding chromosomel behavier during meiogis is criticel to undersionding how genes segregole
Tarmation and how this contributes to isheritonce of aits from ane genesation o anather. 34 2135

Understanding how chromosomes introdece variation by exchanging genelic iformation during medosis con help us
understand o foundation of genetic diversity 34 204

Like the call cycle and mitosis, meiosis i tahtly regulated to ensure thot bamalsgous chromasames st poir and then
separote during the first division, ond thot sisier chromatids do not separate until the second division. 3.A1.a.2;

1A2e1-3

Certain humon genetic disordess con be attributed to changes in chromosome struciune and number. 3.A 3.c. B

AC1L.ae

change. 4.C1h; 4.C. 2 h

B SUMMARIZE |
AP Answering the Essentiol Questions

In mitosis cefls divide: to grow, reploce cells, and reproduce osex:
vally. Borring mutation, the doughter cells prodeced by mitoses
recewse on identicol ond complete set of chromosomes ond genetic
nstructions. Moweser, chonges i the genetic mokewp of o populo-
tion owver time drive both the unity ond diversiby of life, and orgonssms
howe evoleed wous bo increase variotion. Sources of vorsotion mdode
mutotions in DMA, recombination of genes during mesosis, ond fer-
tilizotion n sexwolly reproducing orgonisms. & geneticolly diverse
gene pood is witod for the srvivol of species when environmentol
conditions chaonge.

Melosis vs. mitosis  LUnke mitoss inwhich doughber cells recenve
o complete sed of chromosomes, meiosis reduces the chromosome num-
ber of o cell from s dipiced [2n) number to its hoploéd (In) number in
many speckes, induding anemals, meinsis s ossocioted with the produc
tion of gametes (eggs ond spem) for sewual reproduction. Gometes dre
haploid; on festiizotion, the urion of egg ond sperm restores the diploid
chromosome number in the 2ygoie. In e, the oygoie undergoes mitosks
a5 it develops, ond cell dwvision continues throughout Be during grossth
ond repaic in the moture sexuotly reproducing orgoniem, meiosis will
ogain be inwobved inthe production of gometes. Before we expiomne how
meiosis reduces the diploid numbes of chromosomees to hapioid, bket's tolk
a liflle bit mone chout chromosomes

Eukonyotic chromosomes consist of DNA tightly coiled oround
proteins. In diploid somotic body cells like skin or musche cells, the
chromosomes occwr in pairs colled homologous chromosomes or

Mainsis and mitosis use similar mechonisms to store, relieve, ond trensmil genstic infarmotion; wever, theoe two
iypes of cell division occur in different iypes of cells with diffierent oulcomes with respect i chromosome numibser.

Variotion produced by mutalions in DNA ond recombination nl'gu!dli: material through mesesis and fertilization
provides an argonism with o wider range of functions thot moy help the organism better respand o emdranmental

-.—MI

homologues. Homologuees comtoin simiior genes, bt these genes
may hove different varigtions, colied olieles fwe will study mwsch more
obaut genes i olietes in Chopter 3} In humaons, o somatic cell con-
tmins 46 chromosomes, or 23 poirs pors =22 ore outcsomes, coding
for non-sex troits like hoir color or dimples. wheneos poir 23 mcludes
the sex chromosomes (¥ ond ) ond helps determine gendes. A2 fertil:
irotion, the mole ponent contributes one member of the homologous
poir, ond the femole povent contributes the other member. & simple
equation con help us remember this obout hemans: 23 chromosomes
from dod =+ 23 chrompsomes from mom = 48 chromosomes for the
Iygote. Semiiar to mitosis, when chromosomes ore duplicoted, eoch
chromaosome in the homologous poir is compased of two sisber cheo-
mafids. The ssier chromotids conioin exocily the some genes, but
cithowgh the nonsister chromotids contoin genes for the some troits
{eg., type of hoi, color of eyes) one moy howe DA that codes for
beown hair, while the other chromotid hos DRA thot codes. for Blonde
heair

In mitosis, chromosomes replicote once, and the cell divides
once. Howeser, mesosis requires two cell diesions-—meiosis | ond
meigsis = ond results n four dooghter celis. Like mitosis, repdico-
tion of DHA tokes ploce before cell division ocowrs. During meiosis
I, on Emportont even? occurs thot does not occur in mitosis: the
homologous chromosomes poir before they seporoie, o phenom:
enon colled synopsis. The bivalent {two homologues)] chromosomes
olign independently olong the eguator of the cell, and eoch doughter
cell recefves one member of eoch poir of homologous chromosomes.
Duxing meiosis |, the sster chromotids of eoch duplicoted chromo-
some seporote. However, in the interkinesis phose between meiosis
| ond meiosis |l, DNA does nof replicohe ogain. Remember, the goal
of meiosis is o produce four hoploid [In) doughter cells, each with



one member of eoch kind of chromosome. To occomplish this, DMNA
replicobes. once but divides twice |you do mot need to memorize the
nomes of the phases of meiosis, But you need o undersiond the
processes of replicotion, alignment. ond separation in metoses | ond
meiosis B ond the order in which they occcor). Like mitoszs, the meiotic
cefl cycle is reguloted by externaol fodors ond internol signaots.

Meiosis and genetic variation Sexuol reproduction ensures
thot offspring hove a different genetic moleup thon porents, ond
genetic waniotion increases the obility of o populotion to surdwe. Meiosis
contributes to genetic variation in bwo woys: crossing-over ond inde-
pendent assortment of homaologouws chromosomes. When homologous
dhromosomes pair or synogse in meicsss L genetic recombinotion by
orossing-ower ooours if nonsister chromatids exchange genetic mote-
rial. Cee to crossing-over, the chromotids thot seporote ot the end of
meiosis |l hove o different combinodion of genes. In oddition, when the
homologous cheomosomes olign ot the eguator of the cell duning meio-
=ix |, ether the moternol or patermnol chromosomes con be focing either
pole; in other woeds, they independently ossort themsebves. Crossng:
over and independent ossomment result in oll possible combinotions
of cheomosomes in the gometes ond mony different combinotions of
genes. Rondom fertilizotion of an egg by o spem futher increoses
genetic vonotion that moy incregse on orgonism's fitness, enabling o
grecier chonce of sunivol in its envilonmenl
Althowgh mesosis i o controdled process, sometimes @ does not
go occonding 10 plon. Nondisjenction during meiosis | or meiosis 8
may result n gometes hoving sim or missing copees of dhromosomes.
N these gometes are used i fertlirotion, the conseguences o the
mygoie con be deleterious. Down syndrome s o well-known genetic
disordier in humans thot usually coows when an individual hos Esomy
21 or on extro copy of chromosome 21. Abnormolities in crossing-over
moy nesult i deletions, duplicotions. imversions, ond tronsbocotions
within cheomosomes. Maomy human syndromes with distinet physicol
ond physiotogicol charocteristics result fom these chonges in chromo:
SOME Strsciune.
You should be able to compaore ond contrast the proceszes of
mitosis and meiosis, recognizing their smilorites ond differences:
= Meiosik requires two nuclear deesions, but mitosis requres only
one nuclear daesion.
= In miosis ond meioss, DMNA replicotes ond deviides. However, in
meiosi, DA replicotes once but deides twice due to separction
of homologous chromosomes in meiosis | ond separotion of chro-
maotids in meiosis Il
«  Meiosis produces four doughier nuclei, ond, following cytokonesis,
four doughter cells, whereos mitosis produced twa
« Following meicss, the four dowghter cedls ore koploid (In) with half
the chromosome numiber os the diploid (20} parent cefl. Following
mitasis, the doughter cells hove the saome chromosome number os
the parent cedl
» Following meiosis. the doughter cefls ore mot geneticolly idendis
col to themsetves nor to edther porent cell. Following mitosis, the
dougiter cells are genebicolty identicol 1o eoch other and o the
parent cedl

B ASSESS

Choose the best onswer for eoch guestion.

11 Overview of Meiozis

1. ¥ o porent cell hos 16 chromosomes, then eoch of the doughter
cells following meiosk will hove
o. 48 cheomosomes.
b I chromosomes.
. & chromosomes.
d. B chromosomes.

2. Abrrolent i
a. o homologous chromosome.
b the poired homologous chromosomes.
€. oduplcoted chromosome composed of sister chromoatids.
d. the two doughter cells ofter meiosis |

3. The synoptonermol complex
o forms during prophose | of meioss.
b oflows symapsis to accur.
c. forms between homologous cheomosomes.
d. AR of these are correct

1.2 Genetic Vorlotion

4. Crossing-cver ooours between
0. =ister cheomaotids of the some cheomozome.
b two different kinds of bevalents.
. two different kinds of chromosomes.
d. nonsister cheomotids of a bivalent.

5. Which of the following occurs ot metophose | of mesosis?
o independent ossortment
b. crossing-owver
€. inferkinesis
d. formaotion of new alkeies

1.3 The Phases of Meiosis

B. At the metophose plote during metophase | of meioss, there one
o unpaired duplicoted chromosomes.
b breotenbs
c. homologous poirs of chromosomees.
d. Both b ond c ane corect

7. Al the metophose plote dunng metiophose |l of meioss, there ane
0. chromosomes consisting of one chromatid,
b w=npoired duplicoted chromosomes,
€. bevotents
d. homologous pairs of chromosomes.
8. Duwing which phose of meiosis do homologous chromosomes
seporobe?
o prophose |
b telophose |
c. onophose |
d. onopho=e ||

1.4 Melosis Compared to Mitosis

9. Miosis chromeosome number, whereos meiosis
the chromosome number of the dowughter cells.
. msamnboins; increases
b increases; mairains
. inoeoses decreases

d. matoins; dedreoses

£ M rone- i L E e bion
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Eor guestions 10=13, moich the stotements thot foliow 1o the ibems in
the key. Answers moy be wsed mooe than once, and mone thon ome
onseer moy be used,

Key:

S

meiosis |

mesosis I

Both meicsis | and mesasis | are comect.
. &l of these are coerect

10 Irmvolives poiring of duplicoted homologous chromosomes

1. & porent cell with fve duplicoted chromosomes will produce
doughter cells with five chromosomes consisting of one
chromatid eoch.

12. Mondisjunction moy ooowr, couvsing abnommol gametes to form.

13. Imvolved in growth and repair of tssues

1.5 The Cycle of Life

#4. Polor bodies ore formed diring the process of
O0. spermoiogenesis.
b. gometophyte formation.
c. sporophayte foemation.
d. oogenesis.
15. In humaons, gomedogenesis resutts in the formation of
o. diplosd egg and spemm cells.
b. gometophytes
c thoploid egg ond sperm celis.
d. o zygate.

1.6 Charnges in Chromosome Mumber and Structure

16. Mondisjunction dunng mesosis | of cogenesis will result in eggs
Enot howe
o. the nomal member of chromosomes.
b. one too mony chromosomes.

. one less thon the mormal nember of chromosomes.
d. Both b ond c ore comect

17 In whech of the following s genetic moteriol moved between
monbomologows chromosomes?
O. irmertion
b. mondisunction
c deletion
d. tronsiocotion
18. Which of the following = not on oncuploid condition?
o. Tismer syndrome
b. Diown syndome
c. Alogille syndrome
d. Klinefedter syndrome

pApEA

B ENGAGE
AP Applying the Big Ideas

1. N some outwordly wisible voriotions [phenotypes) n
species one nat directed by the emvironment but occur theough
rondom chonges in DA ond theowgh new gene combinotions:
Some phenotypic vorotions significontiy increase or decreose the
fitne=s of the arganism ond the populotion.

0. Describe TWO kinds of doto thol could be collected by sci-
entists 1o provide o direct onswer o the guestion, how can
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srientists determine thot o chonge in chromosome msmber or
stnsune will decrease the fitness of an onganism?

b Exploin how the doto gou suggested in pan jof would provde
a divect answer 1o the question.

2. EEEEER Miciosis, o reduction division, followed by fertiization
ensures genetic diversity in sesuofly reprodiscng  organisms.
In o poragroph, exploin the connection bebween meiosis ond
increosed genetic diversity necessany for evolution.

3 (EEENY The variation produced by meicss of the celiuar level
offects oil levels of on orgonism’s physology.

o Describe TWO kinds of dota thot could be collected by o
entists to provide o direct onswer to the guestion, how does
wonation in moleculor units provide cells with o wider range of
functions?

b Exploin how the doto you suggested in pon (o) would provide
o direct answer 0 the question.

AP Applying the Science Practices

mtor proteins: ploy aon important role in the movement of chromosomes
in both mitasis and mesosis. To test this hypothesis, ressochens hove
produced yeost that connol moke the motor protein colled Kar3p. They
oiso hovwe prodisced yeost thot conmot moke the motor probein colled
Cilkcip, which mony think moderoies the function of Kor3p. The reswlts of
thesr experiment are shown in the groph 1o the right.
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j 24 k- 48
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*Doln obtoisad bem: Shanks, etol 2000 The KeeSinlorscting probais Cidp plags a
crieol yole in pectogl Trrough messis | in Soorfevemiyced oot Gomsdes 159:
§35-851

Think Critleally =5 =&
1. Evoluote whether Cikip seems to be important for geast memsis.
Exzicn.
2. Aszess whether Kar3p seems to be necessary for yeost meioss.
Exploin.
1. Conclude whether oll molor proteins seem o ploy o wiol role in
meiosis. Exploin
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AP Hove you sver looked ot the back of o con of et soda and wondered what
the warning “Phenyjlketonurics: Contoins Phanglolonine” means? Phenylolonine is an R
MG sl Wt B Townd in many feods ond the anfificiol swestenes aspartome. Fod maal
people, phenlolonane does nol present any problems, snee oy Sxcess is broken

dowm by enzymes in the bady. However, some people, called phenylkeinnurics, lock a
funcBonol copy of this enzyme and thus ane unable bo break down the phenylalanine.
The exceas maly oocurmsdate in the body, cousing o vakely of fenvous system disorders.
An estirnated 1in 10,000 people in the Uniled Stoles are phenylkebonumcs.

Like thee rest af s, you are the product of gour fomdly tree. The DMNA you et
frorm your parents direcily affects the prateins thal enable your body to funciion
properly Rore genetic disorders, soch as phenylketonurio, pigues our Curicsity obout
hioves tradls are inherited from one QE'I"IE'IUEQH to the next. The process of meiosis oon e
uged to predict the inharfance af o trait, and the gEI"IE'I'.iI: di-.-ersil:g Fliﬂllﬂul'.ll‘.'ﬂ II'|rl\'.'u.|g-h
Minsis can semetimes lead 1o phenyllkelonussa.

Throasgh the pattens of inheritance first described by Mended, you will learn
that certain raits, such os phenylkelono, ore recessive and thot it 1okes o
nonfuncianal copies of that gensa before LpOILI e affected. This chopter will introduce
you 1o obeersable potterns of inheritonce, ncluding some humaon genetic diordass,
such as phenylketonuria.

Az gou read through the choples think about these Essentiol Ouestions:
1. Whit is the relationship between genes and their possoge from parent io offsgring
i nodural selection ond evolution? TATes SRSaH SASE
2. How does the behavior of chromosomes during meiosis exploin Mendel's lows. of
segregation and independent assortmen? ZAMee 380580

3. How does an understonding of Mendelion genstics help us understand the Link
bebwesn genes and human genelic disenses? SR a0 34406

CHAPTER OUTLINE
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2.2 Mendels Laws 170
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and Human Diseare 176
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FoLLowInG the BIG IDEAS

E Infveritance of genss wilhah 0 populbHEon 5 o cornerstone of species’ ability 1o change over Bme.

m Gregor Mendel's scientific approach allowsd him to establish the bosic principles of herediy,
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CHAPTER 2 Aendelian Patterns of Inheritance

2.1 Gregor Mendel
Lipan compdetion of this section you should be oble o
1. Describe how Mendel's scientific approoch enabied his

M eaperEments 1o e sucoecsiul
2. Controst Bending end the ponicuote concept of nhertones

The science of genetics explains the stability of inheritance
(why you are human, as are your parents} as well as variations
between affspring from one generation to the next (why vou
have a different combination of traits than vour paremts). Virtu-
ally every cullure in history has attempted to explain observed
inheritance patterns. An understanding of these patterns has
always been important to agriculbure, animal husbandry (the
science of breeding animals), and medicine.

The Blending Concept of Inheritance

When Gregor Mendel began his work, most plant and animal
breeders acknowledged that both sexes contribute equally to a
new individual They thought that parents of contrasting appear-
ance always produced offspring of imtermediste appearance.
This concept, called the blending concepd of stherilance, meant thal
a cross between plants with red flowers and plants with white
flowers would vield only plants with pink flowers. When red and
white flowers reappeared in future generations, the breeders
mistakenly altributed this to instability in the genetic material

The blendm\g concept of inheritance offered little help o
(hartes Darwin, the father of evolution. Darwin's theory of
natural selection was based on the fact that populations pos-
sessed variation that allowed for cerlain individoals to have a
selective advantage. According to the blending concept, over
timse variation would decrease as individuals becams more alike
in their trails.

Mendel's Particulate Theory of Inheritance

Gregor Mendel was an Austrian who developed a particilale
theary of inleritaece after performing a series of ingenious exper-
iments in the 18605 (Fig. 2.1a). Mendel studied science and
mathematics al the University of Vienna, and at the time of his
research im genetics, he was a substifile natural science teacher
at a local high school.

Mendel was a successful scientist for several reasons. Frst, he
was one of the first sckenists to apply mathematics (o bioksry. Most
[Bkedy his background in mathematics prompted him to apply sta-
tistical methods and the bws of probability to his breeding experi-
ments. He was also a careful, deliberate schentist who followed
the scientific method very closely and kepl very detailed, accurate
records. He prepared for his experiments carefully and conducted
many preliminary studses with various animals and plarnds.

Mendel's theory of inheritance is called a particulate theory
because it is based on the existence of minute particles, or heredi-
tary units, we now call gemes_ Inheritance involves the reshud-
flimg of the same genes from generation o generation. The bwo

a

Figure 2.1 Gregor Mendel, 1822-1884. o Mendel grew ond
tendied the pea plants (b he used for his experments. Hs expanmentol
opproach olicwed him o develop seversl bows of inheriionce.

laws he proposed, the law of segregation and the law of inde-
pendent assortmeent, which we will discuss shortly, describe the
behavior of these particulate units of heredity a.slhe'l.r are passed
from one generation o the next. While Mendel did not know of
DM A or genetic material, his theories have been well supported
by countless experiments of gemeticists and mobeoular biologists,

Mendel Worked with the Garden Pea

Mendel's preliminary experiments prompled him to choose
the garden pea, Pisum salivum (Fig. 2.1F), as his experimental
organism. The garden pea was a good choice for many reasons.
The plants were easy to cultivate and had a short generation
time. Although peas normally self-pollinate (pollen only goes
to the same fower]), they could be cross-pollinated by hand by
transferring poflen from) the anther {make part of a flower) to the
stigma (female part of a flower).

Many varieties of peas were available, and Mendel chaose 22
for his experiments. When these varieties self-pollinated, ower
generalions they became Irue-breeding—meaning that all the off-
spring were the same and exactly like the parent plants. Unlike
his predecessors, Mendel studied the inheritance of relatively
simple and discrete trails that were not subjective and were easy
to observe, such as seed shape, seed color, and fower colos. In his
crosses, Mendef observed that the offspring did not possess inter-
mediate charactersitics but, rather, were similar in appearance to
one of the parents. As we will see, this disproved the blending
concept and supported the particalate theory of inheritance.

Checlt "rnur Frngrm I.I

1. Explain the diference between the podicudote theony of
inheritonce and the blending concepl.

2. Explaoin why the gorden pea was o good chosce for
Mendel's experiments.
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2.2 Mendel’s Laws
' Learning Outcomes.

Upon completion of this secton, you should be able 1o
1. Exploin Menoel's imw of Segiegation and Low of
Independent assorment,
2. Compore and contaost dominant olleles with recessive
alledes and their relotion 1o genolupe and phenolupe.
3. Use o Punnett square and the iow of probability to predict
the chances of producing gametes and oftspring

After ensuring that his pea plants were lrue-breeding—for
example, that his tall plants always had tall offspring and his
short planis ahways had short ulfs]:ln:lg—]'n'lemiel was ready o
perform cross-pollination experiments (Fig. 2.2). These crosses
allowed Mendel to formulate his law of segregation.

Law of Segregation
For these initial experiments, Mendel chose varieties that differed
in only one trait (eg, plant height). i the blending theory of

All peas are yeil ow !

when one paseat ._...f‘r

produces yellow seeds
and the other perert
produces gresn soels.

Figure 2.2 Garden pea anatomy. |nthe gorden pen, Pisum
smifuen, pollen geoirs prodioced in the onther contam spesm. ond ovoles
in $he owory comoin eggs. When Mendel pedosmed crosses, he brushed
pollen from cne plont omio the stigma of another plont. This ooss
paollinotion oifowed sperm o fefize eggs ond owales to develop into
seds jpeos). The cpen pod shows the seed calor teoit thot resulted from o

cross befween plonts with yellow seeds and plonts with green seeds.

inheritance were correct, the cross should vield plants with an
intermediate appearance of medium height compared to the par-
ents, which were all tall or all short,

Mendel’s Experimental Design and Results

Mendel called the original, true-breeding all tall or all short
parents the P generation. The first generation of offspring were
called the F_ or filial generation (L filius, “sons and dacghters™)
{Fig. 2.3). He performed reciprocal crosses: First he dusted the
pollen of tall plants onto the stigmas of short plants, and then
he dusted the pollen of short plants onto the stigmas of tall
plants. In both cases, all F, offspring resembled the tall parent.

Certainly, these resulls were confrary b those predicted by
the blending theory of inheritance. Rather than being intermedi-
ate, all the F; plants were tall and resembled only one parent. Did
Mmﬂrzmﬂmthﬂmdmr {shoriness) had
disappeared permanently? Apparently not, because when Mendel

P generation
P gametes
F generation
Fy gamotes
F, generation E -I—ﬁn L 1
L 4
P »
g |
L )
Offzpring
Allele Key Phenotypic Ratio
T = talll plaett A dsall
t = shorplam 1 [ shod

Figure 2.3 Monohybrid cross dome by Mendel The P
genengtion peo plomis differ in only one trof=-length of the stem. The F;
pemengticn plants ore ol foll, bit the foctor for short hos nol dsoppeaned,
beomuse #8 of the F, genenation plants ane short. The 3:1 rofio oflowed
Mandel ta deduce thod indviduols hove two discrete ond sepanate genetic
foctors for soch to.

Camjigh © MG L Rucati
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allowed the F, plants to self-pollinate, three-fourths of the next
generation of offspring, or F, pemeration, were tall and one-
fourth were short, a 31 ratio (Fig. 2 3).

Mendel inferred that the F, plants were able 1o pass on
a factor for shortness—it didn't disappear; it just skipped a
generation. Because the F plants were tall but clearly still
eontatned the shortness cha.rac-lﬂn.l.t-c Mendel deduced that
tallness was dominant to shortness (Fig. 2.3).

Mendel counted many plants in his plant height and other
experiments. When he allowed the F, pea planis {which were all
tall but carried the characteristic for shortness) to self-fertilize and
produce offspring, he counbed a total of 1,064 plants, of which 787
were tall and ¥77 were short. This type of experiment is called a
monobybrid cross (L. mone, “single”; Ingbrids, “mixture”), because
it & & cross of a single trait (plant height) with organisms that ase
a hybrid (tall and short characteristics). In fact, in all monoby-
brid erosses that he perforned for the tras shown in Figure 2.4
he fpund a 3:1 ratio in the F, generation. The characteristic for

171

shortness that had dsappeared in the F, generation reappeaned
in one-fourth of the F, offspring. In & monchybrd cross of beo

heterazy as.!mming a simple r:imtumﬁ,n’m.ﬁgiw redaton-
ship, the mpﬁﬁdphemwpk ratio & 301

Mendel's Conclusion

Mendel's mathematical approach led him to vterpret his results
differently than previous breeders. He knew that the same ratio
wis obtained amorng the F, generation timme and bme sgain when
he did a monolvbrid oross involving ome of the seven traiks he
was studving (Fig. 2.4). Eventually, Mendel arrived at this expla-
nakion: A 31 mmWi}eF_aﬁapfhlgmpmbha if (1) the
F, parents contained two separate copies of each hereditary fac-
tor, one of these being dominant and the other recessive; (2] the
factors separated when the gametes were formed, and each gam-
ete carried onby one copy of each factor; and (3} random fusion
of all possible gametes occurred upon fertillzation. Only in this
way coubkd shortness resccur in the F, generation. Thinking this,

Characteristics F; Results
T B h
Dhaméanart * Recossivg Do it Recossive Ratio
Stem length Talk Shairt g TET T 2340
Pod shape InZatad J g2 259 2351
'hl-'.ll“- Bound Wiririded h S4TE 1,850 23E1
LA

Seed codor adbow Gepan . 6022 2001 o1
Flowser position Bulal Tarminal 551 207 3M

r

|
Flower cobor Purpla Whisa E r: E TO5 24 3IE]
Pod color Gt ki ﬁ &5 152 Fi-Fh)
Totaks: 525 SiM0 2981

Figure 2.4 Relotionship between observed phenotype ond F, offspring.  Mondol waos fortunme in choomng the pea plont, Bocouss the troits
e cisersed wane quite distinct and ooy clossfiod Afer crossing F, hybrids and counting hundreds of F, pea plants for eoch o, Mentdal descovened thot

soch shawed o 31 rotio.
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Mendel arrived at the first of his laws of inheritance—the law of
segregation—which is a cormerstone of his particulate theory of
inheritanoe:

Thi law of sepregation states the following:

+ Each inadividual Bas two Bctors o each tradt.

+ The factors segregate (separate} daring the farmation of
the gamebes,

+ Each garmsebe contains ondy aoe factor from each: pair Of

Fertilization gihves each new indiadoal fwo factors for

wach kit

Mendel’s Cross as Viewed b}r Modern Genetics

We mow kmwthﬂﬂuﬂﬁuhimddahﬂhﬂaremlnﬂhadhq
single penes. These penes occur on a homolopous pair of cheomm-
somes at & partioular location, called the gene locus (Fig. 2.5). Alter-
native versons of a gene are called alleles (G allefor, *reciprocal,
parallel”). A dominant allele will mack the expresson of a reces-
sive allele when they are together in the same organism. The word
domrirsnt is not meant o imply that the dominant allele is better or
stromger than the recessive allele. In both cases, these alleles repre-
sent DINA sequences that code for proteins. Often, the dominani
allele condes for the protein associabed with the normal function of
the trait within the cell (such as the production of pigment), while
the recessive allele represents a “kes of fumction,” meaning that
it eodes for a that has &n altered function or no function
within the cell (such as a boss of plgment}.

In many cases, the dominant allele is identified by a capital
letter, the recessive allele by the same letter bt lowescase. Ulsually,
the first letter designating a trail iz chosen to dentify the allels.
Using the plant height example, there is an allele for tallness (T)
and an allee for shortress (f),

sistor chromatias

allefes ol o
gena locus
Replication
a. Homologous b. Sister chromatids
MO SomeSs of duplicatod
hawe alobas for Lanliadic i e -t
ST gones at hawve same alfclas
spaciic lod. for each gans:.

Figure 2.5 Homologous chromosomes.  a. Tho letiors represent
olipies=that is. olernotke forms of o gene. Eoch olledc pair, such os 5g or
ﬁ,EmemLﬂ;ﬂﬂﬂmﬂmnpﬂﬂ:mmg‘mlmm
colled a gene katus. b Skter chiomotids ooy the soma olbsies 0 the
some ceder. Frobeins made from eoch oliele d e ob oble tmes.

One way to view the outcome of a genetic cross 18 bo use a
Punnett square (zee Fig. 2 3], in which all possible bypes of sperm
are lined up vertically and all possible types of eges are lined up
horzontally {or vice versa), and every posatble combination of
garmetes ooours within the squares. In Mendel's cross, the original
parents (P generation) were true-breeding: therefore, the tall
plants had two alleles for tallness (TT), and the short plants had
twio allebes for shortness (H). When an organism has two ldentical
albeles, as thwese had, we sav it is hornozygows (G oeng, “same”).
Berause the parents were homozygous, all gametes produced by
the tall plant contained the allele for tallmess (T), and a]]g,mmhﬁ
produced by the shart plant contained an allele for shostness (i)

Affter ¢ llination between different pea plants, all
the individuals of the resulting F, generation had one allele for
tallmess and one for shoriness (TH. When an organism has bvo
different alleles at a gene bocus, we say that i is heterorygous
(GE. hefers, “different”). Although the planks of the F, genera-
tion had one of each type of allele, they were all tall. The allele
that is expressed in a heterozygous individual s the dominant
allele. The allele that b not expressed in a heterozvgote s the
revessive allele. This explains why shortness, the recessive trait,
skipped a generation in Mendel's experiment.

Previoushy, we observed that meloss is the tyvpe of cell divi-
sson that reduces the dhromosome number from diplosd (2n) o
haplosd in). During mesosis |, the members of bivalents (homolo-
gous chromosomes, each having sister chromatids) separate. This
mieans that the two allebes for each gene separate from each other
during meiosis {see Fig. 2.7). Therefore, the process of medosis
gives an explamation for Mendel's law of segregation, as well as
wiy only one allede for each trait is in 8 gamete.

Cnntmlﬂ.ng with the discussion of Mendel’s cross (see
Fig. 2.3}, the F, plants produce gametes in which 50% have the
dominant allele T and 50°% have the recessive allele ¢ During
the process of fertilization, we assume that all types of sperm
(T or & have an equal chance to fertilize all types of eges (Tor £).
When this occurs, such a monobwbrid cross always pooduces a
311 {domdnant-io-recessive) ratio among the ﬂ[&ptlrng, Figure 2.4
gives Mendel's results for several monobybeid crosses, and you
can see that the results were always coss o 3:1.

Cenotype Versus Phenotype

It is obwious from our discussion that fwo organismes with differ-
ent allelic comBinations for a tratt can have the same outwand
appearance. For example, pea plands with both the TT and T
combinations of alleles are tall. For this reason, it 15 necessary
o distinguish between the alleles present in an organism and
the appearance of that organism.

The word genotype (Gl genos, “birth, origin®) refers to the
alleles an individual receives at fertilization. Genotype muy be
indicated by letters or by short, deseriptive phrases and represents.
the DNA sequence far a particular gene. Genotvpe TT is called
homoeygous dominant, and genotype B ks called homozvgous
recessive. Genotvpe T1 is called heterozyvgous. These refer to the
different ways that afleles can be combined in a cell.

The word phenotype (Gk. plains, “appear”) refers o the
physical appearance of an Individual, which is determined by the

Copigright © Mol rows-ilL 0 dention
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proteins produced by the corresponding alleles. A homozygous
dominant (TT) individual and a heterceygous (TF) Individual
both show the dominant phenotype and are tall, because they
make fully functional proteins that build the tall trait, while a
homoeygous recessive individual that shows the recessive phe-
notvpe and makes less or nonfunctional protein for that tradt
is short. Thus, the DNA that makes up the genotype produces
the proteins that make up the phenotvpe.

Mendel's Law of Independent Assortment

Mendel performedasecondseresof crossesinwhichirue-breeding
pea plants differed in two traits. For example, he crossed tall
plants having green pods with short plants having vellow pods
{Fig. 2.6). The F, plants showed both dominant charactertstics.
As before, Mendel then allowed the F, plants o sell-pollinate.
This F, cross is known as a dihybrld cross (L. 4i, “two"), becawss
the p]anis are hwbrid in bwo ways. Two possible results could
oecur in Mendel's F, gemeration:

1. If the dominant factors (TG) always segregated into the F,
gametes together, and the recessive factors (fy] abways
staved together, then there would be two phenotypes
among the F, plants—tall plants with green
pods and short plants with vellow pods.

2 If the four factors segregated into the F, gametes
independently, then there would befmu*ptmmﬂ}rpes
amang the F, plants—tall plants with green pods, tall planes
with vellow pods, short plants with green pods, and short
plants with vellow pods.

Fagure 2.6 shows that Mendel observed four phenotyvpes among
the F, plants, supporting the second hypothesis. This is how Men-
del formulated his second kaw of heredity—the Law of independent
assortment:

The law of independent assartment states the following:

» Each puar of ctors seeregates (nssorts) independently of
the other padrs.

= All possible combinations of factors can occur in the
panetes,

Each chromosome carries a large number of alleles; however,
the law of independent assortment applies only to alleles on
different chromosomes,

We know thal the process of melosis explains why the F,
planis produced every possible tvpe of gamete and, therefore,
four phenotypes appeared among the F, generation of Men-
del's plants. Figure 2.7 shows a parent cell with two homolo-
gous padrs of chromosomes, with alleles Aq on one pair and Bl
on the other pair. Following duplication of the chromosomes
during interphase, the parent cell undergoes meiosis 1. At
metaphase [, the homologous pairs line up independently of
one another, such that the chromosomes with A alleles have
an equal chance of Uning up with the B alleles or the b alleles.
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4@
P generaton x % "Il,,,.
gy
! !
P gametes @ g.
w
F, generaticn 'z‘
¢
oags
F gamoles d i T i

e

o gl O LA
N G A AR
Trig Tige B g
Orftspring
Alsie Koy Phenotypic Ratia
T = tall plant 8 ] t=k plant, green pod
{ = short plant 3 [Jtal piant, yollow pod
z = green pod 3 [Jshost plant, green pod
¢ = yeilow pad 1 Cshon plang, yeliow pod

Figure 2.6 Dihybrid cross done by Mendel. P generation
plants differ in bwo trois: length of the stem ond color of the pod

The F, genorotion shaws only the dominant troits, bat oll passibée
phenotypes oppoar among the F; genombon, becouse the F, porants
one bybrids. The 9:3:3:1 rotio oltowed Mendal to dedace thot foctars
sogregate into gomstes independenily of ather lactors.

The subsequent segregation of the homologous palrs during
anaphase | reduces the chromosome number from 2n o 0
Because 4 alleles can be sorted with B or b, and so can the a
allele, it is possible to create gametes with AB. Ak, aB, and ob
allele combinations with equal probability.
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arg possiie af meta-

phaze | In koeping with
the low of indepandent
assofmant.

A2 metaphaze B, each Al possible comibbina-
daghter cefl has only tions af cheomosomes
one member of each and alioles ooour in
homologous pair in the gametes as
beeping with the law of suggested by Mendel's
segregation ven s,

Figure 2.7 Independent otsaortment ond segregation during meiosis.  Mendal's lovws hobd becouse of the events of melosis. The homotogous
poirs af chromasamaes Bne up rondomiy of the metophose piote during meiosis L B doesn't matser which member of o homologous pair ioces which spindie
pode. in this eompte, 4 ollebes con segreqgote 8 or b olieles. Lkewse, 0 olleles con segregate with 5 or b ofeles. Theredore, the homologous chromosomes,
ond olieles they ooery, segregote mdependently during gomete formation Al possibie combinotions of chromosomes ond alleles=<that is, A8, &h, of, and

Ob==0Iur in the gametes.

The same rule of independent assortment applies for the pea
plant example in Figure 2.6, In that case, the possible ganetes
are the two dominants (swch as TG), the two recessives (such
as gy, and the ones that have a domdnant and a recessive (such
as Ty and #G). Regardliess of whether we are using the A and B
chromesome or the T and G chromosome examples, when all
possible sperm have an opportunity bo fertilize all
Bie expected phenmypic ratio of @ difepbrid cross s afiays 9:3:3:1

Mendel and the Laws of Probability

The diagram we have been using to calculate the resulis of a cross
is called a Punnett square (see Figs. 2.3 and 2.6). In a Punnett

square, all possible types of sperm ane lned wp vertscally and all
possible tvpes of eggs are ined up hortzontally (or vice versa), and
every possible combination of gametes occurs within the squares,
This gives us the abslry b easily calculate the chances, or the prob-
ahility, of genotypes and phenotypes among the offspring. An
offspring of the cross dhstrated in the Punnett square in Frgune 2.8
heas a 507 [or 15} chance of recesving an E for unattached earlobe or
an ¢ for attached eardobe fraom each parent:

The chanee of E = &
The chance of & = 13

How likely is it that an offspring will inherit a specific set of two
alleles, ore from each parent? The prodinct rile of probability tells

Copyright © McGirows-iEl Educa tian
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«hos

Q E '
E E
E EE ?—’
- §
g
13 %

- Ee o
Oftspring
Allgle Key Phanatypic Ratio

E = unattachod carlobes
¢ = atiached sarobos

3 [ wnattached earioibees
1 [ attachod carlabes

Figure 2.8 Punneit square. 4 Punnct square con be used to
colculois probioble resulis—in this case, 0 31 phanotymic notic.

us that we have to multiply the chances of independent events
to gl the answer:

1. The chance of EE mly el
2 The chance of Ee m e hm il
3. The chance of E m il lrw iy
4. The chance of e m e hm

The Punnett square does this for us, because we can easily see
that each of these 15 1% of the total number of squares.

How do we get the phenotypic results? The sum ride of
probability tells us that when the same event can occur in more
than one way, we can add the resulis. Because 1, 2, and 3 all
result In unattached earlobes, we add them up to know that
the chance of unattached eardobes is %, or 75%. The chance of
attached earlobes is 15, or 25%. The Punnett square doesn’t do
this for us—we have to add the results ourselves.

The statement “Chance has no memory” i important when
considering inheritance across offspring. Every time a couple
produces an offspring, the child has the same chances of inhes-
iting the different allele combinations. Thus, for a heterozygous
{E#} courple, each child has a 25% chance of having attached (ze)
earlobes. Inheriting a recessive bradt may not seem significant
if we are considering earlobes. However, it becomes important
when we consider a recessive genetic disorder such as cvsiic
fibrosis, a debilitating respiratory flness. For a heterorvgous
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couple, there is a 25% chance that their child will inherit two
recessive alleles and exhibit the diseass. And because each child
is an independent event, it is possible that all their children—or
none of them—will exhibit cystic fibrosis.

We can use the product rule and the sum rule of probability
to predict the results of a dibwbrid oross, such as the one shown
in Figure 2.6. The Punnett square carches out the multiplication,
and we add the results to find that the phenotypic ratio is 9:3:3:1.
We expect the same resulis for every dihwbrid cross. Therefore, it
is not necessary o do a Punnett over and over again for
elther a monohybrid or a dibybeid cross. Instead, we can simply
remember the probable result= of 3:1 and 9:3:371. But we have to
remember that the 9 mepresents the two dominant phenotypes
together, the 3s are a dominant phenotvpe with a hadden reces-
sive, and the 1 stands for the double recessive phenotype.

This tells us the probable phenotvpic ratio among the off-

spring, but not the chances for each possible phenotvpe. Becawse
rhe dibybrid Punnett square has 16 squares, the chances are ¥,
for the bwo dominants together, 4 for the dommants with each
recessive, and Y. for the two recessives together.

Mendel counted the results of many similar crosses (o get
the probable resulis, and in the laboralory we, oo, have to
count the resulis of many individual crosses to get the probable
results for a munohybrid or a dilwbrid cross. Why? Consider
that each time mulms.amh‘n you have & S0% chanre of get-
hnghea.ds-nru.ﬂx Ifmumsthe coim only a couple of tHimes,
vou might very well have heads or tails both times. However,
Ifmuhmﬂwrdnnmm times, your results ane more likely to
approach 50% heads and 50 tails.

Testcrosses

To confirm that the F, plants of Mendel's one-trait crosses
were, in fact, heterozygous, he crossed his F| generation tall
pea plants with true-breeding short (homozygous recessive)
plants; such a mating is termed a testeross. These crosses pro-
vided Mendel with further support for his law of segregation.

For the cross in Figuse 2.9, Mendel reasoned that half the
offspring should be tall and half should be short, producing a
1:1 phenotypic ratio. His results supported the hvpothesis that
alleles segregate when gametes are formed. In Figure 2 94, the
homozygous recessive parent can produce only one tvpe of
gamete—i—and 50 the Punnett square has only one column.
The use of one colurnn signifies that all the gametes carrv a b
The expected phenmtypic ratio for His tupe of one-trmt cross
(heterozygous ® recessive) fs alunays 1:1.

One-Trait Testeross

Today, & one-tralt testoross 1s used to deteemine i an indhvadual
with the dominant phenotvpe & homosvgous dominant (e.g..
TT) or heterozygous (eg., T!). Because both of these genotvpes
produce the dominant phenotvpe, it is not possible b deter-
mine the genotvpe by observation. Figure 2 95 shows that if the
individual i homozvgous dominant, all the affspring will be
tall. Each pasent has only one tvpe of gamete and, therefore, a
Punnett square is not required to determine the results.
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Figure 2.9 One-trait testcrosses. o One-trait festoross when
thiz indhvidual with the dominos phanotypss is heterozygous.
b. One-iros testcross when the individisal with Bhe dominont phanoiyps

= homoziggous.

Tiwro-Trait Testeross

When dodng a two-trait festoross, an individual with the dominand
phenotype s crossed with one having the recessive phenotype.
Suppose vou are working with fruit flies in which

L = lorg wings G = gray bodies
I = vestigial (short) wings g = black bodies
You wouldn't know by examination whether the fy on the
keft was homoeygous or heterozvgous for wing and body
4 coos. To fined out the genotype of the test iy, yvou
croas it with the one on the rght. You know by
exarminataon that thas vestigial-winged and black-
bodied fly is homorygous recessive for both traits.

If the test iy s homozygous dominant for both traiks with
the genotype LLGG, it will form only one gamete: LG. There-
fore, all the offspring from the p-m-pmed cross will have long
wings and a grav body.

However, if the test fly is heterozygous fior both traits with
the genotype LGy, it will form four different hrp-ea of garmetes:
Gametes: LG Lg IG

and can have four different offspring:

Licy Lige BGy fige

The presence of the offspring with vestigial wings and a black
body shows that the test fly is heterozygous for both traits and
has the genotvpe LiGy. Otherwise, it could not produce this
offspring. In general, the expected phenmypic ratio for tis Hipe of
taro-tran cross (helerazygous for Foo breifs X recessive for bobh draiks )
ig always 1:1:1:1.

Check Your Progress 2.2

1. Summarnize how Mendel's lows of independent assariment
relate to the procesa of meiosis.

2. Explain wiy the Tt and 7T genotypes both heve the some
phenobyme.

3. Caleulats the probobifity of producing an Ashs individual
freen an AaBh * Aol cross.

2.3 Mendelian Patterns of Inheritance
and Human Disease
Lanmlm ﬂlm:num
Uson completon of this section, Qau should be able to
; Diﬁliﬁguiﬁh betwesn an auletamal daminant and oan

oulegamaol recassive patiem of mher@ance.

2. Identfy the pattem ol inheronce for selected single-gens
human disesders.,

Many traits and disorders In humans, as well as other organ-
iams, are genetic in origin and follow Mendel's laws. These
traits are often controlled by a single pair of alleles on the
autosomal chromosomes. An sutosome 15 any chromosome
other than a sex (X or ¥Y) chromosome. In section 2.4, we
will explose patterns of inheritance associated with the sex
chromosomes.

Autosomal Patterns of Inheritance

When a genetic disorder is autosomal dominant, the normal alfele
() 15 recessive. and an individual with the allales A4 or Ag has the
disorder. Wihen a disorder is awtosomal recessive, the nos-
mal allele (A) is dominant, and only individuasls with the alleles
i have the disorder. A pedigree shows the pattern of inheritance
for a particular conditon; genetic counselors can use a pedigres b

Copigright © Mol rows-ilL 0 dention
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determime whether a condition t= dominant or recessive. Conssder
Hﬁetmpﬂﬁ.ﬂ:l& patterns of inheritance:

Pattem il

o O s

In a pedigree, nulﬂamdulgmlad by squares and femabes by
circles. Shaded circles amd i are the affected individuals,
The shaded boxes do not indicabe whether the condidon 5 doenl-
nant or recessive, only that the indhadual exhibits the trait. A e
bebween a squane and a circle represents a union. In the patterns
abowe, & vertical line leads to a single child. If there are more
children, they are lined up horizontally. In pattern 1, the child is
affected, but neither parent is; this can happen if the condibon
is recessive and both parents are Aa. Motice that the parents are
carriers, because they appear normal {do mot express the trait) but
are capable of having a child with the genetic disorder. In pattern
11, the child is umaffected, but the parents are affected. This can
happen iff the condition is dominant and the parents ane Ad.
Figure 210 shows other ways to an autosomal
revessive pattern of inheritance, am:lﬁgure:'t‘ll identifies the
characteristics of an autosomal dominant pattern of inheritance.
In these pedigrees, penerations are indicated by Roman numerals
on the left ssde. Notice in the third generation of Figure 210 that
two closely related individuals have produced three children, two
of whach have the affected phenotvpe. In this case, a double line

I Q@ =17

Ganemians

m
. -% -
6 [&f] = atfected
Aa = cartier [Enafocked)
AA = unaffectsd -
Autosomal recessive disoaders AP = unaffected
u 4, il pome allele unkrsawn)
parenis.

= Heserooygobes (Ao have an unaffeced phenobypa.
= Two afecied panents will akways harve afieched childran

-mmwmmmmhm
affecied childran.

* Baih males and famales ane aflecled with egual frequency.

Figure 210 Autosomal recessive pedigree.  The list gves woys
to recognize on ouicsomal ecesskee disorder How would gou

Eniows the indhidoal at the ostevisk is hetenrygows? (See Appendo &
for the onswaar]
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derutes ammguhﬂ.mm: reproduction, or inbreeding, whidh is

ion between bwo chosely related individuala. This llus-
trates that inbreeding :dgufranﬂv increases the chances of chil-
dren inherstng two copies of a potentially harmiul recessive allele.

Autosomal Recessive Disorders

In humans, a number of autosomal recessive disorders have
been identified. In this section, we discuss methemoglobin-
emba, cystic fibrosis, and phenylietonuria.

Methemoglobinentia

obinemia is a relatively harmless disorder that results
from an accumulation of methemaoglobin in the blood. Hemoglo-
bin, the main oxygen-carrying protedn in the blood, & usually con-
verted at a slow rate bo an alernate form called methemogiobin.
Unlike hemogloban, which is bright red when carrying coovgen,
methemmogiobin has a bluish colos, samilar to that of oxygen-poor
blood. Although this process is harmless, ndividuals with methe-
moglobinermia are unable bo clear the abnormal blue protesn from
their blood, causing thelr skin to appear bluish-purple (Fig. 2.12).
Methemoglobinemia was documented for centurses, buk iis
exact canse and penetic link remaimed mvsterious untll a per-
sisbent and determined phwsician solved the age-old mopstery by
doing blood tests and pedigres analysis involving a family known
as the “bue Fugates” of Troublesome Creek, Kentucky. Ensyme
Iﬁlﬁlrdﬁ:tlﬂdlhﬁlﬂ&eb]ue&ﬁahﬁ.lﬁth&dﬂwemmdupm
rase, coded for by a gene on chromosome 22, The encyme nor-
mally cormerts methemoglobin back o hemoglobin,
The physiclan treated the disorder in a simple but rather
uncomventional manner. He injected the Fugates with a dye called

' o (a e,
5 *
El- ilil .lh' e k!
]
=
] ]
- MO a0
Koy
= affecisd
= affecisd M
Autosomal dominant disorers = affected
albeds
» Affecsod childron wil usoaty have an “r‘:'“mmm“:“‘m
= Heterozygotes (40 are affected.

« T affected parents can prodeco an uraffectod child
« T unaffected parents. will nod have affocted childeen.
= Both malkes and formailes ano affected with equal frequency.

Figure 2.11 Autosomal dominant pedigree.  The list gives woys
1o necognize on outasamal dominont disorder. How would you know the
incisdduod ot the oshensk s hoterozygows? (See Appendin & for the answer)
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Figure 212 Methemoglobinemin. The hands of the woman on the

right oppeor bluse due to chamicotly induced methemogiobingmia.

methydene bive. Thes umusaal dve can donate electrons to other com-
pounds, successfully converting the excess methemoglobin back
info wnﬂhmu\gld:rln. The resulis wene striking but immediabe—
the pabients’ skin quickly turned pink after treatment. A pedigree
anahysis of the Fugates imdicated that the trait was common i the
farnily because so many members carried the recessive allele.

Cystic Fibrosis

Cystic fibeosis (CF) is the most commson kethal disease
among Caucasians in the United States (Fig. 2133 About 1 in 20
Cancasians 15 a carrler, and about 1 in 2,000 newborns has the
disorder. CF patients exhibit a number of characteristic symyprhoms,
the mast obsdous bedng extremely salty sweat. In children with CF,
the erucus in the bronchial tubes mﬂpammdmunpumﬂmh
thick and viscous, mberfering with the function of the lungs and
pancress. To ease breathing, the thick mucus in the: lings has to be
loosemed periodically, bt still the lungs frequently become infected.
The dogped pancreatic ducts prevent digestive eneymes from reach-
ing the small intestine, and to improve digestion, patients take
digestive enzymes mived with applesauce before every meal.

Custic fibrosis is cavsed by a defective chloride lon channel
that is encoded by the CFTR allele on chromasome 7. Research
has demonstrated that chloride foms (C1) il o pass through
the defective version of the CFTR chloride lon channel, which
is bocated on the plasma membrane. Ordinarily, after chloride
ioms have passed throogh the channel to the other side of the
membrane, sodium fons (Ma*) and water follow. It i3 believed
that lack of water Is the cause of the abnormally thick mucus in
the bronchial tubes and pancreatie ducts.

In the past few vears, a better understanding of the genetic
basts of CF, coupled with mew treatments, has raised the average
life ex; cy for CF patents to around 35 vears, depending
on the severity of the disease. Advances in gene therapy, or the
mp{mnﬂntﬂfthe faulty allele with a good copy, & showing con-
siderable promese as a method of treating CF.

ricde |ons and wales
ane trapped Inside ool
]

Chioride lons bo pass thnowgh

\——Lumen of respiratony act
Tk witthi Shick, STCEy MUCLS.

Figure 213 Cystic fibrosis. Cystic fibross is due o o fawsy protein
thod s suppased o resgulabe tha Mow of chionida ions inde and oul of celis
twough o chanrsl peodein

Interestingly, the mutated CFTR allele b5 belleved to have
persisted i the human Iation as a mwans of surviving
potentially Fatal diseases. Individwals whe are hetevozvgous have
an increased level of protection against diseases such as cholera.
This iz called a heterozvpote advantage.

Phemylketonuiria

Phenylketonuria (FEL) is an autosomal recessive metabolic dis-
order that affects nervous svstem development. Affected indi-
vidisaks lack the enzyme needed for normal metabolism of the
amino acid phemdalanine; therefore, it appears in the wrine and
the blood. Newborns anse mutinely tested in the hospital for ele-
vated levels of phenvialanine in the blosd. If an elevated level is
detected, the newborn will develop normally if placed on a diet
low in phemylalanine, which must be continued until the brain
is fully developed, around the age of 7, or severe intellectual
disabilities will develop. Some doctors recommend that the diet
continue for e, bot in any case, a pregnant woman with phe-
mvlketonurks must be on the diet to protect her unborn child.

Autosomal Dominant Disorders

A number of autosomal dominant disorders have been identi-
fied in humans. Three relatively well-known autosomal domd-
nant disorders are osteogenesis imperfecta, Huntington disease,
and hereditary sphenocytosis.

Ostengenesis Imperfecta

Osteogenesis (L. o5, “bone”; geresrs, "origin) imperfecia is an aubo-
somal dominant genetic disorder that resulis in weakened, brittle
bones. Alhough at beast nine tyvpes of the disorder are known,
most are linked bo mutations in two genes necessary for the syn-
thesis of type | collagen, one of the most abundant proteins in
the human body. Collagen has many rodes, including providing
strength and rigidity bo bone and forming the Famework for most
of the body's teswes. Ostengenests imperfecta leads o a defective
collagen | that causes the bones to be brittbe and weak Because the
mnitant collagen can cause structural defects even when combined
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with normal coflagen [, ostengenesis imperfecta s penerally con-
sidered bo be domimant.

& imperfecta, which has an incidence of appod-
mately 1 im 5,000 live births, affects all racial groups similady amd
has been documented sinee as long as 300 years ago. Some his-
torians think that the Viking chieftain har Ragnarsson, who was
kmown as [var ihe Boneless and was offen carrsed imbo batile on a
shield, had this condition. In most cases, the diagnosis is made in
voung chdldren who visit the emergency roam frequently due o
broken bones. Some children with the disorder have an unusaal
blue tint in the scera, the white portion of the eve; reduced skin
elasticrty; weakened teeth; and cccasionally heart valve abnormali-
thes. Currenthy, the disosder is treatable with a mumber of drugs that
heelp inecresse bone mass, but these drogs must be taken long-term.
Hiumntington Disease
Huntington disease is a neurological disorder that leads to pro-
gressive degeneration of brain cells. The disease is caused by a
mutated copy of the gene for a protein called huntingtin, Most
patents appear normal until they are of middle age and have
already had children, who may later also be stricken. Ocrasion-
ally, the first sign of the disease appears during the teen years
or even earlier. There is mo effective treatment, and death comes
10 b 15 vears after the onset of symphoms.

Seueralmagp researchers found that the gene for Hun-
tington disease is bocated on chromosome 4. They developed a
test o detect the presence of the gene. However, few people wani
to know they have inherited the gene, because there is no cure.
Al least now we know that the disesse stems from a mustation
that causes the huntingtin profteln to have too many coples of
the amineo acid ghutamine. The normal version of hunbingtin has
stretches of between 100 and 25 glhutamines. Il huontingtin has mone
than 36 glotamines, i@ changes shape and formes large clumps
instde newrons. Even worse, it attracts and causes other probems
to clump with it. One of these proteins, called CBE, which helps
nerve cells survive, b inactivated when it clumgps with huntingtin,
Researchers hope o combat the disease by boostmg CBEP levels.

Hereditary Spherocytosis

Hereditary sphenocyiosis is an autosomal dominant genetic blood
disorder that results from a defective copy of the qukyrin-1 gene,
found on chromosome B The protein encoded by this gene serves
as a structural component of red blood cells and is responsible
for maintaining their disklike shape. The abnormal spheroryts-
sts probein s omable bo perform Hs usual Ranction, causing the
affected person’s red blood cells to adopt a spherical rather than
disklike shape. As a result, the abnormal cells are fragile and burst
easily, especially under osmotic stress. Enlargement of the spleen
& also commondy seen in people with the disorder.

With an Incidence of approsdmately 1 in 5,000, hereditary sphe-
rocvimss js one of the most common hereditary blood disorders.
Roughly one-fourth of these cases result from new mutations and
exhibits incomplete penetrance, so not all individuals who inhernt
the mudant allele will actually show the trait. The cause of incomplete
penetrance in these cases and others remains poody understood.
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Check Your Progress 23

1. Summarize how 1o distinguish an oulesomal recessive
disordier from an autasomal dominant disorder using a
pedigree.

2. Comstruct a pedigree of ar Rognarsson's family tree,
assuming that kis mother, and both her porents, were
normal and that eor's Fathes's fother hod csteogenesss
imperfecit fmokher was normal).

2.4 Beyond Mendelian Inheritance
o e p

i ariop o s e i ! S L e A o
Upon campletion of this section, you should be able o
1. Explodn the inherflonce patlern of traits wien mone than
two alleles for the trail exist.

Z Conftrast incompleie dominance and incomplete
pEnsironce.

3. Describe the effects of pledstropy on phenotypse traits.

#. Explain the concepl of polugenic and mullifactonal traits.

B. Understand how X-linked inheritance differs from
aulasemal inhertance,

-

Mendelian genetics can be applied to complex patterns of
inhertance, such as multiple alleles, incomplete dominance,

pleiotropy, and polygenic inheritance.

Multiple Allelic Traits

When a trait s controlled by multiple alleles, the gene exisis in
several allellc forms withina population. For example, although
a persan’a ABO blood type is controlled by a single gene pair,
three possible alleles within the human population determine
blood type. Each person recelves two of these alleles (one from

each parent) to determine the presence or absence of antigens
oni his or her red blood cells.

P o= Aantigen on red Blood cells
P B antigen on red blood cells
i = Neither A nor B antigen on red blood cells

The possible phenodyvpes and genotvpes for blood type are as

Follows:

Phenotype trenotype
A [ L ]
B °F A
AB e

(a] ii

The mhertance of the ABO blood groug in humans is also an
example of codominance, because both Fand I are fully expressed
in the presence of the other. A person wio inherits chromnosomes
with F and P alleles will make fully functional A and B prodein, and
berause these alleles are codominant, the resulting mixture of AB
protein will give the red blood cell an AB phenotype. On the other
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hand, both I and I* are dominant over . Therefore, two genotypes
are possible for tvpe A Blood, and two genotypes are possible for
tvpe B blood

We can use a Punnett square to confirm that seprodoction
between a heterczyvgote with type A blood and a heterozyvgote
with type B Blood can rezult in any one of the four biood types.
Such a cross makes it clear that an offspring can have a diffes-
ent blood type than either parent. For this reason, rather than
blood type, DNA fingerprinting. also called DNA profiling &
used to identify the parents of an individual.
Incomplete Dominance and
Incomplete Penetrance

Incomplete dominance is exhibited when a heterozvgole has
an intermediate phenotyvpe between that of either homozy-
gote. In a cross between a brue-breeding. red-flowered four-
o'clock plant strain and a brue-breeding, white-flowered strain,
the offapring have pink flowers. Although this outcome might
appear to be an example of the blending theory of inheritance,
it is not. Although the phenotypes have blended, the individ-
ual alleles are not altered. How do we know? When the pink
plants self-pallinate, the offspring plants have a phenotypic
ratio of 1 red-fowered : 2 pink-flowered : 1 white-flowered.
The reappearance of the three phenotypes in this Ee-ruamtlnn
makes it clear that we are still dealing with a single pair of
alleles (Fig. 2.14).

Incomplete dominance in four-o'clocks actually has more
to do with the amount of pigment protein produced in the
plant cells: A double dose of pigment results in red flowers: a
single dose of pigment results in pink flowers; and a lack of amy

prgment produces whibe flowers.

Key
/ " 1RE, g red
N : 2RE, 3 pink
s * kR, [ white

R R, 'R,

Ortsaring

Figure 214 Incomplete dominance. When pink fowr-o’ clocks
seif-polinobe, the results show thees phenobypes. This ks possible only

if the pink porents hod an alleie for red pigment {7 ) ond on ollsle for no
pigment {7} Mote thot ofleles imvolbved in incompiete dominonoe ore both
givan a copiiol lefter

Human Examples of Incomplete Dominance

In humans, familial hypercholesterolemia (FH) is an example
of incomplete dominance. An individual with two alleles for
this disorder develops fatty deposits in the skin and tendons
and may have a heart attack as a child. An individual with one
mormal allele and aone FH allele may suffer a heart attack as a
young adult, and an individual with bwo normal alleles does
not have the disorder.

Perhaps the inheritance pattern of other human disorders
should be considered one of incomplete dominance. To detect
the carriers of cvstic fibrosis, for example, i s customary bo
determine the amount of cellular activity of the gene. When
the activity s one-half that of the dominant homozvgote, the
individial is a carrier, even though the mdividual does not
exhibit the genetic disease. In other words, at the level of gene
expression, the homozygotes and heterozygotes differ in the
same manmer as four-o'clock planis.

A dominant allele may not always lead to the dominant
phenotype in a heterozvgote, even when the allebes show a
true dominant/recessive relationship. The dominant allele in
this case does not always determine the phenodype of the
individual, so we describe these traits as showing incomplebe
penetrance. In other words, just becavse a person inherits a
dominant allele doesn't mean he or she will fully express the
gene or show the dominant phenotvpe. Many dominant alleles
exhibit varyving degrees of penetrance.

The best-known example of incomplete penetrance is poly-
dactyly, &Epmmufmemmmemdlgihmth hands, the
feet, or both. Polydactyly is inherited in an avtosomal dominant
manner, however, not all individuals who inherit the dominant
alkele exhibit the trait. The reasons for this are not chear, but
expression of palydactyly may require addibonal environmental
factors or be influenced by mh:rgenﬂ a5 discussed later.

Pleiotropic Effects

Pleiotropy occurs when a single mutant gene affects two or
more distinet and seemingly unrelated traits. For example, per-
soms with Marfan syndrome have disproportionately long armes,
legs, hands, and feet; a weakened aoria; poor evesighi; and
other characteristics (Fig. 2.15). All of these characteristics are
diue o the production of abnormal connective bssue,

Marfan syndrome has been linked to a mutsted gene (FENT)
on chromosome 15 that specifies a functional protein
called Bbrillin. Fibrillin is essential for the formation of elastic
fibers in connective tssue. Without the structural support of
mormal connective Haswe, the aorta can burst, partsculacly if the
person is engaged in a strenuous sport, such as vollevball or bas-
ketball Flo Hyman may have been the best American woman
vollevball plaver ever, but she fell to the floor and died at the
agr;nﬂli‘ll becausze her aorta gave way during a game. Now that
coaches are aware of Marfan svndrome, they are on the lookout
for it among very tall basketball plavers.

Manw other disorders, including porphyria and sscklbe-cell dis-
EASE, muanﬂua[p&mhﬁp-: traits. Porplvria s cansed by a
chemical insufficiency in the production of hemoglobin, the pig-
ment that makes red blood cells red. The symptoms of porphyria
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Figure 2.15 Marfon syndrome. Morfon syndroma (lustrotes the
muitiple effects 0 Single gene can hove. Morfon syndrom is dwse ta oy
numbser of defective conmecthve tssue defecks.
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l | |

| teartand siosd vessels | Bo | | uem | [
| 1 l 1 |
Chest wall defarmities | Ml vaive Enfargement . Lens disiocation Collapsed lungs Streich marks in skin
Lang, thin fingars, arms, legs prolapsa of aorta Sawere noarshghicdness Recuerand horndas.
Scolicsis fourverluee of the spinad Bural eciasia: stretching
Filat feat 1 of the memirana thod
Long, narraw face el spimal iid
Loose jonts
Aprtic wall toas

are photcsensitivity, sirong abdominal pain, port-wine-osloned
wring, and paralvsis in the arms and legs. Many members of the
Brtish roval famdly in the late 1700 and early 1800 suffered Erom
this du.urdﬁ which can lead o eplh:p'tlc comvulsions, bizarme
behaviors, and coma.

In a person suffering from slekle-cell disease {HFHE), the cells
are sickle-shaped The underlving mutation i in a gene that codes
for & type of polvpeptide chain in hemogloban. O 146 amino acds,
the gene mutation changes
only one aming acid, but the
result b a lesssoluble paly-
peptide chain that stacks up
and cawses red biood cells o
be sickle-shaped. The aboor-
mally shaped sickle cells
dloww dinwn blood flow and
clog small bleod vessels. [n
addition, sickled red blood
cells have a shorter life span
than mormal red blood cells.
Affected  ndbvidials  may
exhiibit & number of symp-
toms, mcluding severe anemia, phyaical weakness, poor circula-
thon, impaired mental function, pain and high fever, deumatiom,
parabyss, spleen damage. bow resistance bo disease, and kidney amd
heart faflure. All of these effects are due to both the tendency of
aickled red blood cells to break down and the resulting decressed
oxygenrcanving capacity of the blosd, which damage the body.

Although sickle-cell diseace is a devastating disorder, from
an evolutionary perspective it provides heterorygous individu-
als with a survival advantage. People who have sickle-cell rail
are reststant to the protozean parasite that causes malaria. The
parasste spends part of iis life cycle in red blood cells, feeding

1,600, colorized SEM
Sickled red blood cell

on hemoglobin, but it cannot complete i e cycle when sickle-
shaped cells form and break down earlier than usual Because of
this survival benefit, the sickle-cell allele has been maintained in
the human population over evolutionary Hme.

Polygenic Inheritance

Polygenic inheritance (Gk. poly, "many”; L. genthus, “producing ™)
ocrurs when a trait s governed by two or more sets of alleles.
Examples include human height, skin color, and the prevalence
of diabetes. The mdividual kas a copy of all alleic pairs, possibly
located om many different pairs of chromosomes. Each doondmant
allele has a quantitative effect on the phenotvpe, and these effects
are additive. Therefore, a population & expected bo exhibit con-
tinious phenotypic variations, such as a wide variation in human
height and weight. In Figure 216, a cross between genolypes
AABRCC and mabbee vields F, hybrids with the genotype AgBbCe.
A range of genodypes and phenotvpes results in the F, generation
that can be depicted as a bell-shaped curve (Fig. 2.16).

Skint Color

Skin color is the result of pigmentation produced by skin cells
called melanocytes, and over 100 different genes influence skin
codor. It ks an u.amp]ﬂ of a polvgenic trait that is likely controlled
by marw pairs of alleles, which results in a range of phenotypes.
The vast majority of people have skin coloss in the middie range,
whereas fewer people have skin colors in the extreme ange.
Even so, we will use the simplest model and we will assume
that skin has only three pairs of alleles (Aa, B and Co) and that
each capatal listtor contributes pigment to the skin. When a very
dark person reprodisces with a very light person, the children have
medivm-brown skin. When bwo people with the genotype AaBbCe
reproduce with ane another, individusls mav range in skin color
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Figure 216 Polygenic inheritance. i polygenic mheritonce, o
number of pairs of genes control the o Abowve: Blod dots ond ingensity
of bilve shoding shand for the number of dominont olictes. Selow: Oronge
shoding shows the degres of environmendol inlluences.

from very dark to very light. The distribution of thes: phenotypes
bypically follows a bellshaped curve, meaning that few people
have the extreme phenotyvpes and most people have the pheno-
tvpe that lies in the middle. A CUTVE (5 3 oMy
sdentifyving characterste of a polygende trait (Fg. 217

However, skin color is also influenced by the sunlight in the
environment. Motice again that a ramge afphenﬂtypesmhuﬁr
each genotype. For example, Individuals who are AaBbCe may
vary in their skin color, even though they possess the same
genotype, and sevesal possible phenotypes fall between the bvo
extremes. The interaction of the environment with polygenic
traits is discussed next.

Envirommental Influences: Multifactorial Traits

Multifactorial traits are those controlled by polvgenes subject
o environmental influences. Many genetic disorders, such as
cleft lip and/or palate, clubfoot, congenital dislocations of the
hip, hypertension, diabetes, schizophrenia, and even allergies
and cancers, are probably multifactorial, because they are likely
due ko the combined action of many geres plus environmental
influences. The relative importance of genetic and enwviron-
mental influences on the phenotype can vary, and often it is a
challenge to determine how mich of the variation in the phe-
notype may be attributed to each factor. This s especially true
in complex polvgenic trasts for which there may be an additive
effect of muliiple genes on the phenotype. If each gene has sev-
eral alleles, and sach allele responds slightly differently o envi-
ronmental factors, then the phenotyvpe can vary considerably.

Multifactorial traits are a challenge for drug manufacturers,
since they must determine the response to a new drug based
on genetic factors (for example, the ehnic background of the
patient} and environmental factors (such as diet). Temperature
15 an environmental Bctor that can influence the phenotypes of
plants and animals. Primroses have white fowers when grown
above 32°C but red flowers when grown at 24°C.

The coats of Himalayan rabbits are darker in color at the ears,
mose, paws, and tail. thalamnmbl:l:lsm-ekmnm o be homaozy-
gous for the allele o, which is involved in the production of mela-
nin. Experimental evidence suggests that the ensyme encoded by
this pene 5 active only at a low emperature and that, therefore,
Black fur occurs ondy at the extremities, where body heat is lost o

Fraquancy

il

2

MNumniser of dominam alioles

3 4 5 -]

Figure 217 Skin colos, a polygenic tnait. Skin color is comirolied by mony pairs of olleles, which result in o mnge of phenoiypes. The wast mojoriy
of people hove skin colors in- the middle range, wheneos fewer peopie have skin oolors in the extreme rongs.
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the ervironment. When the andmal & placed in a warmer environ-
ment, new fur on these body parts bs Hight in colos.

Manw investipsions ame trying o determine what percentage
of varipus iraits 15 due b nature (inberitance) and what percent-
age Is due to nuture (the emironment]. Some studses use twins
separated since birth, because § identical twing in different ems-
roneents share the same irail, e trast 5 most Skely inheriied.
Identical twins are more similbar in thebr ntellectual talends, person-
ality traits, and bevels of Bfelong happiness than are fraternal bvins
separated at birth. Binlogists condude that all behavioral traits are
partly herstable, and that genes exert their effects by acting together
in comnglex combinations suscepiible o ervironmental influences.

X-linked Inheritance
The X and ¥ chromosomes in manunals determine the gender of
the individual Females are XX, and males are XY. These chromeo-
SOdmEsS carry genes that control development; in particular, i the Y
chromosome containg an 5BY gene, the e becomes a male.
The term X-linked is used for genes that have nothing to do with
gender et are carried on the X chromosome. The Y chrommosems
does not carry these genes and indeed carries very few genes.
Thlaupeufhﬁmtmmdhemwmdhlhe&ﬂwi%!w
a group at Columbla University headed by Thomas Hunt Morgan,
Morgan performed experiments with frudt fliss, Drosopil
. Fruit flies ase even better subjects for genetac studies
than garden peas. They can be easily and inexpensively raised in
stmple laboratory glasewane; after mating, femabes lay hundreds of
e during their lifetimes; and the generation tiome s shorl, taking
only about 10 davs from egg lo adult. Fruat flies have a sex chromeo-
some pattern simiar o that of humans, and therefore Morgan’s
experiments with X-Enked genes apply directly bo humans.

Morgan's Experiment
Morgan took a newly discovered mutant male with white
eves and crossed it with a red-eved emale:

0 d
P red-oyed X white-eyed
Fy rod-gyod rod-cyed

From these results, he knew that red eyes are the dominant
characteristic and white eyes are the recessive characteristic.
He then crossed the F, flies. In the F, generation, there was the
expected 3 red-eyed : 1 white-eyed ratio, but it struck him as
odd that all the white-eyed flies were males:

o d
Fi=FK red-eyed % red-eyed
Ea red-eyed 1ned-eyed - 1 white-eyed

Obwviously, a major difference between the male fies and the
fermale fies was their sex chromosomes. Could it be possible that
an allele for eve color was on the Y chromosome but not on the
X?This kdea could be quickly discarded, because usually females
have red eves, and they have no Y chromssome. P-_th.tp%&.n
allele Entmmlnrwunnme X, but mot on the Y, chromosome.
Figure 218 indicated that this explanation would match the

1B3

results obtained in the experiment These results support the
chromosome theory of inheritance by showing that the behav-
tor of a specific alinﬂe correspomds emc-lll.' with that of a specific
chromosome—the X chromosome in Drosophila.

Notioe that X-linked alleles have a different pattern of inhert-
tance than alleles that are on the autosemes, becadse the Y chro-
mosome B lacking for these alleles, and the mberttance of a %
chromosome cannot offset the inheritance of an ¥-lnked recessive
allele. For the same reason, males always receive an Xlinked roces-
sive mutant allele from the female pareni—they receive only Lthe Y
chromosome from the male parend, and therefore sex-linked reces-
sive trasts appesr much more Freguently in males than in females.

Solving X-linked Genetics Problems
Eecall that when solving aubosomal genetics problems, the
allele key and genotvpes can be represented as follows:

Allele key Genolypes
L = long wings LL L}
I'= short wings I
P generation Cr I
Y
P gametes a n
Fy peneration
Fy gametes
& E
generation B
ABslo Koy Phenatypic Ratic
X® = red eyes females: [ al red-eyed
& = white oyes males: 1] red-eyed
1] whito-ayed

Figure 218 X-linked inheritonce. Once resoorchors deduced
thiot the ollebes for ediwhite egs color e on the X CHOMSome
Dvosophilr, they were obie 1o explain ther exparimental resulls. Moles
with whito eyes in the F, ganeration inher the recessive oflele only fram
ihe fermale parent; they recoive o ¥ cheomosome locking the oliohe far
eye coloe from the mole porent



When predicting inheritance of sex-linked traits, however, it s
necessary bo indicate the sex chromosomes of each indivedual.
As noted in Fiygure 2 18, however, the allele key for an X-linked
gene shows an allele attached to the X:

Allele key
X* = red eyes
X = whate eyes

The possible genotypes and phenotypes in both males and
females are as follows:

Gemotype Phenotype

Xyt red-eyed female
XENr red-eved female
XX white-eyed female
Xy red-eved male
Xy white-eyed male

Notice that there are three possible genotypes for females but ondy
tw for males. Females can be heterozvgous X°X, in which case
they are carriers. Carriers usually do not show a recessive abnor-
mality, but they are capable of passing om a recessive allele for an
abnormality. But unlike autcsomal trasts, males cannot be carriers
fior X-Enked tradts; if the dominant allele is on the single X chromo-
soime, they show the dominant vpe. and if the recessive allele
{5 on the single X chromosome, they show the recessive phenotype.
For this reason, makes are considered hemirygous for X-Hnked traits,
becarse a mabe possesses only one allele for the trait and, therefone,
expresses whatever alele is present on the X chromosome.

We know that male fruit flies have white eves when they
recelve the mutant recessive allele from the female parent.
What is the inheritance pattern when females have white eves?
Females can have white eves only when thev receive a recessive
allele from both parents.

Human X-linked Disorders

Several X-linked recessive disorders occur in humans, includ-
ing color blindness, Menkes syrdrome, muscular dvstrophy,
adrencleukodystrophy, and hemophilia

Color Blindness.  In humans, the recepbors fior color vision i the
retina of the eves are three different classes of cone cells. Only one
tvpe of proment probein is present in esch class of cone cell; there
are blug-senstive, red-sensitive, and green-sensstive cone cells.
The allele for the blue-sensitive protein is autosomal, bat the alleles
fioe the red- and green-sensitive pigiments ane on the X chromosonms.
Aboutt 8% of Caucasian men have red-green color blindness. Most
of these ses brighter greens as tans, olive greens as browns, and
reds & reddish browns. A few cannot tell reds frorm greens al all.
Pedigrees can also reveal the unosual inherttance
seen insesc-linked traits. For example, the pedigres in Frgure 219
shows the usual pattern of inherstance for cobor blindness. More
makes than fernales have the trait, because recessive alleles on the
X chromosome are expressed im males_ The disorder often passes

from grandiather wo grandson through a carnier dagghter.

Menkes Syndrome. Menkes syndrome, or kinky hair syne
drome, is caused by a defective allele on the X chromosome.

o BHe
L5 S

5 = Unaffected femalo

XX = Camer fomale

[ = calor-blind femala |
Y = lUnaffecied maile

Xelinied Recesshve - Color:blnd male

Dizorders

« More males than females are affected.

« &n affected son can have parenis who have the

nosmral phanotypse.

« For a female 1o have the charactenstic, hoe fagher most

also have 8. Her mother musd have 8 or be a carmiar.

« Tha characienistic ofen sidps a generation fram the

grandiather to the grandcon.

» i & woman has the charactesissic, all of bar sons wil

have it

Figure 219 X-linked recessive pedigree. Thi pedigree for color
blindness exemglifies the inherfonoe potiesn of on X-linked recessive
disorder. The st ghws various woys of recognizing the Xinked recessive
potiemn of inhersonoa.

Mormally, the gene product condrols e moverment of the metal
copper into and out of cells. The svemploms of Menkes syrdnomme
are due o an accumulation of copper n some parts of the body,
and the lack of the metal in other parts.
Symipboms of Menkes syndrome include poor mscle one, sei-
zures, abnormally low body temperature, skeletal anomalies_and the
characteristic britile, steely hairassociabed with the disorder. Although
the condition Is relatively rare, affecting approximately 1 in 100,000,
munsthy rralies, the progriosis e with Menkes syndromeis pooe,
and most individuals die within the first few vears of bife. fn recent

years, some people with Menkes syndrome hawhaen treated with

injections of copper directly underneath the skin, but with mived
results, and treatment must begin very early in life to be effective.

Muscular Dystrophy. Muscular dystrophy, as the name
implies, i3 chasacterized bv & wasting away of the muscles. The
st comman form, Duchenme muscular dystrophy, is X-linked
and pecurs in about 1 owt of every 3, &0 miale births. Svmptoms
such as waddling gait, boee walking, frequent falls, and difficulty
in rising may appear as soon as the child starts o walk. Muscle
weakness intensiibes untl the individual & confined to a wheel-
chair. Death usually oocurs by age 20; thesefore, affected males
are rarely fathers. The recessive allele remains in the population
through passage from carrier mother o carrler daughter.

The allede for Duchenne muscular dvstrophy has been isolated,
and it has been discovered that the absence of a profein called
divstrophin causes the deonder. Much irvestigatnee work has defer-
mined that dystrophin i invohed in the release of ealcium from
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Nature of Science
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Hemophilia and the Royal Families of Europe

Abowd 1in 0000 males & a hemogphilioc
There are bwo common types of hemophilix
Hemophilio A is due to the chsence or mini-
mal presence of o clobling foctor known os
fzctor Will, ond hemoghilio B & due to the
obsence of clotting factor BX. Hemophilio =
called the bleeders deeote becose e
offected person's blood either does not dot
or clobs weny slowdy Athough hemophiliocs
bleed extemoily ofter on inury. they also
bleed internaliy, particulorly oround joints
Hemoroges can be stopped with tronafs-
sians of fresh biood (or plosmo) or concen-
trodes of the clotling. profein. Also, clotting
foctors are owniloble as biotechnology
products.

The pedigree m Figue 28 shows wiy
hemophio is often referred to os “the royal
digeose” Queen Vicloro of Englond, who
resgried from THA7 1o 1901, was the firsk of the

@Lhuﬂnund fomale
@l’.‘amnr famata

reajals io cormy the gene From her, the dis-
e eventually spread 1o the Prussion, Span-
i=h, and Russon royol fomlies. In that ena,
monarche aronged marmages bebveen ther
children to consolidobe politicol oflionoes
Ths proclice ollowed the gene for hemophilio
o spread roughout the rogal Tamilies. it =
assumed thot o Spontonecus mutoBon arose
either in Ouesen Vicoro after her conception
or i .one of the gometes of her porents. How
ever, in the book Oueen Widono's Gene by
D ML Potts, the guthor postulotes thol Edwand
Aaguestus, D of Kenl may nal howe been
Cuesn Viclona's fother. Potls suggests that
Victorn may hove nsteod been the illegi-
miate child of o hemophilioc male.

O CQueen Viclorio's 26 grandchildren,
4 gmndesns hod hemophio ond 4 grand:
doughters were carfers. Becouse none of
Queen Victoria's brothers and sishers were

Wictoria | Echward

011

Albari

offeded, it s=ems that the foully oliede che
carfed orote by mutotion efther n Victorio
or n one of her porents. Her comer daugh-
bers, Alice and Beatrice, infrodueced the allale
info the rulling houses of Rusia, Prussio, and
Spain, respectively. Alexi, the lost her o the
Russion throme before the Russion Rewolis
tian, wos o hemophilioc. There are na hemo-
philfiocs in the present British royal fosnily,
becouse Victorio's eddest son, King Edward
Vi, cid not receive the allebe.

Queestions to Consider

1. How moy o pedigres pottem be used
to determine ¥ o deease is miosomal
dominant ar outosomol recewres?

2. Assume that the mulotion for hemo-
phillio did not originote with Victoria.
Whot does this tell you about the geno-
ypes of her panerts?

ELH:II'IEL‘IMM

[] Hemastiac mate
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3 Alexandra | Nichaolas I

000 00000
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Figure 28 Hemophilioc an X-tinked troit.  Guween Viciono wos a corriar, 50 each of her sons hod o 50% chance of hoving the disorder, and each of

her doughtess hod a 50% chance of being o cormar. This podigree shaws only the offected descendonts.




the sascoplasmse reticubum in muscle Bibers. The lack of dystroplan
canses calchum o beak indo the cell, which promotes the ackhon of
an enzyvime that dissolves muscle Gbers. When the body attempts
o repals the tssue, fibnous Bssue forms, and this cuts off the blood
surpply, somore and maore cells die.

A teat is mowe available todetect carriers of Duchenne muscular
dystrophy. Also, varsows treatments have been tried. Immature
muscle cefls can be injected into miscles, and for every 100,000
celis ingected, dyatrophin production occurs in 30-40% of musce
fibers, The allebe for dystrophin has been inserted indo thigh muscle
cells, and about 1% of these cells then have produced dvstrophin.

y. Adrencleokedvstrophy, or ALD,
15 an X-linked recessive disorder due to the Blure of a carrier
protein o move either an ensyme or a very long-chain faity acid
{24-30 carbon atoms) into perodsomes. As a result, these fatty
acids are not broken down, and they accumulate inside the cell,
the resull s severe nervous svstem damage.

REVIEWING the BIG IDEAS
B

Children with ALD fail o develop propedy after age 5,
lose adrenal gland function, exhibit very poor conrdimation, and
show a progresaive loss of hearing, speech, and viston. The con-
dition k= usually fatal, with no known cure, but the onset and
severity of sympitoms in patients not vet showing sympboms may
b ml:l.iga.hadbu treatment with a mixture of Lipids derived from
olive oll. The dizease was made well knvown by the 1992 movie
Lorenze’s Ok, detailing a mother's and father's determination by
devise a ireatment for their son who was suffering from ALD.

Check Your Progress 2.4

-

1. Summorize why incomplebs dominanoe does nod Support
blending.

2, Summarize how bo iden#y on X-linked trod from an
aulasarnmal raf,

3. Expdain how a trail moy be both polygense and
muilEiToe wmal

Individuals with genes that when expressed confer favorable vafations one mﬂhﬂgtﬂ !.l.l'ﬂ‘\l'l!'ﬂ'!rﬂ prud‘ucemre
aflgpring. Genes provide e row materiol for natural Selection. 1A LC&

The persistence of genelic disease over avoluBonary Hme may m&{munhgﬁm! benefil o humons, TALc &

FA3e E

parent to offspring. A 30k 3A 2

The inherilance potiems of many troits connot be exploined by simple Mendelion genstics. 3.4 da-c

With the help of Mendels model of the inheritance of iraits, pedigres analysis, and stotitics, scientists have been
able o link mony humon diseases 1o specific genes on mhmm;mmmmm

surrownd hemon genselic diseoses, 38 3.0,d, 3.0.4.0-C

B SUMMARIZE =
AP Answering the Essential Questions

The science of genetics expdains the stobiity of inheritonce fahay wou
are humaon, os one wour parents) os well os vanotions between offspring
from one generotion to the next (why you howve o different combinag
tion of troits thon gour poremts) Austrion Gregor Mendel come up
with o model in the 1860= 10 exploin these pofterns. An understonding
of inhertonoe hos oiwoys been importont 1o Ggriculbre and meds
cine. However, inday humans” obility to monipuloie genetic informaotion
noises ethicol guestions.

Previously, we studied how mitoss ond meioss oflow for the pos-
=oge of genetic information from parent to offspring, presendng exist:
ing infoemotion with greot fidelty We olzo keomed thot chonges in
genetic imformation con produce wariations. that ore mone fovoroble Tor
o species’ survivol when emvironmental conditions change. Genes jond
DMA) prosvide the row motenal for noturol selection ond evelution. In
sexudlly-regroducing organisms, mieiosis followed by festiizotion pro-
vides o0 specinem of troits in offspring ond on which notunal Selecson
operotes; melosis exploins the pottems of inheritance obsened by
Mendel ond his fomous peo ploms.

Understanding the chromosomal basis of inhedlance ollows us 1o understand the pattern of the passage of genes fram

Mendel's experiments As you likely studied n o previows bicl-
ogy course, Mendel selected cernin phenotypes 1o trock by comtrol-
Eng pollinotion in his pea plonts. To review, Mendel began by crossing
plonts that were tue-breeding for o troit thot oocurred N teo distinct
bt cliemative forms. such os purple or white flower color {monohybrid
omoss). When Mendel ohserved offspring from the porentol [P} cross, oll
offspring in this Fi genernotion expressed only one troit such os purpie
fiorwer color:. The ather phenobype (e.g.. white flower color) dsoppeored,
which Mendel probably found perplexing. Allowing these F1 hybrids to
sa|f-poilinate [or cross-breed with oiber F1 hybrids) produced on F2 gen-
ergtion in which the dsappearing phenotype reoppeared [sounds bike
maogicl in abouwst 114 [25%) of the F2 plonts or in o phenotypic rotio of 21
fe.g. 3 purple: 1whitel Mendel wsed the tevms recessiee bo describe the
trait thot hod dsoppecred in the F1 generotion ond dominont io the it
thot hod not. Heterozggous desribes o troit whose gene combinotion
(genotype)} consists of one dominont ollele ond one recessive ollele.
This, when Mendel croesed two heterorygous plonts, the offspring
almost olwoys expressed 0 31 phenotypic rotio of dominont 1o reces-
sive. This oliowed Mendel to propose his low of segregation—which
tokes us right bock to mesosis.

Mendel's low of segregobion siotes thot the ndividual has teo
alicies {Mendel used the word “loctors™) for each troit, ond the oicles
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segregate with eguol probabiiity into the gometes diring mesosis.
Although Mendel didn't know it ot the time of his work, the woriotions in
thee troits wene due to the vorigtions i genes. Eoch gene has o specific
location, or locus, on o chromosome, and dominont alleles maosk the
exprassicn of recossive olleles.

Mendel coried his work o step hether by investigoting dibybind
crosses, inwhich the Fl indviduols showed dominont choroctenstics for
o firaits, but there were four phenotypes in o 93231 rotio omong the F2
offspring. This ofiowed Mend el o deduce the low of independent ossort-
ment, which stoles that the members of cne paoir of alleles seponate inde-
pendently of those of onother pair. Therefore, off possible combinabons
of poremol olleles con ocows in the gometes, ond the lows. of probobsiy
and constructing Punnett sguones help us predict the chances of produc:
img gometes and offspring. Mendel's lows hold becouse of the events of
meiosk: As we studied previously, becouse homologous paoirs of chromo-
somes line up rondomiy of the eguotor of the celf during melosis. domi:
nont allefes con sepomte (segregabe) with other dominont olleles or other
recessive olleles. in other words. homologows chromeosomes, ond olletes
they comy. segregate independently dunng gomete formation, creating
an ossoetment of olieles in the gometes.

Beyond Mendelion inheritance Mony humon froits and
genstic disorders con be exploined on the bosis of ssmple Mendetfion
inheritance. When studying humaon genetic disorders, biclogists offen
constrisct pedigrees to show the potiem of nheritonce of o charocter-
isthc [trait] within o fomily. The porticulor pottern indiootes the monnes
in which o chorocterstic is inbhented, such os outosomol dominont or
outosomal recessive. Addtionol support for the chromosome theony
of inheritonce come when Thomos Histt Morgon ond his group deter-
mined thot certoin troits ore locoted on sex chromosomes such os X and
¥. Morgan's orgonism of choice wos the common frs fly, Drosophria,
which, unlike Mendel’s peo plorts, hos moles ond femaoles. Typicoliy,
femoles have tewo ¥ dhromosomes (XL ond males hove one X dhro-
mosome and one ¥ chromosome (Y], Alleles on the X chromosome:
are colled Melinked oliefes: the ¥ chromosome does not corry those
olleles. The Y chromosome does not carry these genes, ond, becowse
moles inherit only one copy of on oilele for on X-linked troi, they con:
not be heterozygous for the tmits. Exomples of X-lmked trofs i humons
include color blindness, hemophilis, ond sckle cell onemea. In oddition
to ¥-inked troits, other pottems of inhenlonoe hove been discovered
since Mendel's onginol contributicn. For example, some genes howe
multiple olleles olthough eoch indiwiduol hos only teo olleles jeg.
hsmon biood types) ond some troits results from the expression of non:
nucieor DA Throwgh evolution, sometimes o0 genetic diseose oon ben-
efit on individweal or o population; for esomple, sickle cell onemio can
provide protection ogoinst molorio. it should be noted thot mony ethicol,
sociol, ond medicol issues swsTound humon genetics swch os privaoy
isswes. ozsocikobed with ownership of genetic informotion or reproductve:
issLes.

1B7

B ASSESS

Choose the best onswer for eoch guestion

21 Gregor Mendel

1. Mendel's work supporied which of the following?
o biending theory of inheritonoe
b particulote theory of inherilonce
. theory of ocquied chomoctenstics
d Al of these ore cormesct

2. Mendel's success wos bozed on
o use of the peo plont os 0 model crgonism.
b his ability bo opply stotistics to his studies.
. coreful planning of his experiments.
d All of these ore cormect

2.2 Mendel’s Lows

3. The low of segregation stofes all of the following except

o foctors sepombe dunng formotion of the gometes.

b eoch indnidual hos two feclors for each troit.

. gomeles contoin o single focior for each tnoit.

d fodors ossort independently of eoch other by mesosis.

4. In peos, yellow seed (¥ is dominont over green seed [y in the F_
genenation of o monohybnid omss thot begins when o dominond
homozypgote & oossed with o recessive homozygote, you would
expect
o. three pionts with yellow seeds o every plant with green

seeds.
b plonts with one yellow soed for every green seed.
. only plonts that produce green seeds.
d only ploms that produce yellow seeds.

5. In guinea pigs, smooth coot {5} is domenont over rough oot |s),
ond binck coot (B) is dominont oeer white coot (b). In the cross
S=8h » Ss8h, how mony of the offspring will howe o smooth block
ooot, on oeemge?

o ¥
b about He
c Y
d %

&. In horses, B = block coat, b = brown coat, T = trotter, and
I = pocer. & block trotter thot hos o bsown pocer offspring hos
which of the following genotypes?
o 8T
b BHTE
c. bhit
o B8

2.3 Mendelion Patterns of Inheritonce and

Human Digease

7. Which of the following is not correct for on outosomol recessive
pedigree?
o Maoles inherit the troft 50% of the time.
b Helororygous indeiducis are comiers.
. Only homozygous recessive individisals express the troit.
d Homozygous dominont indeiduois and heteromygotes howe

the some phenoiype.

B. Cystic fibrosis is on ewsomple of ofon trait
o outosomol domenont
b autosomol recessine
. Melnked
d. incomplete dominont



9. When onolyzing o pedigres, you notice thot two unafiected
parents have produced o child thot = offected by the trof. Thes
suggests which of the following patterns of inhemtonce?

0. ouloscenal dominant
b. M-linked

o oufosomal recesse
d. Al of these are comect.

2.4 Beyond Mendelian Inheritance
For guestions 0=, mabch the siotements to the tems in the key.
Key:
o. multiple olleles
b. polygenic toit
. pleiotropic gene
d. incomplete dominonce
10 A single gene produces o variety of phenotypes.
L Muttiple genes ore invobeed, ond the detribution resembles o
bell-shoped cunee.
12. In humons, there ore three possible oliedes ot the chromosomol
locus that determine blood ype.
13, A cross of taso heterozypgous individuwals produces an

intermediole phenotype.
M. The envircnment mioy nfluence the phenotypic distribution of
the trait.
@ ENGAGE B

AP Applying the Big Ideas

1 N inheritonce of genes within o populotion s o corner:
stone of species’ ability to chonge over time.

o. Describe TWO kinds of doto that could be collected by scien-
st io provide o direct answeer to the question, how con scéen-
tsts inwestigabe the role of notural selecton in evolution?

b. Ewploin how the dota you suggested i port {g) would provide
o direct onswer io the quesbon.

2 RN Methemoglobmemio is on outosomaol recessiee disor:
dier. o man ond o woman are both carriers of the recessive allcie,
whot is the probability of eoch of the followsng (show all warkl:
o. Al theee of their offspring well be of normol phenotype?

b. & theee of their offspring will hove methemoglobinemio?

AP Applying the Science Practices

Analyre the Data
How con dominant troits be determined? Bolonists dscover o rore:
nenw Species of plant and find thaot oll individunls in the speces disploy

o desiroble ability io withstond high heat ond oppeor to be ovaided
by mesl lorge herbivores.

Dabta and Observations
Scientists hove determined thot the leoves hove either sharp, seroted
edges or smooth margins, ond blooms that are either yellow or white.

P "?wnn pea aﬁrm pea

t
©-,,

Male gamis b Female gamss
¥
-~
Fs | Yllow pea
Mal®  otffonmzation FOTO

®u,®ﬂ §3 fo
-~ @ @ -“ﬂl @

Think Criticatly **1 5 &

1. Design on mvestigotion thot would determine whether serrated
or smooth marging wene the dominant troit for the leowes of this
plant, ond whether yedlow or white Bossoms are the dominamt
trait for the fiowers.

2. Agsumang Serroted morging ond white fiowers are the
dominant braits, determine whaot inoction of the offspring of
two heterozygous plonts would be expected 1o have serated
margins and yellow biooms?
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AP Aulite o0 Earth conlnins the fous bases of DNA—-A_ G, T, and T. Difarent
combinations of thess bases make up e, ad avary EFIECiESr has its oW 'dl'linJE'
collectan amnd combination of I:I'EI"IEE.. These hises ore molecules o oocle Tod
D-iﬂ'ﬂ-gil:{‘ll ‘r.'r-:‘:uu.' Susth @ the profeing el make gkin, Bonas, aLjas, legves, and
flowess.

AACIR 1= e of S8l géﬂ\l‘.‘ﬁ sl {I:II"IEaLﬂEmEk.iI"I, :ﬁﬁﬂ, ﬂﬂﬂ'e\sd‘." COROF i ﬂll"lh:ll"lﬁ,
crd Shisiie of s gens Firee g 1o I‘Iml iI"IEingE ifks thee evadiiteon of eman skin
p@ﬂEl'ltﬁ'lim. MCIR = a specilfic Saquence ﬁfg&i"!‘.‘"l.lﬂ instiecions fownd in the nucleus of
E‘-l'Erl:l cadl i the horman bﬂij‘g. The g’EﬂE B oonserved -E'n.'Erg time o call divides.

Husmians hove wariation in their MCIR and other EeOmEnt genes that stem frodm el
CI-H!CES.-'I.I’I:I. A tew differsnces in the ﬂ{mEﬂlEl'l[ of on odenanse [.l:l.] ora EIJ'.A".‘IEiI"IE'I:I::HI"I e
Cparhe, for 'E:l.ﬂll'lr.ﬂ.E. can alter gene 'E:l.l.'lrE'EL'lﬂl'l—h‘nEI'l ared howe much of the melonsn s
produced. 5o ﬂ:thﬂugh Evaphne s rvelonsn gefes that beooime replicated swith each
cell l:l‘n'ls-im. eath mdivickeals QEI"IE' EEFHESEiﬂﬂ s detarmined from the information thot
DA traresmils 1o e Wm&ﬂl—ﬂﬂkﬁl@ I‘I'G\'l‘l'l:mﬂ"."ll:l.

As you read through the chapter, think obout these Essentiol Questions:

1. How did historicol expesimenis help identify DMA as the carrer of genelic
infarmation? 1BLal SALa 4

2. How does the chemicol structhwe of DNA os defined by the Wotson and Crick
model determine DMA's obiliy o store ond fransmit genetic information?
FA13ALNE3

3. How doss genelic information stored in DNA Now from o seguence of nucleotides
in o gene io a sequence of oming odds in a protein? ZALASH RIS SATe
Al 3Ad

FoLLowinG the BIG IDEAS

ﬂ DMA stores and Eransmits genetie informalian in all orgonEms.

Molecular
Biology of
the Gene

CHAPTER OUTLINE
3.1 The Genetic Material 190
3.7 Replication of DMNA 195
3.3 The Genetic Code of Life 197
34 First Step: Transcription 199
35 Second Step: Translation 202

A Genetic information in the form of a coded sequence of nucleotides dciores the seguence of amind acids which will

make o proben.
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3.1 The Genetic Material
Laaring Otcome

Upon completion of this section, you should be able to
1. Desciibe the propeies o substonce Maest possess in ondes
1o senée 0s the genetic moterial
2. Exomime how historicol researchers demonstroted that
DM ks the genetic materiol
3. Explain the chemicol structure of DA os defined by the
‘Wotson and Crick model.

i =

i

The middle of the twentisth century was an exciting pericd of
scientific discovery. On one hand, geneticists were busy deter-
mining that DNA (deoryribonrcleic acid) is the genetic material
of all living organisms. On the other hand, biochemists were
in a frantic race to describe the strocture of DNA. The classic
experiments performed during this era set the stage for an
explosion in our knowledge of modern molecular biology.
When researchers began their work, they knew that the
genetic material must be
1. Able to store informuation that pertains to the development,
structure, and metabolic activities of the cell or organism
2. Stable, so that it can be replicated with high sccuracy during
cell division and be transmitted from generation to generation
3. Able to wnderge rare changes, called mutations, that provide
the genetic variability required for evolution to cccur
This chapter will shiw, as the researchers of the twentieth century
did, that DNA can fulfill these functioms.

Transformation of Bacteria

During the late 19205, the bacteriologist Frederick Griffith
{1879-1941) was attempling to develop a varcine against Strep-
fococos prermomiae (preumococcus), which causes preumonia
in mammals. In 1931, he performed a classic experiment with
the bacterium. He noticed that when these bacteria are grown
on colture plates, some, called 5 strain bacteria, produce shiny,
smooth colonies and others, called R strain bacteria, produce
colonies that have a rough appearance. Under the microscope,
5 strain bacteria have a capsule {mucous coat) that makes them
smooth, but K strain bacteria do not.

When Griffith injected mice with the 5 strain of bacteria,
the mice died, but when he injected mice with the R strain, the
mice did not die (Fig. 3.1). Inan effort to determine whether the
capsule alone was responsible for the virnlence (ability to kill) of
the 5 strain hacteria, he injected mice with heat-killed 5 strain
bacteria. The mice did not die.

Finally, Griffith injected the mice with a mixture of heat-
killed 5 strain amd live K strain bacteria. Most unexpectedly,
the mice died—and living 5 strain bacteria were recovered from
the bodies! Griffith concluded that some substance necessary
for the bacteria to produce a capsule and be virulent most have
passed from the dead 5 strain bacteria to the living R strain bac-
teria, 5o that the R strain bacteria were transformmed (Fig. 3.1d).
This change in the phenotvpe of the R strain bacteria muost have
been due o a change in their genotype. Indeed, couldn't the
transforming substance that passed from 5 strain to B strain be
genetic material? Reasoning such as this prompted investigators
at the time to begin looking for the transforming substance to
determine the chemical nature of the genetic material.

" -~ %
inecied heat !
Kilied S strain injected heat-kiked f
does nof cause 5 sitrain plus fee
mice o die_ R strain causes Live S strain |z
1"\[ s withdrawn from
Q -H dead mice
u b [ d.

Figure 3.1 Griffith's transformation experdiment. o Encopsuloted 5 stroin is wisulent ond kills mice. b Monencopsuloted B stroin is not vislent and
dioes not kil mice. c. Heat-killed 5 strain bocterio do not kill mice. d. & heat-killed 5 stroin and R stroin are both injected into mice, they die. becouse the B
strain bocterio hove been tronsiormed into the vinolent 5 strain
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CHAFTER 3 Molecular Bislogy of the Gene

DNA: The Transforming Substance

By the time the next group of investigators, led by Oswald Avery
{1877-1955) in the 19405, began thelr work, it was known that
the genes are on the chromosomes and that the chromosomes
contain both proteins and nuclele acids. Investigators were hay-
ing a very heated debate about wivether protein or DNA was the
genetic material. Many thought that the protein component of
chromosomes must be the genetic material becawse proteins
contain up to 20 different amino acids that can be sequenced in
any particular way. On the other hand, nuclebe ackds—DMNA and
EMNA—contain only four tvpes of nucleotides as basic building
blocks. Some argued that DMA did not have enough variability
to be able to store information and be the genetic matertal.

In 1944, after 16 vears of research, Oswald Avery and his coin-
westigators, Colin MacLeod and Maclyn McCarty, pﬂ.ﬁ]uhﬁi apaper
demonstrating that the Ir..i.n-.ﬁrmug subssance that allows Shrego-
covens b produce a capsule and be virulent is DNAC This meant thad
DA s the genetic material. Here & what they found out:

1. DMA from 5 strain bacteria canses R strain bacteria to be
transformed, so that they can produce a capsule and be
viruleni.

2. The addition of DNase, an enzveme that digests DNA,
prevents transformation from occurring. This supports
the hypothess that DNA is the genetic matersal.

3. The maolecular weight of the transforming substance is
Earge. This sugpests the possibility of genetic variability.

4 The addition of enzymes that degrade proteins has no
effect on the transforming substance, nor does RNase, an
enzyme that digests RNA_ This shows that nesther protein
nor RMNA Is the genetic maberial_

191

Theze experiments showed that DNA is the transforming sub-
starwe ard, therefore, the genetic material Although some
scientists remained skeptical, many felt that the evidence for
DMA being the genetic material was overwhelming.

An experiment by Alfred Hershey and Martha Chase in
the early 19502 helped to firmly establish DMA as the genetic
material. Hershey and Chase used a virus called a T phage.
composed of radicactvely labeled DNA and capsid coat pro-
teins, bo infect £ coli bactena. They discovered that the radio-
active tracers for DNA, but not profein, ended up inside the
bacterial cells, causing them to become transformed. Since
only the genetie material could have cansed this transforma-
tion, Hershey and Chase determined that DNA must be the
genetic material (Fag. 3.2}

The Structure of DNA

By the eardy 1950s, DNA was widely accepted as the genetic
material of all living organisms. However. the structure of DNA
was not known. How can a molecule with only four different
nuclestides produce the great diversity of life on Earth?

To understamd the structure of DNA, we need to under-
stand how the bases in DNA are composed. Investigators knew
that DMNA contalns four different types of nucleotides: two with
piirine bases, adenine (A) and guanine (G), which have a double
ring; and two with pyrimidine bases, thymine (T) and cytosine
(Ch, which have a single ring (Fig. 332, B). Erwin Chargaff used
new chemical techniques developed in the 18405 to analyze in
detail the base content of DNA.

A sample of Chargaffs data is seen in Figure 3 3¢ You can see
that wihile some species—E. coli and Zea imays oorm), for example—do

Figure 3.2 The tools of Hershey and Chose.

o. Drowing of o T phoge showing the profein coot jcopsid]) ond ONA. b. An eleciron microgsoph

showing T phoge indecting boctero. The DMA was lobelbed with mdiooctvity. allowing Hershey ond Chase 1o follow s progress imio o boctenal oo ond

evaniuctly provide o blusprin to make naw phoges.
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Homo sgoiers [luman] 6 IE W™ a4

Dvocophiio melanogoshor (st fiy) 212 ITe A& 228

Zeo moys [com) 256 83 48 MA

Neumspore oresso ungus) 230 X33 I ME

Escharichia codl [bacierium) 246 43 M5 25§

Bocilis subiiis {bacorum) 2E4 X0 NG M8
c. Chargaf's data

have approamately 25% of each tvpe of nuckeotide, most do aot.
Further, the percentage of each type of mucleotide differs from spe-
cies oy spevies. Therefore, the nockeotide content of DNA 5 not Froed
across species, and DNA does have the parialility bebween species
reqpuired for 18 #0 be the gemetic material

Within each species, however, DNA was found to have the
constanicy required of the genetic material—that is, all members
of a species have the same base composition. Also, the percend-
age of A always equals the percentage of T, and the percentage
of G equals the percentage of C_ It follows that if the perceniage
of A+ T equals 4%, then the percentage of G + C equals 60%.

These relationships are called Chargaff's rules.

Chargatf's rules:

1. The amount of A, T, G, and Cin DNA varies from
ApECieg b species,

2. In each species, the amount of A = T and the amount
ol G=0C

lf. ETH:
Cyioeing M H
=]
0= H
M
o

r
B Pyrimiding nuckeotides H Jl

Figure 3.3 Muclectide composition of DMA. &l nucleotides comton
phosphote. o S:oorbon sugor, and o ntmgen-conboining base:. in DRA, the sugor is
cofed deoxyribose, becouse i locks on oaygen atom in e 2 position, companed
fo ribaase. The nittogen-conbaining boses. ore (@) the purnes odenino ond guonine,
which hove o dowble ring, and b the pyrimidines thyméine and agosine. which
have o single ring. c Changolff's doto show thot the DA of vosious spedes differs.
For emomgie, in humans the & ond T percentoges ore chout 3T, but in frukt flles
fhese percontoges ore obowt 275

Although only one of four bases is possible at each nucheo-
tide position in DNA, the sheer number of bases and the length
of most DNA molecules are more than sufficient to provide for
variability. For example, it has been calculated that each human
chromopsome typically contains about 140 milllom base pairs.
This provides for & staggering number of possible sequences of
nucleotides. Because any of the four possible nucleotides can
b present at each nucleotide position, the total number of pos-
sible nucleotide sequences is 40" 107, g JUILNSSN W, sonder

each species has its own unique base percentages!

X-Ray Diffraction of DNA

Rozalind Franklin (Fig. 3.44), a researcher at King's College in
London, studied the structure of DINA using X-rays_ She found
that if a concentrated, viscous solution of DMNA 5 made, it can
be separated into fibers. Under the dght conditions, the fibers
are enough like a crystal {a solid substamce whose atoms are
arranged in a definite manner) that when X-raved, an X-ray
diffracthon pattern results (Fig. 3.4b).
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b

C

Figure 3.4 ¥-roy diffraction of DNA. 0. Rosclind Fronkdin (1920-1358). b, When o crgsaol i Xomped, the way inwhich the beom s difrocied reflecs
tihe poftern af the mobacules i the cnystol. The closeor together two repeating structhunes ane in the crystal, tha forther from the cemer the beam i défractod
. The diffroction pottem of DA produced by Rosobnd Franstn. The crossed ) pottem in the center told investigators thot DA 15 o helly, ond the dork
portions at the top and the: baottom told them thot soeme famure = repsted ower and over Wotson and Crick determined that this feohee wos the higdrogen

bomdied boses

The X-rav diffraction pattern of DMNA shows that DNA is a
double helix. The helical shape b indicated by the crossed (X]
pattern in the center of the photegraph in Fnﬂm 3de. The dark
portions at the top and bottom of the photograph indicate that
some portion of the helix s repeated. Maurice H. F. Wilkins, a
colleague of Franklin's, showed ome of her crystallographic pat-
terns bo fames Watson, who immediately grasped its significance.

The Watson and Crick Model
James Wakson, an American, was on a postdoctoral fellowship
at Cavendish Laboratories in Cambridge, England, when he
began to work with the biophvsicist Francis H. C. Crick. Using
the data provided from X-ray diffraction and other sources, they
constructed a model of DNA, for which thev recetved a Naobel
Prize in 192

Based on previous work of other scentists, Watson and
Crick knew that DNA is a polymer of nucleotides, but they
did not know how the nucleotides were arranged within the
maolecule. However, they deduced that DNA is a double helix
with sugar-phosphate backbones on the outside and paired
bases on the inside. This arrangement fits the mathematical
measurements provided by Franklins X-ray diffraction data

for the spacing between the base pairs (.34 nm) and for a
complete turn of the double helix (3.4 nm).

According to Watson and Crick's model, the two DNA
sirands of the double helix are antiperallel, meaning that the
sugar-phosphate groups that are chained together b make
each strand are oriented in opposite directions. As seen in
Figure 3.5, each nucleotide possesses a phosphate group
located at the 5" position of the sugar. Nucleatides are joined
together by linking the 5° phosphate of one nuclectide to &
free h\'d:'m-:tl {=0OH) located at the 3' position on the sugar
of the ptucedm,g nucleotide, giving the molecule directional-
ity. Antiperallel simply means that while one DMNA strand
runs 5 to 3, the other strand runs in a parallel but op posike
direction.

This model also agreed with Chargaff's rules, whdch state that
AmTand G = C Figure 3.5 shows that A is hydrogen-bonded
to T, and G s hydrogen-bonded to C This complementary base
pairing means that a purine (large, two-ring base) is abways bonded
to a pyrimidine (smaller, one-ring base). This antiparallel pairing
arrangerment of the two strands ensures that the hases ane oriented
properly, so that they can interact. The consistent spacing between
the bwo strands of the DNA was deteced by Franklin's X-ray
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3.4 nm

Figure 3.5 Watson and Crick model of DMA

. Spoca-filling moded of DMA B. Tha double kel molooulss. c. Thae two sironds of the moleculs ore ocntiporotiol. The disection of the strand i said to e 5 o

sugar-phosphabe
backbona

TR TS rRary -
base pairing

3" when going from top to bottom. The 5" end of o DMA strand hos a phasphabe growp, whilke the 2" end has an <0H growp {not shown)). d. Jomes Wotsan [Ief)

and Francis Crick {rpht) deduced tha molecular configunation of DA

diffraction pattern, because bwo pyrimidines together are too
narrow, and two purines together are too wide.

The imformation stored within DNA must always be read in
the 5" to 3" direction. Thus, a DA strand is usually replicated in
a 5 to 37 direction.

Check Your Progress 31

1. Expioin the major features of DMA struciure,

2. Expdain the roles of Ervwin Changaf! and Resalind Fronklin
i elucidatng the finol struchsee of DNA.
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CHAFTER 3 Molecular Bislogy of the Gene

3.2 Replication of DNA

g L P

Upan completion of this section, you should be abls 1o
1. Expiain wing the replication of DNA s semiconsensoliee.
2. Describe the enzymes and proléins invobred in DNA

replication.
3. Contrest DA replication in eukorygotes and piokaryabes.

The term DNA replication refers to the process of copying a
DNA molecule. Following replicabion, there 13 usually an exact
copy of the parental DNA double helixc. As soon as Wakson amd
Crick developed their double helix model, they commented,
“It has nidt escaped our notice that the specific pairing we have
postulated immediately sugpests a posaible copying mechanism
for the genetac material ™

A template is most often a mold used to produce a shape
complementary to itself. During DNA replication, each DNA
strand of the parental double helix serves as a template for a
new strand in a daughter molecule. DNA replication is termed
sembconservative replication, because each daughter DNA
double helix contains an old strand from the parental DNA
double helix and a new strand. In Figure 3.6, the backbones
of the parental DNA molecule are Blue. Following replication,
the daughter molecules each have a green backbone (new
strand) and a blue backbone jold sirand). Because A pairs
with T, and G padrs with C, a daughter DNA double helix
has the same sequence of bases as the parental DNA double
helix had originally.

DNA replication requires three main steps: unwinding,
complementary base pairing, and polning. At the molecular
level, several enzvmes and proteins participate in the synihe-
sis of the new DMA strands (Fig. 3.7 and Table 3.1).

Unwinding

A DNA helicase engvme unwinds DNA and separates

=

the parerstal stramds. This creates bwo replication F A
forks that move away from each other These G
separated strands now become the template o 2 -

Figure 3.6 Semiconsersotive replication
[simplified). Afterthe DNA doubls helo
mands, ooch parental strand serses as o lempiloto
far the formotion of the new doughber shronds.
Compilomentony free nucleotides hydrogen bond
o 0 modching bose (eg., Aweh T, Gwith O In eoch
porensol strond and ore joined 80 form o completa

Original

MNow
dn:;rﬂrslrurui‘hu hefices, eoch with o doughter  bempilate) qn'rll‘hlm-:l:ed

ond poreniol stnond, ane produced following strand

rapilcotcen.

daughtar strnd
a. The mochanism of D8A replicafion

Table 21 Proteins Invelved in DMA Replication

D& helicose Separates double-stranded DA inko single
snands

Sngle-stronded Binds to single-sironded DN ond prevents

binding protein {S5B8} it from re-forming o doubls hedix

D#& primose Synihosizes short RMA primess

D& polymerose Sgnthesizes DA in the loding ond logging
strands, removes BNA primers filling the
gops with mose DNA, ond procdroods
nwdy moda DRA

DM ligose Covalently ofinches odjocent Gozoio
frogmants in the kogging strand

create two new DNA molecules. DNA & chemically stable as a

helix, but not as single strands. Single-stranded binding pro-
teins (55B) attach to mewly separated DNA and prevent i8 from
re-forming the helix so replication can ocour.

Complementary Base Pairing
DA replication neads a primer, a short siracnd of RNA, bo put in
place before replication can begin. DINA primsse places shork prin-
ers on the strands to be replicated. DINA polymerase recopnizes
this RMA target and begins DNA synihesis, allowing new
g 3 nudeobdes o form complementary base patrs with
together in a chain. DINA polymerase also poool-

reads the strands and can correct any mistakes.
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Replication fork imbroduces complications

DA helicase at replication fork

OV

I,. parctal DMNA helix

DA polymerase

Figure 3.7 Enrymes in DMA replication.  The major ensymes imvoived in DA replicotion. Mote thot the synshesis af the new DA molocules

oCCurs in opposite disections doe i the orentation of the ornginol DA strands.

The parental strands are antiparallel 0 each other, and
each of the new daughter sirands must also be antiparallel to
itz matching parental strand—which creates a problem. DNA
can only be synthesized in a 5 to 3" direction {see Fig. 3.5¢).
Ome strand, the leading sirand, is exposed so that synthesis
in a5 to 3 direction i3 easier and replication is continuous.
The other new strand in the fork must be synthesized in the
opposite direction, requiring DNA polvmerase to synthesize
the new strand in short 5" to 3’ segments with pertodic starts
and stops. This strand Is called the laggng strand. Replicathon
of the lagging strand is therefore made in segments called
Okazaki fragments, after Japanese schentist Redjl Okazaki, who
discovered them.

Joining

After both new strands are made, DNA polymerase has et
another role by corverting the short RNA sequences, laid down
by the primase, into DNA_

Finally, the enzvoe DNA lipase is the “ghee” that mends all the
Dicazaki fragments bogether, resulting in the two double helic mol-
ecules that are identical to each other and to the original molecule.

The DNA & copled during 5 phase of the cell cvele bafore
the start of mitosis or meosis. Because the goal of these pro-
cesses is etther to create an exact cell copy (mitosis) or to make
a gamete for reproduction (meiosis), in either case vou have to
double the DNA before you can separate it durh'n.gcdldwhﬁnn
DA replicabion must occur before a cell can divide. Cancer,
which is characterized by rapid, uncontrolled cell division, =
sometimes treated with chemotherapeutic drugs that mimic
one of the four nucleotides in DNA. When these are mistakenby
used by the cancer cells to synthesize DNA, replication stops
and the cells die off.

Prokaryotic Versus Eukaryotic Replication

The process of DNA replication is distinctly different in pro-
karvote and eukaryotic cells, although manv of these organ-
isms” basic functions are similar (Fig. 3.8).

@? CAY,
D=0

a. Replcatian in prokanyotes
replicatian fork replication bubbia
— e —

parenial sirand
TR T T T T T T T T T

ey DA
I
b Replication in eukanpobes “

Figure 3.8 Prokoryotic versus eukaryotic replication.

a. In prokoryotes, replicotion con oo in teo difections ot once, becouss
the DA molecute is circulor. b in eukonyotes, replicotion ocowes of
rumerous nepication bubbles, each with two forks. The forks mowe eoy
from sach othar until they Mmoot ogoin and o bwo New doughter holices
hiawe been compiated

Copyright © McGirows-iEl Educa tian
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Prokaryotic DNA Replication

Bacteria have a single circular loop chromosome, whose DNA
must be replicated before the cell divides. In some circular DNA
maslecules, replication moves around the DNA molecule in one
direction only. In others, as shown in Figure 3 84, replication
oocurs in two directions. The process alwavs occurs in the 5" to
3" direction.

The pricess begins at the origin of replication, a specific site
on the bacterial chromosome. The strands are separated amd
umwound, and a DNA polymerase ensyme binds to each side
of the opendng and beging the copying process. When the bwo
DNA polvmerases meet ab a lermination reghon, replication is
halted, and the two copies of the chromosome are separated.

Bacterial cells require about 40 minubes b replicate the com-
plete dhromosome. Becanse bacterial cells are able to divide as often
as once every 20 minutes, it s possible for a mew round of DINA

replicabion io begin even before the previous round is completed!

Eukaryotic DNA Replication

In eukaryotes, DNA replication begins at numerous origins
of replication along the length of the linear chromosome, and
replication bubbles spread bidirectionally untl they oweet
Notice im Figure 3_8b that there isa 'V shape wherever DNA is
being replicated. This is called a replication fork.

The chromosomes of sukaryotes are long, making replica-
tion a more Hme-conseming process. Eukaryobes replicate their
DNA at a shower rate—500 to 5,000 base pairs per minute—but
there are mary individual origins of replication o accelerate
the process. Therefore, eukarvotic cells complete the replication
of the dipioid amount of DNA {in homans, over 6 billion base
pairs) in a matter of hoors!

The Hnear chromosomes of eukaryotes also pose another
problem: DNA polymerase is unable to replicate the ends
of the chromosomes. The ends of eukarvotic chromosomes
are composed of telomeres, which are short DNA sequences
that are repeated over and over. Telomeres are not copied
by DMA polvmerase; rather, they are added by an enzyme
called telomerase, which adds the correct mumber of repeats
after the chromosome i3 replicated. In stem cells, this process
preserves the ends of the chromosomes and prevents the loss
of DNA after successive rounds of replication. Unregulated
telomerase activity can negatively affect cell function, as seen
with uncontrolled cell division in cancer cells.

Acciuracy of Replication

A DNA polymerase is very accurate and makes & mistake
approximately once per 100,000 base pairs at most. This error
rate, however, would result in many errors accumulating over
the course of several cell divisions. DNA polymerase is alao
capable of checking for accuracy, or proofreading the daughter
strand it s making It can recognize a2 mismatched nucleotide
and remwove it from a daughter strand by reversing direction
and removing several nucleotides. Once it has removed the
mismatched nucleotide, it changes direction again and resumes
making DNA. Owerall, the error rate for the bacterial DNA poly-
merase is only 1 im 100 million base pairs!

Check Your Progress 3.2
' e
1. Explain the three major steps wn DNA replication,
2. Explain why replication must eccur diferenmly on the
leading and logging strands. '

3.3 The Genetic Code of Life

| Upan completion of this section, you should be able ba
1. Explain the function of ranscriplion and transioleca.
2. Explain how the mRMA nuclestides deterrmine the
sequence of aming acids in a polypeplide.

et

Evidence began to mount in the 1900z that metabolic disorders
can be inhersed. An English phyvsician, Sir Archibald Garrod,
called them “inborn ermors of metabolism ® Investigators Geonge
Beadle ard Edward Tatum, working with red bread mold, pro-
posed what they called the "one gene, one enzyme hypothesis,”
bazed on the ohservation that & defective gene caused a defective
ENEVITE,

“This and mary other examples illustrate the flow of genetis
information from DNA to RNA to probein to an observed trait.
We mnow turn our atbention bo the transfer of information from
DMA to RNA, the next component in the system.

RNA Carries the Information

Like DMNA, EMNA ([ribwiclede acid) b a polyvmer composed of
nuckeotides. The nucleotides in KA, however, contain the sugar
ribose and the bases adendne (4), ovtosine (C), guanine {G), and
wracll (LT}, In RMNA, the base uracil replaces the thymine fownd in
DA Finally, BMNA s singlestranded and dees not form a double
helix in the same manmer as DNA Tabke 3.2 and Fig 3.9).

There are three major classes of RENA Each class has a
unique size, shape, and function in protein svnthesis,

Messenger RNA (mRMA) takes o message from DMA in the
nucleus o the rbasomes in the cytoplasm_

Transfer RNA (ERMNA) transfers amino acads to the ribosomes.

Ribosomal RNA (rRNA), along with ribosomal proteins, makes
up the ribosomes, where polvpeptides are synthesized.

Table 2.2 RNA Structure Compared to DNA Structure
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The Genetic Code

[n the genetic flow of information, bvo major steps ane needed to
corwert the indoremation stored in DINA inbo a protein that supports
body functon (Fig. 3.10). First, the DNA undergoes transcription
(L. irmns, “acnoss”; scripdio, *a writing™}, a process by which an RNA
molecule 15 produced based on a DNA template. DNA s tran-
scribed, or copled base by base, inbo mRENA, IRNA, and rRNA_

Second, during translation (L. frans, “across”; latus, “carry
of bear”), the mBEMNA transeript is read by a ribosome and con-
verted into the sequence of amino ackds in a polvpeptide. Like
a translator who understands two languages, the cell changes
a nucleotide into an amino acid sequence. Together,
the flow of information from DNA o RNA 0 protein to trait =
known a5 the central dogma of molecular biclogy.

Now that we know that the DNA sequence within a gene is
transcribed into an RNA molecule and, for genes that code for
protens, the mBNA sequence determines the sequence of amino
acids in a protein, it becomes necessary to identify the specific
genetie code for each of the 20 amino ackds found in proteins.
Although scientists knew that DNA somehow directed protein
producton, they did not indtially know specifically how the code
was translated. Thl.s:duﬂm-'erl.r was made in the 1960s.

Finding the Genetic Code
Logically, the genetic code would have to be at least a triplet code;
that is, each coding unit, or cedon, would need to be made up
of three nucleotides. The reason is that fewer nuckeotides would
not provide sufficlent variety b encode 20 different amino acids.
In 1961, Marshall Nirenberg and |. Heinrich Matthei per-
formed an experiment that laid the groundwork for cracking
the genetic code. First, they found that a cellular enzyvme could

Dty

transcriplicn
N recheus

at ribosom

potypeptide

I
Sonma Aspartate Prolng

Figure 310 The flow of genetic informotion inacell.  One smnd

of DA octs os o templote for mANA sunthesls, ond the sequence of boses in
MRk, detormines the sequence of omina ocids in o polypepbde.

be used to construct a synthetic ENA {one that does not occur
in cells), and then they found that the synthetic ENA polvmer
could be translated in a test bube that contained the cytoplas-
mie contents of a cell. Their first synthetic RNA was composed
only of uracil, and the protein that resulted was composed
only of the amino acid phenylalanine. Therefore, the mENA
codon for phenvlalanine was known to be UULL Later, they
were able to translabe just three nucleotides at a Hme; n that
way, it was possible to assign an amino acid to each of the
mENA codons (Fig. 3.11).

Like the periodic table and other major works, the genetic
code seen in Figure 3.11 15 a masterpiece of scientific discovery,
because it is a key that unlocks the very basis of biological life.
Here are some of Hs features:

1. The genetic code is degesentie. This term means that mos
amine ackds have more than one codon; leacine, serine,
and arginine have six different codons, for example. The
degeneracy (redundancy} of the code helps protect against
potentially harmiul mutations,

2. The genetic code is wmiigrous. Each tnplet codon has
only one meaning.

3. The code has slari wed afop sigrals. There is only one start
signal, but there are three stop signals.

The Code Is Universal
With a few exceptions, the genetic code (Fg. 3.11) ks unbversal
& all biving organisms. In 1979, however, researchers discovered

Copigright © Mol rows-ilL 0 dention
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Figure 311 Messsnger ANA codons.  Motice thot in this chart aoch
oftha codons (in Domes) 15 composed of thioo leflers reprosenting the first
bo=e, second bose, and thied bose For exomple, $nd the box whese C for
tha first oo ond A for the second bose mesect. You will see thot U, C,
&, or & con be the third basa. The bases Call ond CAC ore codons foe
histickne; tha boses CAA and CAG are codons. for glutoming.

that the genetic code used within the mitochondria, chioro-
plasts, and some archaebacteria, differs slightly from the more
familiar genetic code.

The universal nature of the genetic code provides strong
evidence that all living organisms share a common evolubon-
ary heritage. Because the same genetic code is used by all living
organisma, it is possible o iransfer genes from one ofganism
o another. Many commercial and medscinal products, such as
human insulin, can be produced in this manner. The Mature of
Science feature, “Moving Genes Between Species: Green Fluo-
rescent Protedn and Cells,” on page 219 demonsirates that the
gene for GFP could be transferred from jellyfish o a number of
other arganiams to cause a fluorescent green color. This is made
possible only because the genetic code & universal

Check Your Progress 33

1. Examine the flow of genetic iformation in a cefl,
2. Deseribe the theee major closses of RMA what is the
funclion of &och closs?

3. Explain winy the genstic code is g 1o be degenarate,
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3.4 First Step: Transcription

Upan completion of this section, you should be able 1o
1. Distinguexh amang the events of ronscription thal occur
during lonmation of an mAMNA mobscule.

2. Describe how eukaryolic mRMA molecules are procedded
and expadted fo the eyloplasm.

During trrescription, a segment of the DNA serves as a tem-
plate for the production of an RMNA molecule. Although mENA,
tRNA, and rRNA are all produced by transcription, we focus
here on transeription to make mENA, the tvpe of RNA that
eventually leads to building a protein.

Messenger RNA Is Produced

The sequences of bases in a gene are transcribed into an mENA
modecule based on complementary base pairing: The T base
in the DNA pairs with A in the mRNA, G with C, and A with
U inote that wracil replaces T in the newly formed mENA)
(Fig. 3.12). When a gete is tramscribed, a segment of the DMA
helix unwinds and unrips, and complementary ENA nuckeotides
pair with DMNA nuclestides of the strand opposite the gene. This
strand is krvown as the temiplate sfrand! the other strand ts the
gene strand. An RNA polymerase poins the nucleotides togpether
in the 5 o 3" direchion. Like DNA polvmesase, an RNA poly-
merase adds a nucleotide only to the 3"end of the polvener under
comstructhon,

Transcription begins when RNA polymerase attaches to a
region of DMA called a promoter (Fig. 3.12)_ A promoter defines
the start of transcripbon, the direction of transcription, and the
strand to be transcribed. The binding of ENA polymerase to
the promoder 15 the aritiation of ranscripion. The RMA-DNA
association s mot as stable as the two strands in the DMNA el
Therefore, only the newest pr-.-riwn of an RNA molecule that is
assoctated with RMNA polymerase s bound to the DMNA, and the
rest dangles off to the side.

Elougation of the mBENA molecule occurs as the RNA paly-
merase reads down the DNA template strand in a 5 to 3 direc-
tion and continues untill RNA polymerase comes toa DNA stop
sequence, where fermmation occurs. The stop sequence causes
ENA polvmerase to stop transcribing the DXNA and to release
the mENA molecule, now called an mENA transeript.

It is not necessary for RNA polymerase to finish making
one mENA transcript before it starts another. As long as they
have access bo the gene's promoler. many RNA polymerase
molecules can be working one after the other to produce
mBEMNA transcripls at the same Hme (Fig. 3.13a). This allows
the cell to produce many thousands of copies of the same
mEMNA molecule, and m.'entuaIJ\' many coples of the same
protedn, within a shorter period of time than if a single mAMNA
copy were used to direct protein synthesis. This ability to
rapidly express the gene enables the cell (and the organizm)
to better respond to changing environmental conditions and
have a greater chance at survival.
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Figure 3.12 Tronscription. During transcripson, the complomamiony
miRMA, ks mode from o DMA iompiote. A2 the point of attochmont of RNA
polymerose, e DA hel unwinds ond unzips, and complamentany RME
rudieotides ane jpined togethor. After RMA polymancse hos potsad by, the
DA, copomds nojoin ond the mENA, ronsoripl donglos &0 the Do

Figure 3.13 RMA polymemse. o Numemoes A Fonsomps edend
from o horroniolly oricntod gene i on cmphibion ogg ceil. The shronds got
progrossivedy lomgor becoeess transcriphion begins fo o ket B The o-omonitin
fowin from Aronto mushrooms inhibes tho ooty of o] ANA polymenose,

MNote that, for a given gene, sither strand of the DINA can be a
template strand. In Figure 3.12, ENA polymersase uses one sizand
as the template, but for another gene, the opposite strand may
be the templade. Assuming both genes are on the same chrimme-
some, and therefore the same piece of DNA, can vou think what
the orientation of the termplate strand in the second gene might
be? {Hint: Consider the directionality of ENA polvmerase. |

Some specles of Amanita mushrooms, such as the Destroy-
ing Angel and Death Cap, are s0 named becanse of their toxde
mature. The Asanitla produces a toxin called c-amandtin, which
inhibits the function of RNA polymerase (Fig. 3.130), The Ama-

#ifd mushrooms are responsible for 95% of all mushroom
poisonings and can often lead bo a quick death due to the
=) destruction of a person's liver.

ENA @  RNA Molecules Undergo Processing

A newly formed RNA transcript, called a pre-mBRNA, 15 modi-
fied or provessed before leaving the cukarvotic nucleus. For
example, the molecule receives a cap at the 5 end and a tail at
the 3" end (Fig. 3.14). The cap is a modified guanine (G) nucleo-
tde that helps tell a ribosome whese to attach when translaton
boging. The tall consists of a chain of 150-200 adenine [A)
mucleotides. This paly-A ted facilitates the transport of mENA
out of the nucleus, helps initiate loading of ribosomes and
the stari of translation, and delays degradation of mENA by
hvdrolytic enzymes.

When the mRNA is first made by RMA polymerase from the
gene, it is in a rough form. Called pre-mRNA, it contains a mix of
exons (protein-coding regions) and introns (non-protein-coding
regions), particularly in multicellular eukaryotes. Because only
the exons of the pre-mBNA will be contained in the mature
mBENA, the introns, which occur in between the exons, must
be spliced out. An easy way to remember this is with the phrase

"ex0ns are sxpresaed and isstrons are in the T

I lower eukaryotes, introns are removed by *seli-splicing™—

that s, the intron itself has the capability of enzymatically splicing
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Moving Genes Between Species: Green Fluorescent Protein and Cells

Most cells lock ony signdficont pigmento
tion. Thus, cell biologists Fequently rely on
dyes o produece encugh conbrost bo resobee
{view} orgonedles and other cellulor struc
tures. The frst of these dyes wos developed
in the ninsteenth centuny from chemicsls
used o Sinin clothes in the textibe indusdry.
Since then, shgnificont odwances hove oc-
tummed in the dewelopment of cellulor sinins.
in 2008, three scientsts=Morin Chal
fie, Roger . Tsien, and Osomu Shamomuro
eamed the Mobel Prize in Chemisiry or
Medicine for their wark with o protein colled
green Aeoresoent profein, or GFP GFP is

0 bsodismanescent protein found in the jel

lyfish Aeguores wiclono, commoniy colled
the crystal pelly Fig. 38, The crystol pedly
B o nothee of the West Coost of the Linied

Stabtes This jeflyfish i normaolly tronspanent,
but when disturbed it relenses o fluorescent
prodein called aegquonn, which Buoresces
with @ green color. The scientists were able
io molote the fluorescent protein from the
pedlyfish and develop it o= o mobecular tog.
The moleculor bog works by inseding the
GFP gene just ofter the promoter region of
onother gene in o different orgonism. RMA
pofypmemse binds o the promobes ond imiti-
otes tronscription of thot gene. § the GFRP
gene it mseried correctly, # con be ex
pressed [glow] in orgonisms other than the
crygstal pellyfish.

These togs con be genenoled for alenost
oy peoten within the cell, revealing not only
s cefutor locnbon Dot alsa how s et
tion within the cell moy chonge ot o result

of o response to its erndinnment. Figure 385
shows lucrescen GlaFish®, first developed
o glow in the pressncs of weates pollution
They are naw widely ovailable for purchose
oz pets. Figune 38c shows how o GFP-lo
beeled onttbody con be vsed to ey the
cellular locatmon of the oclin probeins in o
humon cell Actin s one of e prime com
porients of the cell's microfiloments, which in
s ane part of the oytoskedeton of the cell
This image shows the distibution of actin in
a humaon cedl

Quiestions o Consider

Discuss how o reseorncher might use o
GFP-lnbeled proten to study concer.

2. Should this techinology be oppled bo
any type of pet?

a b

Figure 3A &FP os moleculor togs.
toggied with a GHP-|obeled ormibody 10 the octn profoin

a. The jellyfch Acguorea wicionr. B. PP ond other fluonescent profeins used to modify fish, .. Human cells

iteelf out of a pre-mRNA. In higher eukarvobes, the EMNA splic-
irng 15 done by splicensomes, which contain small suclear ENAs
l,-r'R"'.-'HI. Eh Mg of |.L|.|:|;1|L'|"|1|.f|'|!.‘:|r-. bage p..'l.rmt;. anfMAs
are capable of identifving the introns to be removed. A spliceo-
some uhilizes a riboryme {enzyme made of RNA rather than jus
proten) to cot and remove the mtrons. Following splicing of the
exons together and the addition of the 5" cap and 3° poly-A tail,
an mRNA s ready to leave the nucleus and be translated into a
Prdeln.

Function of Introns

For many vears, scientists thought that introns wene simiply
washed Space within gemes. Mow, we nealize |J1|:"-. serve several
key functions in the cell. The presence of introns “allows a cell 1o

choose which exoms will go nbo a particudar mENA. Just because
an mENA has all the exons in s pre-mBNA doesn't mean they
will all make ot to the Amal Prl.ﬂ]ur.‘{. For l.“i..'ll'l]r_"lil."_. ifa e s
three exoms, then depending on cell need and emviromenental
conditions, it may produce an mBMNA with exons 1 and 2 only, or
1 and 3 only, or 1, 2, and 3. This ability i called alteraehive mRMNA
spuliciely, and it increases the ".t:kl'.lllll:u and efficency of the cell
The snENAs of the spliceosomes that excise the introns play an
important rode in alternative splicing in eukaryotes.

SoaTe  Inkrors give rise bo micreR NAs (s NA=, which
are small molecoles imvolved in regulating the translation of
mBEM AL Thes molecules bind with the mEMNA through com-
|:‘:-||:-n n.-’nla:r:r base Fl\..'I:II:i:I:IH and, in that Way, |::-r|:'.1.':|'|l: tranalation
frarm o CLrrang.
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Figure 3.14 Messenger RMA (mRMA) processing in
eukonpotes. DA contains both ewons [protesn-coding seqguenoes) ond
inttrons [non-protoin-coding sequances). Both of these are tronscribed and
ore presant in pre-mRA. During processing, o cop and o poly-A ot o
series of odening nucleotides) ore odded to the molecule. Alsa, introns

got cut out ond the exons get spliced together by complexes colled
spliceosomes. Once peocessing is complede, the mEMA molecule ks ready
10 Lo the nucious.

It is aleo possible that the presence of introns encourages
crissing-over during melosts, and this permits a phenomencn
termed erom shuffling, which can play a role in the evolution of
neW genes,

r.':heck"rm.ar Prngm-ss 3.4

1. Explain the role of RNA polumerase.

2, Describe the thise mojor modifications thal eccur during
the processsng of an mEha,

3. Distinguish between the introns and exons af o gene.

4. Explain the potentiod evolutionony benefits of olisrmatve
mRNA splicing.

3.5 Second Step: Translation
Lumim m

Upan campletan of this section, you should be able ta
1. Descrbe e roles of mRNA, RNA, and fRMA = fronsioling
the genelc code.
2. Examine the stages of transiotion and the events that
Beeur during ecch stoge,

Transhefion, which takes place In the cvtoplasm of eukarvotic
cells, is the second abepneedadmexpmagenemapm—
tein. During translation, the sequence of codons (nucleotide
triplets) in the mRNA is read by a ribosome, which connects
the sequence of amino ackds dictated by the mRNA into a poly-
peptide. The process is called translation because it requires the
conversion of information from a nuclels ackd language (DMNA
and EMA) info an amino acid binguage {profein).

The Role of Transfer EMNA

Transfer BNA (IRNA) molecules transfer amino acids o the
ribosomes. A tRNA molecule is a single-stranded nucleic acid
that doubles back on self o create regions where complemen-
tary bases are hvdrogen-bonded to one another. The structure
of a tRNA molecule is generally drawn as a flat cloverdeaf (Fig.
3.15a), but a space-filling model shows the mobecule’s actual
three-dimensional shape (Fig. 3.155).

There is at least one ERMNA molecule for each of the 20 amine
acids found n proteins. The amino acd binds to the 3"end. The
opposite end of the molecule containg an antosdon, a group of
three hases that is complementary and antiparallel (o a specific
mBRMNA codon. For example, a tRNA that has the anticodon 5°
AAG 3 binds to the mRNA codon 5" CUU 3 and carrses the
amino acid lewcine. In the genetic code, 61 codons specify amino
acids; the other 3 serve as sbop sequences (see Fig. 3.11).

Approcdmately 40 different tRNA molecules are found in most
celiz. There are fesver tRM A than codons, becairse sorme (RN A= can
pair with maore than one codon. In 1966, Francts Crick observed this
phenomencn and called it the wobble hypothesis. He stated that the
first bwo posstions in a tRNA anticodon pair obey the A-U/G-C
configuration rule. However, the third position can be variable.

Copigright © Mol rows-ilL 0 dention
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mEMA

5 Codon o

b.

Figure 3.15 Structure of a transfer RNA [IRMA} molecule. 0. Complemaniory bose poiring indicoted by higdrogen bonding ooours between
nucleatidas within the mobecule, and this couses it to form s chorocieristic boops. Tha onticodon that bose:pairs with o porticulor messenges RMA {mAMA]
codon ooours ol one end of the folded molaculs; the other bwo loops help hotd the mobeculs of the nboscme. An ocppropriabe oming acid s ofioched

ot the 3" end of the molecule in the cytoplosm by o (RNA chonging enzyme. For this mRNA codan ond 1RMNA onticodon, the specific omina ocid is leucine

b. Spoce-iling model of EBMA moleoule.

Some tRNA molecules can recognize as many a5 four separate
codons differing only in the third nedectide. The wobble effect
helps ensure that despite changes in DNA base sequences, the
resulting sequence of aming acsds will produce a correct prodein.
This s one of the reasons the genetic code b said o be degenerate

Heovw does the correct amino acid become attached o the cor-
rect IRNA molecule? This task is carried oul by amino acsd—chasg-
ing enzymes, penerically called amlmm']-lﬂhla synthetases. Jost
a5 & key fits a lock, each enzyme has a rsccgnlimndtehrapa:ﬂm—
Lar arnine acid to be jolned o a specific IRNA. For examgle, leucine-
tRNA aynthetase attaches the loocine aming ackd to a ERNA with
the correct anticodon. This is an energy-requining process. that
wses ATP. A tRNA with its amino acid attached is termed a drarged
HNA. Onee the amino acid-HRNA complex 13 formed, it i added to
the karge pool of charged M As that exist in the cytoplasm, where
it can now be accessed by a rbosome during probein synthesis,

The Role of Ribosomal RMA

As with so many cellular structures, the structure of a rbosoms
is essential to s function.

Structure of a Rikosome

In eukarvoles, ribosomal BENA (rENA) s produced from a
DNA template in the nucleolus of a nucleus. The eERNA b pack-
aped with a variety of proteins into two ribosomal subunits,
one of which is larger than the other. The subunits then move
separately through nuclear envelope pores into the cyvtoplasm,
where they join together at the start of translation (Fig. 3 16a).
Once translation begins, ribosomes can remain in the cvio-
plasm, or they can become attached to endoplasmic reticulum.

Function of a Ribosome

Both prokaryotic and eukarvotic cells comtain thousands of ribo-
somes per cell, becawse they plav such a significant role in protein
synthesis. Ribosomes have a binding site for mRNA and three
bm.img sites for transfer RMNA (IRMNA) molecules (Fig 3168

The IRMA binding sites facilitate complementary base pairing
between (RNA anticodons and mEMNA codons. The large ribo-
somal subunit has enzyme activity from rRMA {(a ribozyme) that
creates the pephide bond between adjacent amino acids. This pep-
tide bond is created manmy times to produce a polypeptide, which



£. Functan of nbosomas

Figure 3.16 Ribosome struchure and function. o. Side view of o ribosome shows 0 smoil subunit and a lorge subueni b Frontal view of o ribasome
shaws its binding sies. mBMA is bound 1o the small subanit, ond the Iorge subunit has thres binding sHes for t(RMAS. c. Oveniew of protein synthesis. The
tRMA beanng the growing polypeptide passes the entire choin 1o the new aming ocd comed by the t(RMA occupying the A site. The nboscae shifts, ond
freed of s burdan, the "ompty™ t(RKNA odts. The new poptide-bearing A moves over one binding si8e, making the A st occessible onoo ogoin to a

now BRNA. This cpche ks repeated unbl the rbosome reoches the termingtion codon. A Electron micrograph of o pokyribosome, o nembar of ribosomes olt

transioting the sama mANA moleoule.

in turn folds into s three-dimensional shape and becomes a
probetn.

When a ribosome moves down an mBEMNA molecule, the
polvpeptide increases by one amino acid at a ime (Fig. 3 160,
Translation Eerminates af a stop codon. Once translation s com-
plete, the polypeptide dissociates from the translation complex
and folds into Hs mormal shape. Recall hat a polvpeptide bwisis
and bends into.a definibe shape based on the makeup of s amino

acids. This folding process begins as soon as the polypeptide
emerges from a rbosome. Chaperone molecules that are often

present in the cvtoplasm and the ER ensure that protein folding
proceeds as it should. For proteins that contain more than ome
polvpeptide, each subunit is folded first, and then subunis join
together inbo a final, functonal protein complas.

Like BNA polvmerase during transcription, mubtiple ribo-
somes often attach and translate the same mBENA at one time. As
soon as the inibal portson of mRNA has been translated by one
ribosome, and the nbosome has begun to move down the mENA,
another ribosome can attach to the mENA. The entire complex

of mENA and multiple ribosomes & called a polyribosome (Fig.
3.16d), and it greatly increases the efficiency of translation.

Translation Requires Three Steps

During translation, the codons of an mENA base-pair with the
anticodons of (RNA molecules carrying specific amino acids.
The order of the codons determines the order of the tRNA
molecules at a ribosome and the corresponding sequence of
amino acids in a polypeptide. The process of translation must
be extremely ordedy, so that the amino acids of a polvpeptide
are sequenced correctly. Even a single amino acid change has
the potential bo dranuﬁmﬂu affect a profein’s function, as is the
case with uuﬂvﬂuhwhnmw the alleles for sickle-cell disease.

Probein synthesis involves three steps: initiation, elonga-
gon, and termination. Enzvmes are required for each of the
three steps to function properly. The first two steps, indtdation
and elongation, requine energy.

Tnttiation

Initiation is the step that brings all the translation componenis
together. Proteins called initation factors are requidred o assem-
ble the small ribosomal subundi, mENA, inibator tRNA, and the
large ribosomal subunit for the start of protein synthesis.

Camyght © MoGerms - L DdEatian  S0ees Souce
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& zmall nbosomall 5 uauHt
Binds fo mAMNA; an ingialor
ERMA pairs with the mRhA
start codon ALG.

Figure 3.17 Initiation.  in prokongotes. porticipants in the transioton
process cssamble as shown The first amino ockd is fyphoally a special

farmn o madhioning.

A N A-aming add
approaches the
nbosome and binds
at the A =he.

Etongation

The lange ribosomal subunit
oomipl stes this ribosomie.
Inttiator tRMA cocupies the
B site, The A sibe is ready
for the next tHMA

-

Two tRMAs can be ol a

ribosome ab amne e
the antcodans are
paired io fhe codors.
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Initiation & shown in Figure 317 In prokaryotes, a small
ribpsomal subunit attaches to the mENA n the vicindty of the
atort codow (ALTG). The first, or indtiatos, tRMA pairs with this
codon. Then, a large ribsosomal subunit joans to the small subundt
(Fig_ 3.17). Although similar in many ways, initiation in eukary-
otes is much more complex.

A5 alresdy discussed, a ribosome has three bnding sies for
tRNAs. One of these is called the E (for “exit”) site, second is the
P {for “peptida”) site, and the third is the A (for “aminoe ackd”) sike.
The initiator ERNA binds to the P site, even though it carries only
the amino acid methionine (see Fig. 311). The A site s where
ERNA carrving the next aming acid enders the nbosome, and the E
stte is for amy tRNAs that are leaving a dbosome. Following initia-
tion, translation comtimees with elongation and then terminagion.

Elongation

Elongation is the stage during protein synthesis when a poly-
peptide increases in length one amino ackd at a tme. [n addi-
Hon to the necessary tRMAs, elongation requires elongation
factors, which facilitate the binding of tRNA anticodons to
mBMNA codoens within a ribosome.

Elongation is shown in Flgure 318, where a tRNA with an
attached pepiide 12 already at the P site, and a tRNA carryang it
appropriabe aming acid s just arciving at the A site. Once a ribo-
some has vertfled that the incoming RNA matches the codon and
is firmly in place ak the A site, the entire growing peptide will be
transferred to the amino acld on the tRMNA in the A site. A ribo-
ovme, an rRNA-hased enevme that is a part of the large ribosomal
subunii, wses energy bo bransfer the growing peptide and create a
new peptide bond. Fallowing peptide bond farmation, the peptide
i5 one amimno acid konger than it was before. Next, frarslocaiion
occurs: The ribosome moves forward, and the peptide-bearing

The riboscene mowes forwvand; tha
“empty” FMA edts from the E ske;
fhe nead aming acid=tSMA complies

= approaching the nbosomo,

Figure 3,18 Elongaotion. MNole that o polypepbde is olreody of the P site. During etongotion, polypeptide symthass ooours: os oming oods ore odded

one at o tme ta the growing chain.
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e ot e e
The refoase factor hydralyzes the bond
between the ls! tRNA at the P site and
the polypaptide, reloasing them. Tha
ridcsomall suburits dissocade.

Thie ribosoms comes ta.a stop
codoin on th mAENA. A relesse
| f=cior binds 1o the SBo.

 Termination Il

Figure 319 Terminotion. Dwring termination, the finished
poiypeptide i reloosed, o o tha mENA ond the lost TRMA,

L DA in nuclous: serees
a5 a template for mREMA.

2. mENA |5
bedore leaving the nedous.

|| 5 Duwing initiation, anticodan-codon

comglemaniany base paiing
be-gine 3z the riosoemal subUunRs

tENA s rumy in the P site of the ribosome. The spent tRMNA, now
at the E sile, exits the ribosome. A new codon s now exposed ab
the A site and is ready bo recelve another ERNA

Thecomplete cvele—complementary base pairimg of new tRNA,
transfer of chain, and trasslocation—is repeated at a rapid
rabe {about 15 Hmes each second in the bacterium Esdieridsimn o)

Eventually, the rbosome reaches a stop codon, and termi-
nation occwrs, during which the polypeptide is released.

Termiination

Termination is the final step in protein synthesis. During ter-
mination, a3 shown in Figure 319, the polvpeptide and the
assembled components that carried owt protein synthesis are
separated from one another.

Termination of polvpeptide synthesis occurs at a skop
codosi—that s, a codon that does not code for an amino acid.
Termination requires a protein called a release factor, which
can bind to & stop codon and cleave the polypeptide from the
last tRMNA. After this occurs, the polyvpeptide iz set free and
beging to fold and take on its ihree-dimensional shape. The
ribosome dissociates inko its fwo subunits, which ane returned
to the cvioplasmic pood of large and small subunits, to be used
again 45 MECEISAry.

Orwverall, pm-bamdnlhewmku[ﬂwtﬂL whether they reside
i a membrane within the cell or are free |nl}req.ﬂnp].|m1_ A new

TRANSLATION

8. Disring termination, &
ribasoma ranches a
shop oooon; mENA

6. During elongation, polypoptide |
synithesis takes place ansa

and rbasomal
sihnis dishand.

#‘

aming acid &t & tima.

d

madhen

Figure 3.20 Summary of protein synthesis in eukaryotes.
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7. Mibosome attaches to

rough ER. Polypeptice omiers 5
luman, where it folds and is rr-‘ "

J.
_'-"‘
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field of bology called protecmics lo dedicated to understanding
the structure of and hosw they function in metabolic path-
ways. One of the important goals of proteomics is o understamd
v proteins are modified in the endoplasimie reticulum and the

Geolgl apparatus.

Gene Expression
A gene has been expressed once s product, a protein {or an
EMNA), is made and is operating in the cell. For a g
expression requines transcription and translation (Fig. 3.20), and
it requires that the protein be active.

Translation occurs at ribosomes. Some ribesomes (polvribo-
somies) remain free in the cytoplasm, and some become attached to
rough ER. The first few aming acids of a polvpeptide act a5 2 sigral

REVIEWING the BIG IDEAS

strond. 3.A1050-6

RMA molecules diller in structsre and function, facillating their role in synhesizing proteins: tollowing tenseription,
RMA molecules are often modified. 3.A1b.40v: 1A 112

Following transcription, mRNA cofries o triplet code for an amino acid sequence 1o a ribosome: translation of
information corried by mRMA accurs wihen codans are molched with IRNA molecules carngjing specific amino acids,

creating o protein chain. 3830 3; 3.6 1.o40-wii

Activities of tronsioted proteins results @ the physicol phenolypes of organiams. A0 0E

& SUMMARIZE |

AP Answering the Essential Guestions

The middie of the twentieth century waos on exciting period for scen:
tific discoveny. Geneticists wese busy identifiying DA (oeoxyribonecieic
ooid} os the genetic moteriol of oll living orgonisms, ond bochemists
were in o roce to desoribe the structune of DNA. Sevenol clossic experi-
ments performed during this em et the stoge for on explosion in owr
imowledge of modern biclogy. In 1928 Fredrick Griffith’s work in dewed-
oping 0 wocane ogoinst preumonio identified o mysterious subsionoe
thot could couse heseditony changes in bocteno Loter work by Aseny
McCorty, ond Mocleod, ond Hershey ond Choee idendified this sub-
stance os DHA, not protein os other sdertists bod hypothesized.

The structure of DMA  Futher cvidence determining DMA as the
genetic motenal wos provided when Erain Chorgoff pecformed o chemi-
col onalysi of DA from o variety of cegonismes ond noticed requloity
in the mbos of nfrogenows bases. Previously we leomed thot DRA =
composed of nucleobides which, in lum, ore composed of ree subunits

o fve-corbon sugar (demoyribose). o phasphole group, and one of fowr

Scientists worked to identify DMA os the genetic moterial of life and b:l!.:mru I,!.duliehﬂlr.sﬂu:nn IAL04IE

DHA and RMA hove different structures and functions, bul complementary base pairing ond enzgme focilitotion oe
essentiol in replicotion, transeription and translation. 3.A% 3.4 1h1-3

DHA replication is a semi-conservalive process, with ane stranding serving as the templale for o new, complementarny

peptide that indicates where the polvpeptide belongs in the cell or if
it s ko be secreted from the cell. that are bobe secrebed
enter the lumen of the ER by way of a channel and are then folded
and further processed by the addstion of sugars, phosphates, or
Hpids. Transport vesicles carry the proteins between organelles and
to the plasma membrane a: appropriate for that paotein,

1. Explain the role of tronsfer RMNA in transiobion.

2. Deseribe how the structure of o fibosome contribules 1o
polypeplide synthesis.

3. Examine the events thal occur during Hh&hrﬂ.-nﬂntﬂpu
dﬂrmm

The wee of DMNA and RMA os sources of genstic information and mochineny molecules to synihesire proteins i seen
universaily in oll domains of 1ife; o commaon genetic code pﬁrﬂ:hncmnﬂnnﬂmﬁuhﬂn@uﬂm 1810t 10202

e N =

nitregenous boses. Amang the different orgonesms Chongoff studied, the
number of adenines (A] opprodmotely equoted the number of thpmines
{TL and the number of cytosines [C) equaled the number of guanines (&)
or A=T and C=G. Rosolind Fronkln used ¥ooy oystollogrophy fo pho-
tograph DMA, showing thot the molecule is o double hefioc with repeat:
ing structurol features ond cerdoin dmensions. Now 8 wos up o Jomes
Wo=on ond Froncis Crick to put the purzle pieces topether by building
o meded of DA in which sugor-phosphote molecuies mode up the sides
of o twisted kodder, ond the complementony bose pairs (& and T, ond ©
ond &} formed rungs connected ocross the middie by hydmogen bonds.
In odidition, the two stromds of the double belix hove directonality, from
the 5" end fwith the phosphote group) 1o the 37 end fwith the =0H group
of the sugorf, the two stronds run ontiporolle] to endh other, one strond
from ¥ 1o 5" ond the complementory strond from 5 10 3'=—sart of like o
divided highwoy. The dinectionality of DA will become imporiont when
we explore how DA, copies fxedf during mitoss and medosis.

The Watson ond Crick model suggesied o method by which DA
could be replicoted. Bosicoolly, the teo stronds urmwind ond unzip of
the hpdrogen bonds, ond eoch parental strond octs o< a templote for
o mew doughter strand thot s complementony o the templote. The
process s colied semiconservative replicotion becouse the onginol



mformation coded in the seguences of nucleobdes of the porermol DA
strand=the genes fomed using & T, C, ond G=—is kept or conserved in
one strond of the doughter molecule.

DMA replication But—you guessed #-the pocess & o bit more
complicoted than this simpée description and involves several different
enrymes. Howeves, with the exception of the enzymes. that ane in bold
below, you are not expected fo know the names and noles of other
enzypmes mvolved in replicotion. Replication of o chromosome begins at
particular sibes colled origins of replicotion consistng of short stretches
of DNA having o specific sequence of nucleotides. The E. coli chromo-
some, bike other bacteriol chromosomes, is cerculor and hos o single ori:
gin. Prodeins thot mitiote DMA replicotion recognize this sequence and
open o replication “bubble™ bordered on eoch sde by o repliootion farc
becouse of the dvechonality of the DAA molecule, replication oocurs
in both diredlions, ond the bubbles grow until the entire moleciste =
oopied. Replicotion in prokonyotes typicolly proceeds in both directions
from one point of origin to o tesminotion region until there are two cop-
s of the circubar chromosomes. Replication in eukoryotes bhos maony
points of orgin ond mony bubbles (ploces whene the DA stronds are
seporating and replication is occurmng.)

To begin replicotion, DMA heficose opens the double-stranded
D& ot the hydmgen bonds between complemenory nuecieotides on
eoch sde of the helic, ond other proteins ensure the stronds stoy opaort.
Becouse the untwisting of the double helix couses tighter teisting
ohead of the replicotion fork, topoisomerace hetps reliove this strain
Before replicotion can get undersay, DNA needs to be primed. DNA
polypmerose intiotes synhesis, but only con odd DA nedieotides to
the end of on existing choin that & bosed-poired with the template
strand. Primose gets replicotion stored by odding o few RMA primers.
Once these primers one recognized by DNA polymenose, replication
can begn.

Az we noted, the two ends of o DA molecule run in opposite dinec
tiors. DA polymerose recognizes the 3" =0H end of the D&A templote
sivond. Comsequently, the beo new stronds ore synthesized in opposte
directions; the original paremtol strond i read from 37 o 5, whereos
the mew doughter strond is mode from 57 to 37 DMA meplootion on the
keoding strond is continuous, with DA polymense odding mucicotides
one-by-ane: however, replication of the other strond=—colled the logging
strand=rmequires making mony frogments, colled Ohooroki frogments
Think of the odtivities on the IDgging stnond o= like trying 1o move up on
e=zcolotor that i moving down. Frogments ore mended together by DMA
ligase, resulting s helices identical bo the porentol DN

Transcription ond transiation Genecbc informotion encoded in
D& fiows from o sequence of nudieotides in 0 gene 1o a sequence of
omino ocids in o protein. The centrol dogma of modeculor biology says
that the flow of genetic information is from DMA — RNA — protein. RMNA
= o nuclesc ocid that uses the nocieotide wocil (W) insteod of thymine
(T Meszenger RNA [mRMA) tronsfer RMA (tRMA), ond ribosomol RNA
{rRAMA) ore speciolized RNAS needed to moke proteins through tronscrip-
tion ond tronsiotion. More specificoliy, (1) DA = o termplote for @s own
replicotion ond forms mAMA formation during transonption, ond (2] the
seguence of nucleotides in mAMNA diects the cormect sequence of aming
ocid of o polypeptde during tonslotion. The genetic code = o triplet
code, ond coch codon consists of three boses. For exomple, the oodon
BCC on DMA codies from the omino ocid Fyptophan. The codon s degen-
eroie=—thot is, mone than one codon exists for most omine ocids, sort of Lke:
synonyms you studied in yow English closs [differert word, some meon-
ingl Thene ore olso one stort ond three stop codons. The genetic code
= considered unfsersal to oll orgonisms but with o few exceptions. The
synthess of o protein oocurs in bavo steps: fonscription and tronsioton.
Dwring bronscrigtion, the eneyme ANA polymenose reods the DMNA
molecule in the ¥ o 5" direction, similor 1o how DA polymerose works

il ]

in repiication. However, becouse 0 molecule of RNA s synthesized,
U, mat T, pows with & Tronsoipton begins when RMA polypmerose
otioches to the promoter of o gene ond continues until RMA poly:
memose reoches a stop sequence. &n mBRNA tronscript = mode ond
then processed following tronsoription. Processing includes the addition
of o GTP cop to the 5" end the mRENA tronscript and o poly-A tol 1o the
3" end. Introns ore removed in eukonyotes by spliceosomes contoimning
ribozymes, ond smns one kept ond their informotion expressed ina pro-
tein. Small nuclear ANAs (snRMAS) present in splicoosomes belp identify
the introns to be remaved. These snfiAs olso ploy a role i olternotive
mBMA splicing. which ollows o single eukconyotic gene to code for differ-
ent probeins, depending on which segments of the gene serve os infrons:
ond which serve ot exons. In oddition, some infrons serve os microRMAS
(miRMAs]), which help regulote the tronslotion of mithAs. Reseanch =
now directed ot discovernng the mony woys smoll RMAs inflisence the
production of proteins i o cell

After ol this infoemotion, you might want to toke o deep breath.
Rest omsured, the symthesi of o protein is abmost done. The ost step
is ossemibling o polypeptide. Tronsloton reguires mRNA, tronsfer RNA
(M), ond ribosomal RiMA (fRNA)L A M4 molecule & ofien depicted
os a cleeesleoft, with on anticodion cn one end, ond aon omino ocid ot
the other, omno ocid-chorging enzymes enswre thot the cormect oming
ocid & ottoched o the comect t8MA. For exsomple, the onticodon CCG on
ERMNA corresponds {0 the codon GEC on mAMNA, or the omino ocid gly-
cine {Hnt You need to be fomilior with woriowes charts of mAMA codons
and the amino ocids for which they code)l When A= bind with their
codon ot o ribosome, the aming ocids are correcty sequenced in o poly:
pepiide, occomding 1o the order predetenmined by DA ond tronscribed
to mRMA In the cytoplosm, mony ribosomes=which are composed of
rRNA ond protein==mose along the some mRMA of o me. Tronsiotion
requines. three sieps: Dunng initiotion, mRMA, the first (initiator) tRNA,
ond the tvwo sihunits of a ribosome come together in the proper orientn:
tion ot o stort codon. During elongotion, os the tRMA onticodons bind te
their codons, the growing peptide chain s tronsfered by peptide bond-
ing to the next omino ocd in o polypeptide. During termination ot o stop
codon, the polypeptide & ceowed from the lost tRMNA and the ribosome
dissociotes. Once o polypeptide & synthesized, s role os o probein =
determined such os determining the physicol phenotypes of orgonisms.
Thee field of protecmics studies how proteins ore mode, funclion, ond ane
modified by other orgonelles.

B ASSESS

Choose the best onswer for eoch guestion.

31 The Genetle Materiol

1. Tronsformation coours when
o DNA i tronsformed o RMA
b DHNA & transformed inbo protein
c. bodemo connot grow on penicillin.
d. orgonisms recele foreign DNA ond thereby ooguire o new
charocteristc
2. The doubte helix model of DMA resembles o twisted lodder in
which the rungs of the lodder are
0. o purine poired with o pyrimidne.
b A paired with & and C paired with T
€. sugar-phosphote poired with sugar-phosphote.
d. 05" end pored with o 3" end.
3. I 30% of on organism's DNA is thymine, then
o. 70% s purine. c. 30 = odenne.
b 15% is guonine. d. 0% is pyrimidine.
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4. Hthe sequence of bases in one strond of DMNA = 5" TAGOCT 3, . ENGAGE _

then the sequence of boses in the other strand is

o. ¥ TOCOGAT & . FTAGCCTS. ﬁP plying the Big ldeas
b 3 ATCGGEA B d 3T AACGGLA 5T . -
3.2 Replication of DMNA 1 L‘rgmim: shone mony consersed core processes ond

5. DA replicobion is soid fo be semiconsenmtve becowse v m:dﬂ:! H:‘:‘ urrmm;::ul'gz nd=

g. one of the new molecutes conserves both of the onginol R £ £ it il e
YN, mbramcle o Lving systems.

) o Describe TWO specific exompies of consersed core biologioal

b the mew DA moleouste bmns bavn neve DA, stronds.
i 5 AT processes ond feotures imeolved in the moleculor biology of

c. both of the new molsoubes cormoin one new sirond and one
oid =trond.
d. DMA& polymerose conserves both of the old stands.

B. The enzyme responsile for seponating double-stronded DMA
info single-stronded DNA, =

genes.
b Exploin how the exomples you described for port o) support
the concept of common oncesiny for ol organismes:

d 2. EEEEER The proof thot DMA i the corrier of genetic information
o. DMA helicose. c. DA polymerose. v & sl o ki e nl
b. DMA primase. o DA ligose. o b dee TWO of hi i s G G

3.3 The Genatic Code of Life the guestion: How con we know that DA is the source of hen-

7. The central dogms of molecwiar biology ksl i e
6. sies thal DNA is o lemplole for oll RMA production. e mm;:;}mmmmummm
b. =iotes that DMNA = o templote only for DMA replostion.
c siobes thot tonsiotion precedes tronscription.
d. stotes thot RMNA s o temploie for DA replicoton. AP Applying the Science Practices
B. i the sequence of DNA on the iemplote strond of o gene is 2488,
the mRNA codon produced by transcriptionwillbe ___ ond How con o virus offect tronscription? To study AMA synthesis. o group
will specify the oming mod > of scientists used o luorescent moleculor beocon 1o troce molecules.
o. AMA hpsine c. TTT, angnine This beaocon becomes fluorescent when it binds to newly synthesized
b. AAA phenylalonine d. UL, phenyicionine RHE&. The fuorescenoe inoeases os the RMNA choin lengthens. Ths,
the beocon con be used to follow FMA symthesis. in this expedment,
3.4 First Step: Transeription scientists noded the antibictic rfampn (1) to AMA polymerase fram
9. i the sequence of boses in the coding strond of o0 DMA molecule o virus {T7 RMAP), Escherichir coli (E. ool RMAPY, ond Mycohocferioam
is TAGC, then the sequence of boses in the mRMA will be smegmatis (M smegmots RMAP) ond followed RBMA synthesis.
o. AUCE. o uact
b. TAGC d ATCG.
1. The portion of the mRMA tronscript that gets removed during RMA
processing s the
o. exons . poly-A toks
b. iintrons. d % cops osh
3.5 Second Step: Translotien Vo -Enw _:;‘wﬂﬂm*ﬁ"‘
.. Dharing protein synthesis, an anticodion on tronsfer ARG [HRBA] ;' — TTRMAP + Al ==l ooy RMAP + i
pois with W 750
a. DNA nuclectide boses. '
b. ribosomol RM& |fRNA} nuclectide boses. é Seo
c. messenger RMA {mRNA) nuclectide boses. 280
d. other tRNA nucleotide boses. =
3. This = o segment of o DNA molecule. Whot are (0] the RN o 1 = 1 4 g & T 8
codons, (b the motching tRMA onticodons, and (] the sequence
of aming acids in the eventual protein? e

‘Dol obtorad Bem: Moo Soteclors AE., ot ol 2004, Rool-Bima moatuienmed of
willeicr T eription . Mutdser Achds Ressoveh 32 S 71

Think Critically 1 =5

1. Describee the relofonship betweesn the Bpsorescence ievel ond
lime in each experiment not egpaosed to rifemgan.

2. Infer what the relotionshin between Rucrescence level and
time indicates is hoppening in edch cose whene rfompin was
odded.

3. Interpret which cegonism's RMA synthesis is offected most by
the antibaotic rifamgdn.
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Thaz: heeabth of o incldduol moiy bo affecied By sociol shaius. Resooechors one wsing famols rhosus
mOCoues. S hene, 10 shedy the sfects of gome eupeasslan in sockal groups

AP sociol stotus con affect what genes are tumed on and off in fish, honeybees, and
insacts A |E’E‘I‘.‘ﬂl51.Ll'dl_.| found a similar effect in gy e ad i T I‘l'lﬂf'IHlE'gl. Seienlists mlerested in
o I'I’.'guh'][lﬂl"l worked with 49 femole rwesurs MCOgquUes haused ol the Yerkes Mational
Primabe Resaarch Canter at EI'II';"“_.' UI"IIUEf‘Si'I.I:I Al thee center, naw enclosures were creoked
to house the fermdaled @ o ;ﬂ'ﬂ\q’}tﬂ creale a "socsal unil.” The femoles that hod Been in
the sociol unit earlier hod o higher-ranking socied sintus, and the Temaies introduced Loter
WWETE lﬂ'ﬂ'&f-fﬂﬁkﬁ'ﬂ.

Blood samples tnken rom the maroques showed that high-ranking females had
stronger Immune systems with o Mgher production of white blood cells, while Lower-
ranking females hod fewer white blood cells. The DMA of hegh-ranking versus low-
ranking females wos olso different in how certain genes were expressed—some genes
wiere tumesd an of afl

Gene fxprE'S-E.iL'll"l & the wlormation in DNA transcribed and translated inlo a
pratein. Gene expression needs to be controlled of regulated, and there are many
mechanisms that do ths.

As you read through the choples think about thess Exseniial Duestions:

1. How do changes in DNA Lead 10 vanoton in phenctypes that are subject to natural
selection? LALE LESH

2. How does he operon model exploin how gene expression & reguloled in prokany-
otes? IR1a-C

3. How do regulsteny genes, molecwles, and transcription foctars contral gene expres-
sion in eukoryoles? SETOTE SETERS

&, How can cells E-FIEﬂi'ﬂuIE wilen U'IE-I_.' Comoin the some sel of QIE'I"I'EM instrsctions?

dA30c

FoLLowiInG the BIG IDEAS

ﬂ Random changes in DMA can lead 1o phenatypic vanation thal con be acted upon by natursl selectian,

Reguiolion of prokargolic Qenes is often al the operon level, while eukanyoles fing LS gene sxpressian and modily

Qe products.

w Requintion of gene activily invalves intricate intesactions with internal and external tactors.
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CHAFTER 4 Regulation of Gene Expression

4.1 Prnkaryutlc Regulation
l.uurrﬂ-ng ﬂutnnm

| Upon completion of this section, gou should be able 1o

1. Descripe the structure of on operon ond state the role of
ench comgoment of the operon.

2. Exploin how the o and loc opercns of prokangoles are
regqulated.

3. Distinguish betwesn o repressible operon and an inducible
operon.

Because their environment is ever changing. bacteria do not
always need to express their entire mmpflement of enzvmes
and proteins. Im 1961, French microbiologists Frangois Jacob
and Jacques Monod showed that Escherichia coli is capable
of regulating the expression of its genes. They observed that
the genes in a metabolic pathway, called stroctural genes, are
grouped on a chromosome and transcribed at the same ime.

Figure 4.1 The irp operon. o The regulator gene codes for o
repressor protein thot & normally inoctive. BNA polymerose attoches to
ther promotes, and the strsctunod genes one expressed. b. When the nutrient
trypiophan is present, it binds 1o the repressor, changing its shape. Mow
the repressor is octive ond con bind o the operctor. RNA polymerose
oomnoi ofioch to the promoter, ond the mlg:mmrﬂemm
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Jacob and Monod, therefore, proposed the operon (L. opere,

“works"] model to explain gene regulation in prokaryotes. They

later received a Mobel Prize for their investigations.
An operon (Fig. 4.1} typically includes the follmving parts:

Fegulator gene—Mormally located outside the operon, this
codes for a DNA-binding protein thal acts as a repressor.
The repressor controls whether the operon is active or moL

Promoter—A short sequence of DNA where RNA polvmerase
first attaches to begin transcription of the grouped genes.
Basically, a promoter signals the start of the operon and the
location wiere transcription begins.

Operator—4 short portion of DMA located before the structural

genes. If a repressor is attached ko the operator, then transcrip-
tion cannot occur; conversely, if a repressor is not attached,

a. Tryptophan absent. Enzymes needed to synthesire yptophan are produced.

RMA poltymerase cannat bind bo promoies

ij

mﬁ =n

—edeg

‘-—n:lnlureprumr

b. Tryptophan present. Presence of tryptoghan prevents production of enzymes used (o synthesize tryptophan.



then branseription can oocur. In this wav, the operabor
controls transcription of structural genes.

Structural genes—These genes code for the enzymes and pro-
teins that are volved in the metabolic pathway of the
operon. The structural penes are transcribed as a undt.

Mext, we will briefly review the findings of Jacob and Maonod in their
shuiches of two E ol operons: the brp operon and the lac operon.

T]'netrpl[}ptrun

Tryptophan s an essental amino acid synthesized by the
enzymes coded for in the drp operon. Many investiga-
tors, ncloding Jacob and Monod, found that some opers-
ons in E coli wsually exist in the "on” rather than “off”
condition. For example, in the irp operon, the regulator codes
for a repressor that ordinarily is unable o attach to the oper-
ator. Therefore, RNA palymerase can bind to the promoter,
amnd the structural of the operon are ordinasily expressed

(Fig. 41). Their products, five different enzvmes, are part of an
anabalic pathway for the synthesis of the amino acid tryphophan.

If trvprophan happens to be already present in the mediom,
the cell does not nead these encyvmes, and the operon is turmed
off by the fsllowing method. Tryptophan binds to the repressor.
ﬁd:ugﬁin.ﬂ:ﬂp&ﬁnwalhmthmpnﬁmfmhndhuﬁeupﬂa-
tor and prevent RNA polvmerase from binding to the promoter,

and the stroctural genes are not expressed. The enzymes are
said to be repressible (can be turned “off™), and the entire unit is
called a repressible aperon. Tryptophan & called the corepressor.
Repressible operons are wually involved in anabolic pathways
Hmtnmhesdzensubﬂmnaﬁiedbyme cell.

The!::cﬂpem

Bacteria metabolism is remarkably efficent; H proteins or
enzymes are needed for metabolism, then the structural penes
are expressed. If no metabolism is necessary, then genes are nok
expressed. For example, if the milk sugar lactose is not present,
there is no need io express penes for emzvmes iwvolved in lactose
catabolism. But when only lactose is present, the cell immediately
beping to make the three enzymes needed for lactose metabolism.

The enzymes that break down lackose are encoded
b}rlhreegmeniﬁg 4.2): One gene is for an enzyme called
(-galactosidase, which breaks down the disaccharsde lactose
o glucose and galactose; a second gene codes for a permease
that facilitates the entry of lactose into the cell; and a third gene
codes for an enzyme called transacetylase, which has an acces-
sory function in lactose metabolism.

The three structural penes are adjacent to one another on the
chromosome and are wnder the control of a single promoter and a

single operator. The requlator gene codes for a loc operon repressor

Jig= L]
[l ==y

.-

—

.l-cuw

b Opeson when lacioss is present.

— i —

Figure 4.2 The loc operan.

o. The reguictor gene codes for o repressar
thot s normalky octive. Whan it binds to the
operotar, BMNA pofymaerase connod otoch 1o
thiz prosnorber, and sfrucieral genes are nat
expressed. b. When loclose is present, it
binds fo the repressorn, changing Bs shape,
Lo thol | i= noctsse amd conmot Dind o the
operatar. Mow RNA polymerose binds io
the promoter, gnd the structoral genes are
expiEsnod.
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CHAFTER 4 Regulation of Gene Expression

that oedinarnily binds to the operator and prevents transcriptson of
the three genes. When only lactose (more correctly, allolactose, an
isarmer formed from lactose) is present, lackose binds to the repres-
sof, and the repressor undergoes & change in shape that prevents
it from binding to the operator. Because the repressor is unable to
bind to the operator, RMNA polymerase s better able o bind fo the
promoter. After BENA polymerase carries oul ranscription, the
three enzymes of lactose metabolism are synthesized

Because the presence of lactose ht‘:ngs about expression
of genes, it is called an indueer of the lae operon: The enzymes
are said to be inducible enzymes (can be turned “on”), and the
entire umit 15 called an irducible operon. Inducible operons are
usually found in catabolic pathwans that break down a nutrient.
Why is that beneficial? Because these ensymes need to be active
only when the nutrlent is present.

Further Control of the lac Operon

If both glucose and lactose are present, then E. coli preferentially
breaks down glucose. The bacterium has a way bo ensure that the
hcﬁmupemnuﬂhhlmedunnn}rwimgiumehabmh
molecule called cyclic AMP (cAMPY accumulates when glucose
is absent. Cvelic AME, which is derived from ATF, has only one
phosphate group, which is attached to ribose at two locations:

cyclic AMP

Cyclic AMF binds toa molecule called a catabotite activator pro-
tent (CAPY, and the complex attaches o a CAP binding site nesdt o
the i promoter. When CAP binds to DNA, DINA bends, exposing
the promoter o BNA polymerase. ENA polymerase i3 now better
able to bind to the promotes, so that the lae operon structural genes
are transcribed, leading ko their expression (Fig. 4.3).

When glucose is present, there is [itle cAMP in the cell;
CAP s inactive, and the lactose operon does not function maxi-
mally: CAP affects other operons as well and takes its name for
activating the catabolism of various other metabolites when
glucoss is absent. A cell's ability to encourage the metabolism of
lactose and other metabolites when glucose is absent provides
a backup system for survival when the preferred energy source,
glucose, is absent.

The CAF protein’s regulation of the ke operon is an exam-
ple of positive control. Why? When this molecule is active, it
promotes the achvity of an operon. The use of repressors, on
the other hand, is an example of negative control, becase
when active thev shut down an operon. A positive control
mechanism allows the cell to fine-tune its response. In the case
of the [ac operon, the operon is only maximally active when glu-
oo 13 absent and lactose is i If both glhacose and lachose
are present, the cell preferentially metabolizes glucose.

213

a. Lactose present. glocose absent (cAMP kevel high)

0. Lactose present, glucose present (CAMP keved low)

Figure 4.3 Action of CAP. When ocive CAP binds 1o its ste on

D&l the BMNA polymerose s betior obhie to bind fo the promoter, so that tha
stnuctunal genes of the foc operon ore expressed. o CAP becomes ociive

in ihe presence of cAMP, 0 moleculs thot is provolent when glucose =
oirsent Theneloes, tromscrption of lacose enmymes increcses, ond lociose |5
metoholized. b ¥ glucose is present, CAP ks inoctree, ond ANA polymerase
dioes nof complotely bind to the promoter Therefore, tronscription of lochose
erzymes decrooses, ond loss metobolism of lodose ocours:

Check Your Progress 41

TR TE TR SR AT e

| 1. Explain the diffierence between the roles of the promotes

and aperdior of an openan

2. Summarize how gene expression differs in on inducible
OpEon versus o repressible apenon, and give an somple
of each.

3. Deseribe the diference between poditive contrel and
negotive control of gene expression.

4. Explain which operon discussed in this section is catobolic

- and which operon is anabolic. )




4.2 Eukaryotic Regulation

{,._._J;..J.-..;., J L mes

Upan compietion of this section, you should be oble o
1. List the leveis of confrol of gene expression in eukoryotes,
2. Sumsmarize how chaamatin Sruciure moay be invobed in
regulalion of gene expression i eukorgobes.

3. dentily the mechanisms ol ranscriptional,
posttranscriptional, and translational control of gene
Expression

With a few minor exceptions, each cell of & multicellular
eukaryote has a complete complement of genes; the diffes-
ences in cell types are determined by the different genes that
are actively expressed in each cell. For example, in muscle
cells a different set of genes ks turned on in the nucleus and a
different set of proteins is active in the cytoplasm, compared
to nerve or liver cells.

Like prokaryobc cells, a variety of mechamsms regulate
gene expression in eukaryolic cells. These mechanisms can be
grouped under five primary levels of control; three of them per-
tain to the nucleus, and two pertain to the cvtoplasm (Fig. 4.4). In
other words, control of gene activity in eukaryobes extends from
transcription to protein activity. The following tvpes of controel in
eukarvotic cells can modify the amount of the gene product:

1. Clervirentin strucinre: Chromatin packing ks used as a way
to keep genes turned off. If genes are not accessible bo
ENA polymerase, they cannot be transeribed. Chromatin
structure is one method of epigenetic atheritane (Ghe
ept, “besides”), the transmission of genetic information
outside the coding sequences of a gene.

2 Trowseriptional control: The degree to which a gene is
transcribed inko mENA determines the amount of gene
product. In the nucleus, transcription factors may promote
oF repress transoription, the first step in gene exprassion.

3. PosMruscriphional ovinfrol Postiranacriptonal control
imvolves mRNA processing and how fast mRNA leaves the
nucleus.

&, Translefiona control Translabional control occurs in the
cvtoplasm and affects when transhation begins and how
long it conbnues. Small ENA molecules (siRNA) are
known to regulate translatbon In addition, any condition
that can cause the persistence of the 5" cap and 3" poly-A
tail can affect the length of translation. Excised introns
may also have effects on the life span of mENA.

5. Positromsltional comdrol: Postiranslational control, which also
takes place in the cytoplasm, occurs after protein synithesis.
Only a funchional protein s an active gene product.

We now explose each of these types of control in greater depth.
Chromatin Structure
The DNA in eukarvotes is always associated with a variety of
proteins, and together they make up a stringy material called
chromatin. Chromatin b5 most evident in the nucleus during
interphase of the cell cycle.

Figure 4.4 Levels ot which control of gens expression

oocurs in eukangotic cells.  The fre lovels of control ore (1) chromatn
structune, {2) ronscripbanal congrol, and (3] postronscriptional ooerol,
Mnm'hﬂ-mﬂuu:uﬂ[qmlmHQML
comtral, wich ooour in the cytopéosm.
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CHAFTER 4 Regulation of Gene Expression

You learned that one class of these DM A-assoclated proteins
conssts of the histones. Histones plav an mmportant foke in the
compaction of the DNA, as well as in eukaryobic gene regulation.
Without histones, the DNA would not Bt inside the nuckeus. Each
human cell contains around ? meters of DRA, vet the nudeus 5
only 5 to § micrometers (um) in diameter. ’

The degree to which chromatin s compacted greatly affects
the accessibility of the chromatin to the transcrptonal machin-
ery of the cell, and thus the expression levels of the genes.
Active genes in enkarvotic cells are associated with more loosely
packed chromatin called enchromotin, while the more tightly
packed DNA, called heterochrrmatin, contaims mosily inactive
genes. Under a microscope, the more densly mmp.u:-hed hetero-
chromatin stains darker than enchromatin 1!—'13 4.5a).

What regulates whether chromatin exists as heterochroma-
tin or euchromatin? You learned that a nucleosome consists of a

hefterochromatin - nucloodas aschnomagin

10,000 =

a. Daridy stainod heterochromaitin and lighty
staimed @uChromatin

b. & nusdeosomie
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portion of DNA wrapped around a growp of histone molecules.
Histone modecules have kails, strings of amino acids that extend
beyond the main portion of 4 nudecsome (Fig. 4.54). In hetero-
chromatin, the histone tails tend to bear methyl groups (—CH,);
in euchromatin, the histone talls tend to be acetylated and have
attached acetyl groups (—=COCH, 1.

Histones regulate accessibibity bo DNA; euchsomatin becomes
genetically actve when histones no longer block access to DINA
When DNA in euchromatin i transcabed, a group of proteins
called the diroumatin remiodeling amrpex pushes aside, or wdpacks,
the histone portion of a nucleesome, so that access to DA is not
blocked and transcrighon can begin (Fig. 4.5, Afler unpacking
occurs, many decondensed koops radiate from the central asds of
the chromosome. These chromosomes have been named Bamp-
brush chromosames, because their feathery appearance resembbles
the brushes that wene omoe used bo clean kerosene lamps.

chromatin remodeling complax

DONA 1o be transcribod

€. DA unpaciing

Figure 4.5 Chromotin structure regulotes gene expression. o A gukongotic nucleus contoins highly condensed heterochmmatin [dorkly
stomed) ond euchioenoin (Lgemly stoinedl which £ not os condensed. b Nucloooomes ord nanly provent oocess 1o DA, o0 ot rarscrpbon connot bake:
pilzoa. B histone tails ose ocefyloled, eocess con e ochioved; # the boils are methyloted, oocess s mose difficudt €. A cheoemodin remodeling complex works
on euchromcin 1o moka the DA avaloble ond thas tha promober occessbls Jor ronsoiplon
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In additson to physically moving nuclessomes aside bo expose
promoters, chromatin remodeling compleses may also affect gene
expression by adding acetvl or methy] groups to hdshone tails.

Heterochromatin Is Not Transcribed

In general, highly condensed heterochromatin is inaccessible to
ENA polymerase, and the genes contained within are seldom
or never transcribed. A dramatic example of heterochromatin
is the Barr body in mammalian females. This seall, darkly
stairdmg mass of condensed chromatin adhering ko the inner
edge of the nuclear membrane is an nactive X chromosome. To
compensate for the fact that female mammalks have bwo X chro-
muosomes (XX), whereas males have only one (XY), one of the
X chromosomes im the cells of female embryos undergoes inac-
tivation. The inactive X chromosome does not produce geme
produscts, allowing both males and females to produce the same
amonint of gene product from a single X chromosome.

How dio we know that Barr bodies are inactive X chromo-
somes that are not producing gene products? In a heterozy-
gous female, 50% of the cells have one X chromosome active,
and 50% have the other X chromosome active. The body of a
heterozygous female 15 therefore a mosaic, with “patches™ of
genetically different cells. Investigators have discovered that
human females who are heterozygous for an Slinked recessive
form of ocular albinism have patches of plgmented and nonpig-
mented cells at the back of the eve.

As other examples, women who are heterozygous for
Xinked hereditary absence of sweat glands have pabches of
skim lacking sweat glands. And the female calico cat exhibits a
difference in X-inactivation in its cells_ In these cats, an allele for
black coat cobor s on one X chronsosome, and a corresponding
allele for orange coat color 5 on the other. The patches of Black
and orange in the coat can be related to which X chromosome =
in the Barr bodies of the cells found in the patches {Fig. 4.6).

Epigenetic Inheritance
Histone modification s sometimes linked to a phenomenon
termed eplgenetic inheritance, in which variatsons in the pattern

.-:'l.m.:': chromosoma

abale far
orange Coolor

Inactve X
“ coll dedsian Bar bodios

Enactive X

i o

alicle far
biack oolar

active X Chroemosome

Females havo e
X cheomosomes.

Figure 4.6 X-inactivotion in mammalion females.

of inheritance are not due o changes in e sequence of the DNA
nuclentides. For example, when histones are methylated, some-
times the DNA itself becomes methylated as well.

During genmmic prprintiug, either the mother's or the
father's gene (but not both) is methvlated during gamete for-
mation. If an inherited allele iz highly methylated, the gene is
not expressed, even if it 1s a normal gene in every other respect.
For traits that exhibit genomic imprinting, the expression of the
gene depends on whether the unmethylated allele was inhes-
ibed From the mother or the father.

The term epgemetc mfrerifence is now used broadly for other
inheritance patberns that do not depend on the genes themseles.
Epigenetic inheritance explains unusal inheritance patterns and
may play an important robe in growth, aging, and cancer. As
discussed in the Blobogical Systems feature, “Same but Not the
Same—the Role of Epigenetics,” researchers are hopeful that it
willl be easier to develop drugs bo modify thislevel of inheritance,
rather than trying to change the DNA itself

Tmnﬂriptinnal Control

Although eukaryotes have varkous levels of genetic control (see
Fig. 4.4}, ranscriptional control remains the most critical of
these levels. The first step boward franscription 5 avalabiliby
of DNA, which involves chromatin structure. Transcriptional
contr alse involves the participation of transcription factors,
activalors, and repressors.

Transeription Factors, Activators, and Repressors

Although some operons lke those of prokaryvothe cells have been
found in eubarvotic cells, transeription in eukaryoles i still con-
trolled by DNﬂ -binding proteins. Every cell contalns many dif-
ferent types of factors, proteins that help mgu].-ate

transcription by assisting the binding of the RNA polymerase o
the promotos. A cell has many different types of trarscription
factors, and a varisty of transcription factors may be actve at a
single promoter. Thus, the absence of one can prevent transcrip-
thon from occurring.

Coats of calflon

cais hove patchas
of orangs and bilack.

2

I X CRNOITRS0TSE 15 InaCiivaled in
aach ok Which onse |5 by chance.

Imcaks, the olleles for Dkock or ononge coof color are camed on tha X chromosomes.

Rondom Xinoctvotion ocows in femobes. Thenefone, in heterceygous femobes, 50% of the celis hove on allele for block coat color ond 50% of the celis
howe on alleie for cronge coat colos The resalt is colion cois that hove coals 'with potches of both block ond omnge.

Camyght I Moo L DdEatian cgnaldou Masty imges
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Even if all the transcription factors are present, transcrigrton
may not begin without the assistance of a DNA-binding probein
called a tramscription activabor. These bind to regions of DN A called
enhamcers, which mav be localed some distance from the pro-
moker. A hairpin loop in e DNA brings the iranscription activa-
tors attached to the enhancer into contact with the transcription
factor complex (Fg_ 4.7). Likewise, the banding of repressors within
the promoter may prohibit the transeription of certaln gernes. Most
genes are subsgert to regulation by both sctivators and repressors.

The promoter structure of eukarvolic genes is often very
complex, and a large variety of regulatory proteins may inter-
act with each other and with transcripton factors ko affect a
gene's transeription level. Mediator proteins act as a bridge
between transcription faciors and transcription activators at

the promoter. Now ENA polymerase can begin the transerip-

tion process (Fig_4.7). Such protein-to-protein interactions are a
hallmark of eukarvotic gene regulation. Together, these mecha-

nisms can fine-tune a gene's transcription level in response to
a large variety of conditions. For example, all the cells in a corn
plant contain the gene for the anthocvanin, but where
and when anthocvanin is made is I:rnmmpd:lma]hl controlled.
UV light imduces nnﬂmamn production in the leaves where
it s controlled by one set of transcription factors. Later, organ

mRMNA trarschipticn

Figure 4.7 Eukaryotic transcription foctors.  Tronscription n
euknryalic coids requires that transcription fociors bind ta ihe promotos
ond frarscriphion ootivators bind o an enhancer. The enhoncesr may be
far fram the promober, bat the DA, loops ond medictar prodeins odt o5 0
bridge joining octrsaiors to fociors. Gnly then does tmnscription begin

7

development cues anthocvanin producton in the kernels con-
trolled by a different set of ranscription factons.

Posttranscriptional Control
Posttranscriptional control of geme expression occurs in the
nucleus and ncludes alternative mENA splicing and control-
ling the speed with which mRNA leaves the micleus.

Recall that during pre-mBRNA splicing, introns {noncoding
regions) are excised and exons (expressed regions) are joined
together to form an mENA When introns are removed from pre-
mRMNA, differential splicing of exons can ocour, and this affects
gene expression. For example, an esxon that s normally included in
an mEMNA iIr may be skipped, and it &5 excised along with
the flanking introns (Fig. 4.8). The resuliing mature mBNA has an
altered sequence, and the protein it encodes is alered. Sometimes
introns remn in an mRENA transcript; when this occurs, bhe

protein-coding sequence is also changed.
of alternative pre-mBNA splicing abound. Both the
hypothalams and the thyrotd gland produce a hormone

called calcitonin, but the mBNA that leaves the nucleus is not the
same in both types of cells. This results in the thyroid's releasing a
slightly different version of calcitondn than does the hypothalamus,

protein product 2

peodnin product 1

a b

Figure 4.8 Alternotive processing of pre-mBMA.  Becouse the
pre-mAMNAs are processod diferently in these two colls o ond b, disginct
profeins reswl. This is o form of postironscripbional control of

gens expeession



Evidence of alernative mENA splicing & ound in other cells,
such as those that produce neurotransmitters, miusce regulatory
proteins, and antibodies.

Alternative pre-mBENA splicing allows humans and other
complex organisms to recombine thelr genes n novel ways to
create the great variety of proteins found in these organisms.
Researchers are busy determining how small nuclear ENAs
{=nREMAs) affect the splicing of pre-mBENA. Alternative mEMNA
splicing can also result in the inclusion of an intron that brings
about destruction of the mEMNA before it leaves the nuclens.

Further posttranscriptional control of gens expression s
achieved by modifving the speed of ransport of mENA fFom
the nucleus into the cytoplasm. Evidence indicates there is a daf-
feremce in the length of time it takes vanous mRNA molecules
tos pass through a nuclear pore, affecting the amount of gene
product realized per wnit of time following transcription.

Small RNA (sRNA) Molecules Regulate

Gene Expression

For a lomg Hime, sceentists were Baced with a mwstery: A cell appeared

toy contadn vastly more DNA than was needed to sccount for the

numiber of expreseed proteins. The DA that was ot expressed

a5 prodens was initally termed “junk” DNA, but recently scientists

hawe begun bo understand the role of this DINA in the cell. Although

only about 1.5% of the transcribed DNA codes for profein, the

remalnder i used bo form small RNA (SRMAY molecules. We nosw

know that these sRNA molecudes represent an important forem of

gene regulation thal functions st multiple levels of gene expression.
Let's take a closer look at how these RNA molecubes regu-

late geme expression (Fig. 4.9).

1. The transcribed RNA can borm loops as hydrogen

bonding occurs between its bases.

1. The double-stranded RMNA (dsENA) & diced up by

in the cell fo form sRMA molecules.

3. Some of these sSRNA molecules regulate transcription,
while others are involved in the regulation of
translatbon. Various ways have been found by which
sENA may regulate gene expression. sRNA molecules
have been known bo alter the compaction of DNA, so
that some genes are inaccessible to the transcription
machinery of the cell.

4. Small BMAz are the source of microRNAs (miRMNAs),
small snippets of RMA that can Bind to and disable the
tramslation of mBEMA in the cvtoplasm.

5. Small RMAS are also the source of small-interfering RNAs
(sIRMAs) that join with an enzyme (an ENA-Induced
slencing complex, or RISC) to form an active silencing
complex. This activated complex targets specific mRNAs
in the cell for breakdown, preventing them from belng

expressed.

By using a combination of miENA and siRNA molecules, a cell
can fine-tune the amount of product being expressed from a
gene, much asa dimmer switch on a Hght regulates the bright-
mess of the room. Because both miRNA and siENA molecules
interfere with the normal gene expression pathways, the pro-
cess is often referred o as ENA interference.

The first sclentists to artifically construct miRNA and
siENA molecules to suppress the expression of a specific gene
medical soentists recognized that it may be possible to use
sEMNA nulecules as therapeutic agenis o suppress the expres-
sion of disease-cansing penes. For thelr discovery, Fire and Mello
received the 2006 Nobel Prize in Physiology and Medicine.

Figure 4.9 Function of small RMA molecules. Tronscrioton of the D WGP moy lead i lnoped and double-stronded BNA (dsSRAL

#E) The cloovoge of the dsfNA produces many small RAA =RMA) molocules.

-ﬂMﬂHlmdmﬂ:Hl-hddtn increcse DA compaction, or it may

becaome om miRMNA ar SRMNA. GHMMWQMhmwmm ﬂmmummmm
which than degrodes oy mERA with o sequence of bases that are complamantary to the sIRMA.
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BIG IDEA 4: Interdependent Relationships

Same but Not the Same—the Role of Epigenetics

Mio ond Emmo are kentscal twins in thesr
early 20= They both howe a dimpled chin
ond blonde hair, and they wear the same-
sire clothes ond shoes. As little girls, their
parents emphosized ther similorties by
dressing them the some ond giving them
bath the some opportunities 1o ploy péono
and do gymnostics. A< tesnogers, things
began to change. Their clothing shyles were
different=Mia preferred the cument trends,
wheregs Emma loved block clothing. Mio
waos al2o maore cutgoing and populor, Emma
wos mone reserved and thoughBul

Haowe is it passible thot two people with
the same genes ond mised olike con be so
differert? Mony sciemtists ottribute o per-
som's cutcome to two foctors: noture ond
nurtune. Nofure, your geEnes, gies o tnoits
fior epe codos, hair color, and blood type. M-
ture & bosed on your [festyle and emiran-
ment, including diet, rearing, and educoton.
But is there a thind force at woark that con
affect @ person’s oweroll heotth and well
being? Researchers waorking with identical
twing believe there is o bridge betwesn no-
ture and nurture in the form of epigenstics
. epi-, “upon, ower”)

Figure 48 ldenticol twins. |doentical bains come fom o single
ferilized egg that splits in two. Their genes are the somae.

BH;

I
C.
M e
C
o M
H M

DA methyiation & he addEon of a methyl
group (M) to the DhA bace cytesine [C)

Figure 48 DMNA methylotion. DRA & methyloted
wihen o methyl group otioches 1o the cutosing nucieotide

The specific chemicaol reoctions, or api
genetic “togs,” con come in differert formes but
ore often cetocigbed with DMA methylotion,
in which o methyl group ottoches o the oy
Iosine base of DA {Fg. 28] With o methyl
group attoched, tromscription connol occur.
The methyl group inderferes with tronscripion
factors and other probeins in the tnonseription
machinery, theveby sfencing or weakening o
gene. Ouer time, the differences in these togs
occusmelote, making twing inoreasingly differ-
ent froem aoch other (Fig. 40

Epigenetics ane heritable chaonges in
gene expression withoul changng the DMNA
sequence. Chemicol reoctions due b envi-
rommental exposure. influence how genes
ore tumed off or on, how they are weakened
or strengthened, how they chomge our m-
mune systems, and how they build muscle,
brairk, ond oll other body parta. Idertscal
Penires presenl o unigque opporiunsly to :.1.1.u:||,|
epigenetics, becouse they are dones resft
irrg from a split in o sngle ferilzed egg (Fig.
48). Assuming o similos upbrnging, their
grodissd differences over tame con therefore
be oftributed to their dsporote contol of
gEneL

Epegpenetics has imporont implicotions
for medicine. The oppearonce of fogs on
genes helps scentts discower the couse of
some illnesses thot comnnod be explained by
DHA or genetic mutotions alone. Identioal
twins discordant [dEfferent) for autism, psy-
chiatric disorders, ond cancer howe been
shown o hove different DA methylotion on
cerioin genes.

In oddition, the epigenefic chonges are
resersible. A study using rots showed thot
raot pups thot ore licked ond nurtured by
their mothers become ¢alrm odults. Rot pups
that are not nurtured ore ancious. Ingecting
o cabm rat with 0 dug thol odds methgl
groups creates on anxiows rat. Comeersely,
inpecling an anxious rat with o different drug
thot remmowes methyl groups aeotes o colm
ral. In drug development, epigenetic meds
cines could be used to comed or reverse the
pariculor effect of o kg

Cheestions bo Conssder

1. How does epigenetics offect ronsomp-
tion and tronsiotion?

2. Whaot [Hestyle choices most likely neg-
otively mpact a person’s epigenetics?

Yellow shows whiase
the twins have
apigenaic tags in
the ==mo piaco.

-year-nid twins

Aod andd grean show
where tho fsins havo
opigenstc tags in
different ploces

SOyoaraid teems

Figure 4C Compaorison of twin's chromosomes. One twin's
epigenelic togs ane dyed groen, ond the othar bsin's iogs ore

dyed red. An overlop in groan ond rod Shows up o pallow. The

50-yoor-old twins howe more epigenetic iogs in diffesent plooes than
do the 3-gear-pid bwins.
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Translational Control

Translational control begins when the processed mENA mob-
ecule reaches the cytoplasm and before there is a protein prod-
uct Translational control bwolves the activity of mENA for
translatbon at the ribosome.

The presence or absence of the 5" cap and the length of the
pol-A (adenine nucleotide) tadl at the 3 end of a mature mEMA
transcript can determine whether translation takes place and how
lomg the mBNA s active. The lomg life of mRNAs that code for
hemoglobin in mammalian red blood cells is atiributed to the per-
ststerce of ther 5" end caps and their long 3° polv-A tails. There-
fore, any condition that affects the bength of the poly-A tail or leads
to remaonal of the cap may trigger the destruction of an mENA_

Posttranslational Control

Posttranslational control begins once a protein has been svn-
thesized and has become active. Posttranslational control repre-
sents the last chance a cell has for influencing gene expression.

If all the proteins produced by a cell during it lifetime
remained in the cell, serious problems would arise. Thus, pro-
teins are continually being synthesized and then degraded.

Proteing only needed for a shost Hme can be aliered chami-
cally, Jeaving them nonfunctional. Proteins mav not be folded
correctly or they mav change shape over time, leading them o
behave erratically or stick to one another and form aggregates. In
fact, a number of neurodegenerative diseases, such as Alrheimer
dementia, Parkinson disease, and mad cow disease, are related
to proteins that agerepate, forming plagques bn the brain. Thus, in
addition to normal turnover of proteins, celfls need a way o get
rid of old, unused, and incorrectly folded protemns.

Just how long a protein remains active n a cell s osoally
regulated by the use of proteases, enzvmes that break down pro-
telna. To protect the cell, proteases are byplcally confined to the
Iysosomes or special structures called proteasomes. For a protein
o ender a profeasome, it has b be tagged with a signaling probein
that is recognized by the proteasome cap (Fig 4.10). When the cap
recoprizes the tag it opens and allows the protein bo enter the core
of the structure, where it 18 digesbed to peptide fragments. Notice
that profeasomes help regulate gene expression because they help
control the amount of profein prodoct in the cvioplasm.

Check Your Progress 4.2

1. Describe e five levels of genelic control i eukaryobes.

2. Explain how chromatin structure infusnces gens
EXprELSioN,

3. Discuss how small RMA molecules and proteasames
regulals QEfe Sxpression.

4.3 Gene Mutations

ergm {

Upan completion of this section, you should be able to
1. Disfinguish between spanloness and nduced mutotens,
2. Idenily how mutabons influence protein Siructure.
3. Summarize how Mubslions Moy CouSe oamoer.

A pene mutation i3 a permanent change in the sequence of
bases in DNA_ The effect of a DNA base sequence change on
protein activity can range from no effect o complete inactiviiy.
Germ-ine mutations are those that ocour in sex cells and can
be passed o subsequent generations. Somatic mutations ooour
in body cells and, therefore, may affect only a small number of
cells in a Hssue. Somatic mutations are not paaaed o by future
generations, but they can lead to the development of cancer.

Causes of Mutations

Some mutatons are spontancous—they happen for no appar-
ent reason—whereas others are induced by environmental influ-
ences. In mest cases, spontaneots mutations anse as a result of
abnormalities in normal biological processes. Indoced mutations
may result from exposure o fovde chemicals or radiation, which
induce (cause) changes in the base sequence of DNA

Spontaneous Mutations

Spontanesus mutabions can be associaled with anv number of
mormal processes. For example, a movable pm:euEDhA termed
a dransposon, may jump from one location to another, disnepling

Figure 410 Proteasomes degrode proteins in o cell.  Proicins to be degraded ane first iogged with o signaling molecule. They then emer
the proboosome, where they ore broken down to polypepbde frogments.
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one or more penes and leading to an abnormal product.
On rare occasions, a base in DNA can undergo a chemi-
cal change that leads to a mispairing during replication. A
subsequent base-pair change may be carried forth in future
generations. Spontaneons mutations due to DNA replication
errors, however, are rare. DNA polymerase, the enzyme that
carries oul replication, proofreads the new strand against
the old strand and detects any mismatched nucleotides, and
each is usually replaced with a correct nucleotide. In the end,
only about one mistake occurs for every 1 billion nucleotide
pairs replicated.

Induced Mutations

Induced mutations are caused by mutagens, environmental
factors that can alter the base composition of DNA. Among
the best-known mutagens are radiation and organic chemi-
cals. Many mutagens are also carcinogens (cancer-causing
mutagens).

Chemical mutagens are present in many sources, including
some of the food we eat and many Industrial chemicals. The
mutagenic potential of AF-2, a food additive once widely used
in Japan, and of safrole, a flavoring agent, caused them to be
banned. Surprisingly, many naturally occurring substances—
like aflatoxin, produced in moldy grain and peansts (and pres-
ent in pearut butter ak an average level of 2 parts per billion),
and acrylamide, a natural product found in french fries—are
also suspected muiagens.

Tobacco smoke contains a number of organic chemicals that
are known carcinogens, and i is esimated that one-third of all
cancer deaths can be attributed to smoking. Lung cancer 15 the
must frequent lethal cancer in the United States, and smoking s
implicated in the development of cancers of the mouth, laryns,
bladder, kidney, and pancreas. The greater the number of ciga-
rettes smoked per day, the eardber the habit starts, and the higher
H&etarwﬂerl,ﬂﬁegrmﬂsthepmlﬁliwdﬂtﬁew

Scientists use the Ames test for mutagenicity to hvpuvrh
esize that a chemical can be carcinogenic (Fig. 4.11). In
Ames test, a histidine-requiring strain of bacteria L-;upmed
to a chemical. If the chemical & muotagense, the bacteria can
grow without histidine. A large number of chemicals used in
agricullure and industry give a positive Ames test. Examples are
ethyviene dibromide (EDB), which s added o leaded gasoline
(o vaporize lead deposits in the engine and send them out the
exhaust), and ziram, which is used to prevent fungal disease on
crops. Some drugs, such as isoniazed (used to prevent tubercu-
losis}), are mutagenic according to the Ames test

Astde from chemibcals, certabn forms of radiation, such as
Xerays and gamma rays, are called oniring radiation, becase
they create free radicals, sonized atoms with unpaired electrona.
Free radicals react with and alter the structure of othes moleciibes,
inchuding DA, Uleaviobet (LTV) radiation & eacily absorbed by the
prrimidines in DNA. Wherever there are o thvmine molecules
next o one another, ulﬂavhh-tmiﬂimnwﬂmethemhhmtd
together, forming e disters, A kink results in the DNA. Usuy-
ally, these dimers are removed by DINA repair enzymes, which
mu&a.rrﬂvnmﬂm DA mdfummﬂgﬂuﬂb&i One enzyme
excises & portaon of DNA that confains the dirmer; another makes
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Figure 4.11 The Ames test for mutogenicity. A boctesiol stroin
1hat requires histicine os a mutrient is exposad o o suspected chemecol
metogen, bat 0 contral is not cupased. The bocterio are ploted ono
madiuen that lacks histiding; oniy the bocsenia erposed 1o the chemicol
show growth. A mutoton ollcwed the Boceno to grow; thensfons, tha
chiEmicol oan hn-:nn:umgnru:

a new section by using the other strand as a template; and sill
another seals the new section in place.

The importance of these repair enzvmes 5 exemplified by
individuals with the condition known as xercderma plgmen-
tosum. They lack some of the r enzymes, and as a conse-
quence, these individuals have a high incidence of skin cancer
because of the large number of mutations. that accumulate over
timee. Also, repair enzyemes can fail, as when skin cancer develops
because of excessive sunbathing or profonged exposure bo X-rays.

Effect of Mutations on Protein Activity

Point motstons involve a change in a single DMNA nuclectide. Theat
change alters transcription and possibly changes the specific amino
ackd. Owne type of point mutation is a bese substitnbon resulting i one
DA nuclectide being replaced with anothes incorrect nudeotide.
Misthee the base difference in the second sow of Figure 4120 and how
it changes the resultant amino acid sequence. Sometimes a base
substitution has litthe or o effect on the final probein produced, but
in some cases early stop codons can be introdisced or coding for the
case with the genetic disorder sickle-cell disease (Fig. 4.128). In this
gene, there is a base substitubion that alters the mBNA codon for
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Figure 412 Point mutotions.  The effect of o point mutotion

can vany. a. Slorsng ot the dop: Mormol sequence of boses resuits no

normal sequence of omino ockds; next, 0 bose subsiiution Can reswl In e wrong
aming ocid; in the final beo rowes, on odditicn of deletion Can resul in o ameshit
mutabion altering ol tha codons downssneom of the point mvubaticn. b Dus to o
bose subshbuiicn n the hemoglobin gene, the DMA noe codes (or voling instaod
of glubarméc ocid, ond tha resull (s that rormal red blood cells become sickle-
shapad

glutamic ackd. Instead, the codon for valine is. present, altering the
final shape of hesmoglobin—the probein that carmes oxvgen i the
blood. The abnormal hemoglobin molleculies form semirigid rods,
and the red blood cefls becomme sickle-shaped, resslting in decressed
blood Aow throwgh by blood vessels,

Frameshift mutations occur most often when one or more
nucleotides are efther added or deleted from DNA (Fig. 4124,
bottom two lines). Because all the codons downstream of
the mutation are now shifted, the result is a completely new
sequence of codons, vielding a nonfunctional protein.

Nonfunctional Proteins

A single nonfuncioning protein can have a dramatic effect on
the phenotype, because enzvmes are often a part of metabolic
pathways. Ome metabolic pathway in cells 13 as follows:

a Ea B Ex [+
|pherylaianing) ———s Myrosing) ——————& melanin}

If a faulty code for enzvme E|,l is inherited, a person is
unable to convert the molecule A to B. Phenvialanine builds up
in the system, and the excess causes an intellectual disability
and the other symptoms of the genetic disorder phenylketon-
wria (PEU}. In the same pathway, if a person inherits a fauliy
code for enzvme E;, then B cannot be converted to C, and the
indincddual s an albinao.

A rare condition called androgen insensitivity s due
to a faulty receptor for androgens, which are male sex hos-
mionies, such as testosterone. In a mabe with this condition,
plenty of lestosterone s present in the blood, but the cells
are unable to espond o i Female instead of male exter-
nal genitals form, and female instead of male secondary
sex characteristics oocur at puberty. The ndividual, who
appears to be a normal female, may be promphd to seek
medical advice when menstroation never occwrs. The karyo-
tvpe i that of a male rather than a female, and the indi-
vidual does not have the Internal sexual organs of a femabe.

Mutations Can Cause Cancer

It is estirnated that one in three people will develop cancer ai

same tme in iher lves. O these affected iIndividuals, one-
third of the fermales and onedourth of the males will die due o

cancer. In the United States, the three deadlbost forms of can-
cer ane hung cancer, colon and rectal cancer, and breast cancer.

The development of cancer involves a series of accumlag-
ing miutations that can be different for each type of cancer. As
dizcussed, tumor suprpressor perves ordinarily act as brakes on
cell divisson, especially when it begins o occur abnormally.
Probo-omcogenes stimulate cell division but are usually turned
off in fully differentiated, nondividing cefls. When probo-onco-
pgenes mulate, they become oncogenes that ane active all the
time. Carcinogenesis begins with the boss of tumor suppres-
sor gene activity and/or the gain of oncogene activity. When
brimor suppressor genes are inactive and oncogenes are active,
cell divisson ocours uncontrollably, because a cell signaling

o ght 0 McGarss F L Dd soatian  Dus af 5ol ence & ol ce S o res
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CHAFTER 4 Regulation of Gene Expression

pathway that reaches from the plasma membrane o the nudeus
no longer functsons as it shoold (Figs. 4.13 and 4.14).

It often happens that tumaor suppressor genes and proto-
oncdrgenes code for transcription factors or proteins that control
transcription factors. As we have seen, transcription factors are
a part of the rich and diverse types of mechanisms that contral
gene expression in cells. They are of fundamenial importance
to DNA replication and repalr, cell growth and division, contral
of apopioais, and cellular differentiation. Therefore, it s not sur-
prising that inherited or acquired defects in transcription factor
structure and function contribute to the development of cancer.

For example, the tumar suppressor gene called p53 s more
frequently mutated in human cancers than s any other known
gene. 1t has been found that the p53 protein acts as a branserip-
tion factor, and as such it s involved in turning on the expres-
sion of genes whose products are cell cvcle inhibitors. p53 also
promotes apopiosis (programmed cell death) when it is needed.
The retinoblastoma protein (RE) contrals the activity of a tran-
seripton factor for cyclin D and other genes whose producis
promote entry nto the E‘rslaﬂ:euftheceﬂfwh When the tumar
suppressor gene 016 mutates, the RB protein is abways avadlable,
and the result is too much active cychn DY in the cell.

Mutations in many other genes also comtribute to the devel-
opement of cancer. Several prolov-oncogenes code for ms pro-
ieins, which are needed for cells to grow, to make new DA,
and ko not grow out of control. A poing mutation is sufficlent to
turn a normally functioning s proto-oncogene inko an omco-
gene, and abnormal growth resubts.

Check Your Progress 4.3

1. List some common couses of spomaneous and induced
mubaibons.

2. Explain how o frameshill mutalion may denipt o gene's
Turctian

3. Discuss how o mulation in @ umor Suppressos gene and in
proto-oncogenss disnmts the cell eyele.

REVIEWING the BIG IDEAS
e
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Figure 413 Cell signaling pothway that stimulotes o mutoted
tumor suppressor gene. 4 mutcied temor suppressor gene codes for
o product the dissctty or indirectly stmulotes the cell cycla.
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Figure 414 Ccell signaling pathwaoy that stimulates an
oncogese.  An oncogene codes for O product that eithar directly o
indireclly cverstimulotes the coll cycla.

Living ergonisms are subject to genetic mutotions or chonges in the nuclestide sequence of DMNA; this source of variation, if
expressed os o phenotype, is acted upon by naturol selection, ollowing for evolutionony change over time, 1.A4.2.0; 3C1d

RMA may ploy o prominent role in the reguilation of the genome, thus providing evidence thot RNA moy hove preceded

DMA in the evalutionany history of cells. 1.0D3.a5

regulation. 3.8.1.0-¢

Prokaryoles use direct mechanisms 1o control their operons and gene expression; eukonpotes employ mony leved of

Regulatony DA sequences, molacules, and transeription foclors funclion o contrel gene expression. 38101 IE 38113

Speciolized RMA reguloies by alternotive gene splicing and messoge silencing. idenficol genes moy produce diferent
phenotypes due to differing gene requlation. 3 8102 3814 :

DMA repair enzymes correct regulonties and emdronmental domage: erars in comect systems may leod bo mulations

wilh many effects. 3.C1La-b

function 4.4 3.a-c

Enwironmental and internol cues may afect gene regulation. which Mumummm and




B SUMMARIZE - .
AP Answering the Essentiol Questions

Strudune and function in bictogy resull from the presence of genetic
informotion ond the cormed expression of ths nformotion. How does
o cedl know when to express genes? Mony mechonisms determine
when ond how this hoppens, sich os odding methyl groups to DA or
requinting RNA polymerose. Simply the type of cheomosome o gene is
on con alter its expression. Mutotfions in the DA sequence and even
nongenetic factors such o= the externol environment con play o role.
By understonding how cells nequiote gene capression, we con better
undersiond the bosis of mony huemaon diseases. incliding concer.

Gene regulotion in prokaryotes  Regulation of gene expression
in prokoryctes occurs primorily by controlling tronscription. Bocterio
often crgonize genes involved in o common process or pothwoy into
operons. in which genes are coordinately requioted. For exomple, in
E cofi, the genes thot ane involved in loctose metobolism one locoted
together on the bocteriol chromosome. The operon model of gene
expression siotes that o regulofor gene codes for o repressor, o probein
thot binds. to the operotor. When the repressor binds o the operoior,
RM& polymerose—the enpyme thot transcribes mRMA from DMA—i
unoble to bnd to the promoter, ond bonscrption of the structunol
genes of the openon (genes thot ore tronsloted into protein products)
connot occur. Dperons moy be reguisted by both octivotors ond repres-
=ors (positve o negotive control), depending on whether or not the
protem products ore needed by the ool

The &p operon is on exomple of o repressibie operon, becouse
when the omino ocid tryptophan, the corepressor, &= presend, it binds 1o
the repressor. oliowing the nepressos to bind to the operoioe. The openo:
tor = biocked, ond RMA polymersse connot tronscribe the structurol
genes needed to synthesire tnyptophon (the oell likely hos o supply
of tryptophan ond does not need 10 moke more). The loc opeson is on
exnmgde of an inducible openon, becouse when lociose, the inducer, is
present i binds io the nepressor in this cose, the repressor i unoble to
bind fo the operotor, RNA polymerose moves olong the DA, and the
structural genes ore tromsoibed ond vitimately tronslated into enzymes
needed fo metobolize lociose. When lodose & obsent. the repressor is
odivoied, it binds to the openatos, ond the operon is sestched off To cons
serve resounces, the strischisol genes in the boc operon one mot moamolly
expressed unless lociose & present ond glucose & obsent. Both the p
ond dor operons exhibit negotive control beoouse o repressor is irsobeed.

Gene regulotion in eukaryotes Eukaryotc cells e more
complex thon proloryotic celis so their gene expression ond con

trol = more complex=—with regulctony genes, regulotorny elements,

and tronscription foclors acting in concert. Unlike the operon which
controls gene expression ot the level of tonscription in boctessa,
eukdryoies have multiple levels of gene regulotion: chromotin strisc-
fure, tronscrptional control, posttronscrptional contred, tronslotional
controd, ond posttronsiotional control

Chromaotin structse helps regulole tonscoiption becouse highiy
oondensed heterochromotin s geneticolly inoctive, whereos less-
oondensed euchromatin is geneticolly octres. Chemicol modifications
to cheomosomes con olter gene expression. Adding methyl groups
to DMA con prevent tonscription, white odding ocetyl groups to his-
fones can proenote tronscripdion. n addition, reguictory proteins called
tronscription foctors, oz well o= DNA sequences colled enhoncers,
ploy a role in conbolling Fonscaiption by binding to the promodes. Tran-
scription ocdvotors bind to on enhoncer. Smaoll BNA molecuies, such os
microRMAs ond smoll-interfering AMAs (sifNAs), ore mobeed in RMA
imerferenoe ond thus ploy o role in gene expression of the bevel of tran-
scription. The imwodvement of RMNA in gene regulotion provides evidence
that RMA moy howe preceded DA in the evolutonaony histony of celis.
Postiransriptional confrol i ochieved by cregling wonotions in maes-
senger BMA (mRNA} s plicing=—removing introns and péecing together dif-
ferent arrong ements of exons—which moy weld muliple RKA messoges
from the some gene, thus producing o longe number of proteins. from o
melotively small number of genes. Splicing moy olso alter the spoed with
which o porticulor mENA leaves the nuclews prior to fronslaion.

Tronsiotionol control offects mANA tonslobon, especolly the
tength of Gme it tokes to tronslobe mRMA nte o polypeptide, by olbering
the siohiity of an mAMA tronscript. Posttronsiotionol control offects
whether or not on enzyme & oclive ond how long it = odtive. Gene
regudation i eukonyotes occounts for some of the phenotypic differ-
ences amang cells ond orgonisms with similor genes. In other words,
even though olmost ol cells in your body contoin the same DA and
the some genes, what mokes o beer cell different from o muscle ceil
& the expression of different genes in different cell types. Often this &
meferred to os differentiol gene expression.

Mutations Al iving orgonssms are subject to genetic mubations,
or chonges, in the nucieotide seguences of DMNA Mutobon is the
source of genetic voriobility thot i octed on by noturol selection,
allowing for evolutionony chonge over time. Some mutotions one: det-
rimentol b the organism, ond DMA repair mechonisms hove evolved
to reduce the negotive impadt of mulations. For exomple, DMNA repoir
enzymes monitor ond fix iregulosities in DMA coused when the mole-
ouleis exposed bo LY. Mistotions con be spomoneocus, oocumng for no
apporent reason, ar indwced by ensronmentol foctors such os rodio:
tion and toxins. Corcinogens are mutation-indudng fodors {mutogens)
thot couse concer. Point mutotions=in which one nucleobde bose in
@ gense seguence is incomect=—con hove o ronge of effects, depend-
ing on the particular codon chonge. Sickle-cell disea=e & on exomple
of o point mutoison thot offects the abdlily of hemoglobin, o profein in
med blood cells, o corry coygen. Fromeshift mutotions result when
one or more boses are odded or deleted, ond the result is oswatly o
nonfunctionol protein thot drosticolly con offect the phenotype. Most
coses of oystic fibrosis, olbinsm, and ondrogen insensitisity one due
to nonfunctionol proteins. As we studied, concer con result due o an
gocumulation of genetic mutations omong genes that code for pro-
feins that regulote the cell cycle The cell cycle occurs mopprogriotely
when prolo-onocogenes become onoogenes and tumor SUppressor
genes aore no longer effectve. Mulotions thot offect transoription and
other regulotors of gene expression olso ore ossocioted with concer.

P rows- i B e b
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Choose the best answer for eoch question. AP Applying the Big Ideas

‘Il1 I i ot e iy Rk s - 1 Sdmhhdnhﬂﬂmgnmsﬂnrmg:m:md
.EI"IIrEq.I 'u.l:::m:rl.. o e = cone pracesses ond features thot evalved ond ore widely distric-

uied omong ongonisms todoy. Defend this dioim w<ing THREE
pieces of evidence from the mechanisme for the reguiotion of gene
ENprESSion.

o. there = o kow leved of cAMP present.
b. there & a high level of cAMP present.
. tromrscaipton of structsol genes ooours.

d. tronsaipton of ioclose ooowrs.
2. _Eulu:rgnlﬂ.l'memhudumdmguhh:rgmndu-

2. Inneguloton of the tp openon, when tnyptophon i present, riaos that o it to fine-tune gene A ki 5
£ ey i et s o] o ke opraiclion longe number of profeins from o relotsely smoll member of genes.

b. ﬂ'rr:m':mis-uﬂebut'ﬂ.:lhll'r:upmunr. Beosicin | THREE {otory b i of :
c. tronscription of the repressor ininhibited. suppon efficient cetl function.
d. tronsoription of the struchisol genes, openotor, and promoter

ke 3. BTN e clossmate is obee o reche that exerral and intemal

3. In operon models, the function of the promoter is to cwses offect gene regulotion, but i Enoble 10 explan what is meon

o, :@ehrﬁempmpmleh by the siotement. improve on their utndersionding by explaning the
b. bind with RNA polymemse. phenomena using THREE exomples fo lhstobe whot it means.

c. hbind to the repressar.

d. code for the Iyt X
R B P Appluing the Science Practices

4.2 Eukaryotie Regulation

4. Which of the following reguloieis) gene expression in the How con we know if o compound is o mutogen? The Ames test is
eulkaryotic nucleus? u=ed to identify mutogens. The test uses a stron of boctena thot
o. tronsciponal control c. postironscriptional control connot make the amine ocid histidine. The bocterio ore exposed o
b. tronsiotional contral d. Bothoond ¢ are corredct. o sispected muingen and grow on o medum without histidine. The

5. Which of the following mechonisms moy create multiple mAfAs bocteria thot grow hove o mutation colied o reversion becouse they
fram the same gene? reverted to the noturol condition of moking histidine. The compounds
0. postirmmsictional controk in the groph werne &mes lested

b. olternotive mERA splicing
c. binding of o trorschption fodtor
d. chromotin remadeling

&. Tronslotonol control of gene expression oocurs within the
a. mucleyus. c. nucleohes
b. cytoplosm d. mitcchondrio.

7. Barr bodies are
d. gencticolly actnee X dhromosomes in males.
b. gensticolly inoctsee X chromosomes in femoles:
c. geneticoliy octive ¥ chromosomes in males.
d. geneticolly moctve ¥ chromosomes in femaoles

4.3 Gene Mulations

8. & mutotion in o DNA molecule imeoiving the replocement of one
muclectide bose poir with another is colled ojn)
o. fromeshift mutotion. . deleton mutoton
b. tor=poson d. bose substRution

9. THE COW ATE THE HAY. I the letter C i deleted from
this sertenoe, shifting the reading frome, we reod THE OWWE

:

3

2

Catonkes with revsersion migatkon

TET HEH &Y. Which of the following mutotions best exploins 1] B 100
this exomple?
Amourd of compioand plate,

0. spantonecus mutoton . mduced mutation o i

b. fromeshift martation d. bose substiution ek o T A g
0. A cedl is concencus. You maght find on obnormoiity n b ofd canlin Soaade J04. SEF-SA3

O. O profo-oncogene. c. reguiotion of the ool oyche.

b. otumor suppressor gene. d &l of these one corredt.
1. &tumor suppressor gene Think Critically =5 =8

. inhibits cell drision. c. b= subjedt to mutotions. 1. De=scribe the: relmtionship betwesn the omownt of the compound

b. opposes oncogenes. d &l of these one cormect. ond the rmubotion.

2. Anolyre which compound i the stromgest mutogenic compound,



Biotechnology
and Genomics

Combsriieeg ioodh docoy with troditoncl smethods moy one doy be o thing of 1he pact

AP Deninl disense in cots i one of the most common medical conditions seen by
veterinorions. Appraximately two thirds of all cols over the oge of 3 are estimated to
Fidve some o ol qQuim or tooth dEﬁﬂl:l T ool Coasly of cals 5 o pll‘.'l're{l. incubator
for many kinds of bocieric, and os these bocteria multiply, they form on invisible ioyer
called plogue. Texing produced by same of these bactena could Bbe absarbed inta the
col's Maodstream, prm‘:hr::& nlections, and couse ﬂﬂl'l'lﬂﬂg‘.' o OGNS,

In an efort 1o combot denal disease, researchers hove been moditying 1bacce
plants to produce voccines aoainst the decoy-cousing bacterium Sreplococews muloms.
These yaccines could reduce painful and l:l:lﬂl.l:l deniod |'.'Ill'l'.'lli:lﬂ"|jIJrE'S..I and H'IEI:I hawe both
velerinany and human opplications. Another approoch i the genetic engineering of the
sﬂeﬁl!mfﬂ mutans el Tooth ﬂﬂﬂg arkses when this bacterium relegses loctic acid
o 1eedh, r:rEﬂ'ti!g e hioles in the anomel hol becorme covities. Scemisis are U'E‘ﬂ'l.ll"lg'
sirains that cannot FIrI:Iﬂ:I.ICE loctic ocid and wolld Eil'l'l[.ﬂg wash E‘I‘I‘Iﬂ‘gmth Sl

The tobaoco piants and bocterio were altered Mrough o process colled biotechnology—
the manipulation of Uvikg organisms that resulls in o desired process o product. Otier
bocteria can be modified 1o moke insulin o to eat polluionts. Crop planms con be oitered
to have Megher viLamin content, of 1o Be More feas1ant 1o pests. Even animsls ore being =
geneticolly modified and cloned 1o produce spedilic proteins in their milk. Gene Meropies
oo exisl in humans, where o DhlA m con cune or siow down o diseace. ]

CHAPTER OUTLINE
51 DNA Cloning 227
5.2 Hwtechnology Prodocts 129
53 Gene Therapy 232

233

54 Genomics

As gpou read through the choptes think about thess Essentiol Ouestions:
1. How can DNA anclysis and genome comparison atlow us 1o better undersiond the
evalution of species? LAABT
2. HOW SO genslic angineering lechnigues be used 1o benefl human dociaty? SALSE

2. How con the manipulatan of DNA by hemans affect the avolution of species, and
whal are the sthical, medscal, of sociol implications? SETEE

FoLLowInG the BIG IDEAS

The field of companstive genomics B yielding valuable new insights inlo the relatiorships between species, impaciing
1 toond iy and Evolutionang biology.

m Genelic angineering allows beneficiol chonges 1o be mode in DA and RMA sequences, improving the products or the
actions af these molecules,



CHAPTER 5 Totechnology and Genomics

5.1 DNA Cloning

Learning Outcomes ]

| Upon comgpletion of this section, you should be abile to
1. Describe the sleps involved i moking a recombanont DA
modecule.
2. Explointhe purnpose of the polymerose chain reaction

(PCRY
3. ldentify how PCR maoy be used 1o analyze DMNA.

In biology, cloning is the production of genetically identical cop-
ies of DMA, cells, or organisms through some asexoal means.
When an underground stem or root sends up new shoolts, the
resulting plants are clones of one another. The members of a
bacterial colony on a petri dish are clones, because they all came
from the division of a single original cell. Human identical bwins
are also considered clones. Early in embryonic development the
cells separate, and each becomes a complete individual.

DMA cloning can be done to produce many identical copies of
the same gene—that is, for the purpose of gene cloning. Scientists
clone genes for a number of reasons. They might wand o defer-
mine the difference in base sequence behween a normal gene and
a mutated gene. O they might use the genes to genetically modify
organisms in a beneficial wav. When coned genes are used to
modify a human, the process is called gene therapy. Otherwise,
the organisms are called ransgenic organisms (L. Irans, “across,
through”; Gk. gemic, “producing”). Transgenic organisms are fre-
quently used today to produce a product desired by humans.

Recombinant DMA (rfDNA) technology and the polymerase
chain reaction (PCR) are two procedures that scientists can use
to clome DMA.

Recombinant DNA Technology

Recombinant DNA (fDNA) contains DNA from two or more
ditferent sources, such as a human cell and a bacterial cell, as
showm in Figure 5.1. To make rDNA, a technician needs a vecbor
(L. zefeere, “to carry”} by which rDINA will be introduced into
a host cell. One common vector is a plasmid. Flasmids are
small accessory rings of DNA found in bacteria; they were first
discovered in the bacterium Escherichin coli (E. coli). The ring
is mot part of the main bacterial chromosome; it replicates on
its owm and can be easily removed from or introduced into a
bacterial cell.

Two enzymes are needed to introduce foreign DNA into
vector DA (1) a restriction enzyme, which cleaves (cuts) DMNA,
and (Z} an enzyme called DNA Ligase (L. ligo, “bind”), which
seals DMA into an opening created by the restriction encyme.
Hundreds of restriction enzymes ooour maturally in bacteria, and
they cut up any viral DNA that enters the cell. They are called
restriction enzymes because they resivial the growth of viruses.
Scientists take advantage of these enzymes and wse them as
malecular scissors to cleave any piece of DNA at a specific site.

Notice that the restriction ereyme reates a purzlelike gap
in the DMA (Fig. 5.2), into which a piece of foreign DNA can

Figure 5.1 Cloning a human geme. This figure shows the bosic
sheps in the doning af o humon gene. Human DMA ond plosmid DMA ore
deoved by o spectic type of restriction erzyme. Then the human DRA,
perhaps containing the insulin gene. is spliced into o plasmid by the
enzyme DMA ligose. Gene cloning & ochieved after o bocierium fokoers up
the plosmid. If the gene functions normally. os expedied, the produd (eg.
imswdin] moy olso be retneved.

be placed if its ends are complementary to those exposed by the
of the two DMNA malecules are called “sticky ends” because they
can bind a piece of foreign DNA by complementary base-pairing,
Sticky ends facilitate the insertion of foreign DMNA into vector DNA
as long as both are cleaved by the same restriction enzymse.

Nexd, penetic engineers use the enayme DNA ligase o
seal the foreign piece of DNA into the vector. DNA splicing
is now complete; an rDNA molecule has been prepared (see
Fig. 5.1). Bacterial cells take up recombinant plasmids, when
they are treated 1o make their plasma membranes more perme-
able. Thereafter, as the plasmid replicates, DNA is cloned.
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Figure 5.2 Restriction enzymes cut DMA ot specific
Iocations.  Ench resinction enTyms recognires. 0 specific sequence of
nuciootides. After the enzgme cuts the DA, “sticky onds” moy be Sormed
thot ore usafid in the cloning of DMA soquenoes.

The Polymerase Chain Reaction

Another revolution in molecular biokegy was the development of
the palymerase chain reaction (FCR). American biochemist Kary
Mulliz developed PCR b 1983, and kn 1993, he was awarded the
Nobel Prize in Chemisiry for his discovery. PCE can accelerate
the pace of genetic engineering by quickly creating many clones
of a plece of DNA without first mserting it mio a plasmid. The
process mimics DNA replication in the cell (see section 3.Z),
except that PCR s very specific—it amplifies (makes coples of)
only a targeted DNA sequence. The targeted sequence can be less
than one part in a million of the total DNA sample!

PCR requires the wse of DNA polymerase, the enzyme that
carries out DNA replication, and a supply of nucleotides for
the new DNA strands. The DNA polymerase used in the reac-
ton is & heat-stable (thermostable) polymerase that has been
extracted from the bacterium Thermus eguafices, which lives in
hot springs. The enzvme can withstand the high temperatose

1 Sampie s first
healed to lawar
cenature DM 10 afow anmealing
DMA, sirand of primers.
DHA segment  opyg, is denatured
b amaitod Irln:mghmrdﬂ..

._lﬁ

2 DMA kcopled toa 3 DA i heated ta

wsed to separate doubbe-stranded DNA; therefore, replica-
tion does not have o be interrupled by the need to add more
enzyme. PCR s a chain reaction because the targeted DNA is
repeatedly replicated as long as the process continues. The col-
ors in 5.3 dis the old strand from the new DRNA
strand, but keep in mind that all the newly synthesized stramds
are denteal (clones). Motice that the amount of DNA doubles
with each replcation cycle.

Analyzing DNA

DNA amplified by PCR can be analveed for variows purposes.
For example, mitochondrial DNA taken from modern living
populations was used to decipher the evolutionary history of
human populations. For identification purposes, DNA taken
from a corpse burned beyond recognition can be matched b
that on the bristies of the person's toothbrush!

Analysis of DMNA following PCR has undergone improve-
ments over the years. At first, the entire genome was treated
with restriction enzymes, resulting in a unique collection of
differeni-slzed ﬁaﬁm&nls, because each person has his or her
own restriction enzyme sites. A process called gel electropho-
resis, which separates DINA fragments according to their size,
wias then employved: the result of fragment sorting was a pattern
of distinctive bands that identified the person.

DNA fingerprinting (also called DNA profiling] is a tech-
mology that can identify and distinguish among individuals
based on variations in thelr DNA. Like the human fingerpring,
the DBA of each individual 5 different and can be uwsed for
identification. When subjected to DNA fingerprinting, selected
fragments of chromosomal DNA produce a seres of bands on
a gel (Fig. 5.4u). The unique pattern of these bands is uspally a
distinguishing feature of each individual,

In the past o decades, the technigue of DMNA fngerprinbng
bars oo subomated and s now done wing PCR, which amplifies

CIEE
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Figure 5.3 Polymerose chain reaction [PCR). PO oflows the production of many idemical copies of g specific sequence of DIMA in a loboetony

sesting.
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Figure 5.4 DNA fingerprinting using STRs to estoblish

paternity. 0. Inthis meshod, DA frogments contoining STHs o
sepormed by gol clectophonesic. Male 1 |z the forthot. b Eoch person's
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short tandem repeat sequences (STRs)—short DMNA sequences
that are repeated many times in a ow. Such tandem repeat
sequences, which are noncoding reghons of chromosomal [ENA,
are found at specific locations in the gemomes of all specles.
The mumber of repeats at each location kends 0 vary from one
individual fo the next. For example, humans have the sequence
GATA on chromosome 7. One person may have this sequence
10 times, while another may have 15 repeats. The person with the
higher number of repeats will have a larger DNA fragment.

The newest method of producing DNA fingerprints does
away with the need to use gel & orests: The DNA frag-
ments are fuorescently labeled. A laser then excites the Auores-
cefit STRs, and a detector fecords the amount of emdssion for
each DINA fragment in terms of peaks and vallevs. Therefore, the
greater the fluorescence, the greater the number of repeats at a
location. The printout, such as the one shown in Figure 545, s
the DMA fingerprint, and each person has his or her own undgue
printout. Corrently, the Federal Bureaa of Investigation (FBI) uses
13 5TR locations on various chromosomes that are now routinely
used in the identification of individeals in the Undted Stages,

Other Applications
Applications of PCR are limited only by the imagination.

+ A viral infection, a genetic disorder, or cancer can be
confirmed when the DMNA tested matches that of a known
virus or mutated gene.

+ DINA fingerprinted from blood or tssues at a crime scene
has been successfully wsed in soreening suspects, comvicking
criminals, and exonerating those wrongly comvicted.

+ DNA fingerprinting through STR profiling has been
extensively used to identify the victims of natural
disasters, such as tsunamis in Indonesia and Japan_

* Relatives can be found, paternity suits can be settled
(Fig. 5.4a), genetic disorders can be detected, and Tlegally
poached ivory and fish can be recogmized using this
techm

+ PCR has al_w shed new light on evolutionary studies by
comparing extracted DNA from ancient specimens with
that of living organisms or by comparing DNA of two
living species to study thelr penetic relatedineas.

Che-::lr. "l"nur ng’ess 5.1

1. Explain the purpase of restrickian m:gmhaumgm
TONA molecubs.

2. Confrost how gene cloning = different betwesn
recambinant iechnabogy and PCR.

3. Explain hevw DNA fingerprinting distnguishes individusts.

5.2 Biotechnology Products
Upan complation of this section, you should be able to
1. Identify the benefits ol genetically modified bacterio,
plonts, and animals te human society

2. Degeribe e Sleps imolved nthe production ol a
transgenie animal,

Today, transgenic bacteria, plants, and andmals are often called
genetically modified organisms (GMOs), and the products they
produce are called biotechnology products.

Genetically Modified Bacteria

Many wses have been found for genetically modified bacte-
ria, besides the production of proteins. Biotechnology prod-
ucts from bacteria include Insulin, clotting Factor VI, humsan
growth hormone, -PA (Hssue plaminogen actvator), and hep-
atitis B vaccine,

Transgende bacterta have mary other uses as well. Some have
been produced to promote the health of plants. For exarnple, bac-
teria that normally live on planis and encourage the formation of
ice crystals have been changed from frost-plus o frost-minus bac-
teria. As & result, new crops, such as frost-ressstant strawberries,
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are being developed. Ao, a bacterium that normally colonizes
the roots of corn plants has mow been endowed with genes (from
another bacterium) that code for an insect o, The tosdn prodects
the rooks from insects.

Bacteria can be selected for their ability to degrade a particu-
lar substance, and this ability can then be enhanced by bioengs-
neering. Biorenedintion is the process that uses microorganisms
or other organiems, such as plants, to detoxify pollutants in the
environment. For instance, naturally ocourring bacteria that
eat ofl have been genetically engnmaere.d to clean up beaches
(Fig. 5.5) after il spills, such as the 2010 Deep Water Horizon
spill in the Gulf of Mexico. Bacteria can also remove sulfur From
coal before it is burned and help dean up toxic waste dumps.
Ome swch stramn was given genes that aliowed it to clean up
levels of toadns that would have killed other strains. Further,
these bacteria were given “subcide” genes that caused them to
sebi-destruct when the job had been accomplished.

Organie chemicals are often synthesized by having cata-
Iysts act on precursor molecules or by using bacteria to CAFTY
out the synthesls. Today, it is Fuﬁ-ul.'uleingﬁarm step further and
mampu]ate the genes that code for these enzymes. For instance,
biochemists discovered a strain of bacteria that is especially
good at producing phenvialanine, an argandc chemical needed
to make aspartame, the dipeptide sweetener better known as
MutraSweet”. They isolated, altered, and formed a vector for
the appropriate genes, so that various other bacteria could be
genetically engineered to produce phenylalanine.

Genetically Modified Plants
Technbgues have been developed o introduce foresgn genes into
immature plant embryos or into plant cells called profoplests that

Figure 5.5 Bioremediotion. Bocierio copobie of decompaosing ol
hove been enginecned ond patented by reseanchaers such os D Chaleoborty.

have had the cell wall removed. The protoplasts are treated with
an electric cusrent while they are suspended in a liguid contain-
ing foreign DNA_ The current creates timy, self-sealing holes in
the plasma membrane, through which the DNA can enter. These
treated protoplasts go on o develop inbo mature plants.

Forelgn gemes transferred to strains of cothon, corn, potato,
and even bananas have made these plants resistant to pests such
as fungl and insects, because their cells now produce a chemical
that i toxic ko the pest species. Similarly, sovbeans have been
made resistant to a commaon herbicide. Some corm and cotton
plants are both pest- and herbicide-resistant. A new strain of rice
called Golden Rice has been engineered bo have a higher vitamin
A content. These and other genetically modified crops are now
sold commercaally, with the goal of increased vields and better
niutrlent content. Like bacterla, plants are also I:-emb engineered
o produce human proteins, such as hormones, chotting factors,
and antibodles, in thelr seeds. One tvpe of antibody made by
corn can deliver radioisotopes to tumor cells; another. made h'l.r
sovbeans, can be used to treat genbtal herpes. Currently, tobacco
plants are being used to develop a vaccine against tooth decay.

Genetically Modified Animals

Techniques have been developed o insert genes into the eggs of
animals. [t & possible to microinect forelgn genes inbo eggs by hand,
but another method vses vortex. mixing The eggs are placed in an
agitabor with DNA and sillicon-cabide nesdles, and the needles
make tirmy holes through which the DNA can enter. When these
epps are fertilized. the resulting offspring e tmansgensc animals.
Through this technsqgue, marmy types of andmal eggs have taken up
the gene for bovine growth hoemone (bGH). The procedure has
been wsed bo produce larger fishes, cows, rabbits, and sheep.

Gene the use of transgeni frm animals o produce
pharmaceuticabs, is baing pursved by a number of Broms. Genes that
code for therapeutss and disgnostic probens are incorporated inkoe
an animal’s DMA, and the probeins appear in the animal’s milk. Tr-
als are under way for drugs that treat cvsbic fibsoss, cancer, blood
diseases, and other disorders. Figure 5.6 outlines the procedure
for producing transgensc manumals: DNA containing, the gene of
interest & injected into donor eggs. Following in viteo fertilization,
the zygotes are placed in host ferales, where they develop. After
female offspring mature, the product is secreted inthear milk

Cloning Transgenic Amimals

For many vears, researchers believed that adubt vertebrate ami-
maks could not be cloned, because cloning requires that all the
genes of an adult cell be turned on if development s o proceed
normally. This had long been thought impossible.

In 1997, however, Scottish scientists announced that they
had produced a cloned sheep, which they called Duolly. Since
then, calves, goats, rabhits, and even cats have also been cloned.
The technigues can be applied to produce populations of trans-
genke animals.

As shown in Figure 5.6, after enucleated eges from a donor
are micringecked with 2n nuclel from & single transgenic ankmal,
they are coaxed to begin development in vitro. Development

Camy ght 0 Mo L Dd uatian | et jO0 ECRP bmag e, 2k Wesl ool -on-Lin &8k my
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Figure 5.6 Tronsgenic mammals produce a product.  This
figure |ustrotes the basic procedure for generoting o tonsgenic andmal.

a. A bioengineered g9 devolops in a host o creale o tronsganic goot,
which produces o biotechnology prodadt in is milke b, Muclel from tha
tonsgenic good ore tronsferred into daonor eggs, which develop into cloned

onsgenic goois

continwes in host fernales untl the dones are born. The female
clones have the same product in thelr milk as does the origi-
nal ransgenic animal. Now that scentists have a way to cdone
animals, this procedure will undoubtedly be used routinely to
procure bistechnology products. However, animal cloning is a
difficult process with a low success rate (osually 1 or 2 viable
embryos per 100 attempts). The vast majorsty of cloning athempis
are unsuccessful, resulting in the early death of the done.

\E::

Embiryo develops Embryo develops
inta a fermalke. Nt & make
FEMALE MALE

Figure 5.7 Experimental use of mice. Bioonginooned mice
showed thot maleness & due to SRY DA

Compared with the production of proteins in bacteria, one
advantage of molecular pharming i3 that certain proteins are
more likely to function properly when expressed in mammals.
This may be due to specific protein folding or other modifica-
thoms thatl oocur in mammals but not in bacteria. In addition,
certain proteins may be degraded rapidly or folded improperdy
when expressed in bacteria. Furthermore, the vield of recom-
binant proteins in milk can be quite large. Eachdaclwcmw for
example, produces about 10,000 liters of milk per vear. In some
cases, a tramsgenic oo can prodoce appoximately 1 gram per
liter (gL} of the transgenic protein in its milk.

Applications of Transgenic Animals
Researchers are using transgenic mice for many different
research projects. Figure 5.7 shows how this t-echnu]ng\l has
demonstrated that a section of DMA called SRY (sex determin-
ing region of the Y chromosome) produces a male animal. The
5RY gene was cloned, and then one copy was injected into
single-celled mouse embryos. Injected embrvos developed inko
males, but amy that were not injected developed into females.
Eliminating a gene 15 another way o study a gene’s func-
ton. A kreckout morse has had both alleles of a gene removed or
made nonfunctional. For example, scientists have construcked a
knockout mouse lacking the CFTR gene, the same gene mutated
in eystic fibrosis patients. The mistant mouse has a phenotype
similar to that of a human with cystic fibrosas and can be used
b best nesw drugs for the treatment of the disease.
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5.3 Gene Therapy
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Upﬂl‘l -ED!'I'IFII.EI'.H!I‘I of this section, you !hﬂ'l.ll.d be -H:ILEI.D
1. DEstinguish betatesn in vivo and ex vivo gene therapy in
humans.

2. List examples af how in vivo ond ex vive gene theropy has
been used bo el human disense.

The manipulation of an organism’s genes can be extended to
humans in a process called gene therapy. Gene therapy is an
accepted therapy for the treatment of a disorder and has been
used to cure inborn errors of metabolism, as well as to treat
mwore generalized disorders, such as cardiovascular disease and
CATICET.

Viruses genetically modified to be safe can be used ko
tramsport a normal gene into the body. Sometimes the gene
is injected directly into a particular region of the body. In
the following sections, we discuss examples of ex vivo gene
therapy, in which the gene s inserted into cells that have
been removed and then returned to the body, and in vivo
gene therapy, in which the gene is delivered directly into the
body.

X vivD = 3 process that takes place outside of a iving omganism
i1 whvo = a process that takes place inside of o Iving organism

Ex Vivo Gene Therap].r

Childzen who have SCID (severe combined immunodeficiency)
lack the enzyme ADA (adenosine deaminase), which is involved
in the maturatbon of immone cells. Therelore, these children are
prone to constant infections and may die unless they receive
treatment. To carry out gene therapy, bone marrow stem cells
are removed from the bone marrow of the patient and are
infected with a virus thai carries a normal gene for the enzyme
into their DMNA. Then the cells are returned to the ;:lartlent
where it i hoped they will divide o produce more blood cells
with the same genes.

Ome of the garliest uses of ex vivo gene therapy was for
familial hvpercholesterolemia, a condition that develnj.ﬂ when
liver cells lack a receptor protein for removing cholesterol
from the blood. The high levels of blood cholesterol make the
patient subject to fatal heart attacks at a voung age. In this
procedure, a small portion of the liver was surgically excised
and then infected with a virus containing a normal gene for

the receptor before being returned o the patient. Patients
experienced lowered serum cholesterol levels following this
procedure. Scientists are investigating using ex vivo gene ther-
apv bo treat other human diseases, including some forms of
hemophilia
Orne type of ex vivo gene therapy is gene transfer by modi-
fied blood cells. This is used in the skin to treat skin cancer.
Another example = gene transfer by modified implants, such
a3 i5 used in the liver to treat familial bvpercholesterolemba [n
enothelivm, or blood vessel ining, gene transfer by implanta-
tion of modified implants is used o treat hemphlha and dia-
betes mellitus. And gene transfer by implantation of modified
stem cells is used in bone marrow to teeat SCID and sickle-cell
disease,

In Vivo Gene Therapy

Cystic fibrosis patients lack a gene that codes for a transmem-
brane carrier of the chloride jon. They often suffer from numes-
ous and potentially deadly infections of the respiratory tract.
In gene therapy triaks, th&ggmneededhem‘eqrsh: fibrosis is
spraved into the nose or delivered bo the lower respiratory tract
by adenoviruses. Another method of delivery is to enclose the
gene ina lipid globule called a Bposome. So far, thas treatment
has resulied in Emited success, but recent advances in the wse
of lentiviral vectors & promising. Lenthiruses have a long incu-
bation period and have been shown to be effective in infecting
Humg Hasue.

In cancer patients, genes are being used to make healthy
cells more bolerant of, and tumors more valnerable to, che-
motherapy. The gene p33 brings about apoptosis, and there is
much interest in introducing it into cancer cells that no longer
have the geme and in that way killing them off.

Sites for in vivo gene therapy include the brain, lungs,
blood, and mwscle. In the brain, gene transfer by injection
is vsed to treat Huntington disease, Alrheimer disease,
Parkinson disease, and brain tumors. The same therapy is
used in muscles to treat Duchenne muscular dvstrophy. In
the lungs, gene transfer by aerosol sprav &5 used to treat
cystic fibrosks and hereditary emphysema. Gene transfer by
Bone marrow transplant is used in the blood to treat sickle-cell
dizease.

Check Your Progress 53
f " . 3
1. Describe te methods thot ore being used to introduce |
genes fto humans. for gene Tenapy.
2. Discuss an example of e vive and of in vivo gene

therapy. ]
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5.4 Genomics
e - T T Y e S T TR
| Upon completion of this seclion, you should be obie 1o
1. Distinguish amang he Seiences of QEAOMICS, proleomics,
and Escefarmatics.
2. \dentify the function of repetifive slements, onsposons, and
unsgue noncodng DA sequences in the human genome.
3. Explain how DMA microanmys ane used n e Sudy of
HEROMIES.,
A

In the preceding century, researchers discovered the structure of
DMNA, how DNA replicates, and how DINA and BNA are bvolved
in the process of protein synthesis. Genetics in the bwenty-first
century comcerns ;m.uulu, the study n:t'gmnu:rmﬁ—uu.r COAT-
plete genete makeup and that of other organisms. Knowing the
sequence of bases in genomes 1s the first step, and thereafter we
want o understand the function of our genes and their introns,
as well as the intergenic sequences_ The enormity of the task can
be appreciated by knowing that there are appoodimately 6 billion
base nucleotides in the 2n human genome. Many other organ-
isms have a larger number of protein-coding pemes but fewer
noncoding regsons compared b the human genorme.

Sequencing the Genome

We now know the onder of the base pairs in the human genome.
This feat, which has been likened to arriving at the pertodic
table of the elements in chemistry, was accomplished by the
Human Genome Project (HGF), a 13-vear effort that involved
both university and private laboratories around the world.

In the investigators developed a baboratory pro-
cedure that would allos them ko declpher a shorl sequence of
base pairs, and then instruments became available that could
carry oul sequencing automatically. Over the 13-vear span,
DNA sequencers were constantly improved, and now modern
instruments can automatically analvze up to 2 million base pairs
of DNA i a 24-hour

Sperm DMA was the mahau!u[dmcelbr analysis, because
it has a much higher ratio of DINA o protein than other tvpes

Human Genome infron

ae, TR oo
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of cells. (Recall that sperm do provide both X and % chromo-
somes.) However, white blood cells from female donors were
alsy wsed im order to include female-originated samples. The
male and female donors were of European, African, American
iboth North and South), and Asian ancestry.

Mary small reglons of DNA that vary among individuals,
termed polvmorphisms, were identified during the HGP. Most of
these are séngle madetide polyrorplisires (SNPS); they vary by anly
one nuckestide. Mamy SNPs hove no effect; others may contribute
to ensvmatic differences affecting the phenotype. It's possible that
certain SN patterns change an individual’s suscepibility to disease
and alter his or her response to medical ireatments (see Chapler 16).

Determining the number of genes in the human genoms
required a numbser of techniques, many of which relied on iden-
tifying ENAs in cells and then working backward to find the
DA that can pair with each RNA_ Structural genomics—know-
ing the sequence of the bases and how many genes we have—is
nw being followed by functional genamics.

Estimates place the number of human genes between 21,000
and 23,000 The majority of these genes are expected bo code for
proteins. However, much of the human genome was formerly
described as “junk,” because it does not specify the order of
amino acids in a palypeptide. However, recall fom Chapler 12
that it is possible for RNA molecules to have a regulatory effect
in cells. We examine this in more detall in the nesd section.

Structure of the Eukaryotic Genome

Historically, geres were defined as discrete units of heredity that
corresponded to a locus on a chromosome (see Fig. 2 4). Prokary-
otes typically possess a angle circular chromosome with genes that
are packed together very dosely; eukaryotic chromosomes, in con-
trast, are much more comples: The pemes are seemingly randomly
distribubed along the length of a chromosome and are fragmenied
into exons, with mgery called imtrons scattered

the length of the gene (Fg. 5.9).

In general, more complex organisms have more complex
genes with more and larger introms. In humans, 95% or more
of the avesage prolein-coding gene s introns. Onee a gene is
tramseribed, the introns must be removed and the exons jolmed
together b form a functional mRENA ranscrpt (see Fig. 3.14).

inbargenic sequences

Gene 8 mRMA

Figure 5.9 Chromosomol DMA. A genome contoins protein-coding DA [exons) and noncoding D88, including introns [ight blu) ond other
Intorgenic seguences jrod) Ondy the exons ane presant in mERA ond spaecihy proboin syrthesis.



Once regarded as merely intervening sequences, intfons
are now attracting attenton as regulators of gene expression.
The presence of introns allows exons to be put together in vari-
oS sequences, 50 that different mENAs and proteins can result
from a single gene_ Introns might also regulate gene expression
and help determine which genes are to be expressed and how
they are to be spliced. In fact, entire genes have been foumd
embedded within the introns of other genes.

Intergenic Sequences

DNA oceur between genes and are referred bo as Inber-
genikc sequences (Fig. 5.9). In general, as the complexty of an
organdism increases, so does the proportion of its noncoding DA
sequences. Intergenic sequences ane now known bo comprise the
vast magoraty of human chromoesomes, and protein-coding genes
represant onlv about 1.5-2(F% of our total DNA. The remainder
of this DNA, once dismnissed as “junk DNAS is now thought o
serve many mportant funciions. Several basic types of intergenic
seqquenices ane found in the human genome, including (1) repetitive
elements, (2) transposons, and (3) unkgue noncoding DA The
muajority of intergenic sequences belong to this last class.

aa Coding
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Catogaries of DNA sequences
Repetitive DNA Elements

Repetitive DNA elements oocur when a sequence of bwo or more
nucleothdes s repeated many Hmes along the length of one or
maore chromosomes. Repetitive elements are very commson—
cosmprsingg mearly half of e human genome—therefore, many sc-
Hm_ﬂﬁhdlaulhalﬂinweﬂgnﬁhmmhmmtmhdmmﬁwed
Althowgh many scientists still desmiss them as having o function,
others point out that the centromenes and belomenes of chromo-
soimes are composed of repetithve elements, suggesting that repets-
tive DNA elements may not be as useless as once thought. For one
thing, repetstive DNA of the centromere could possibly help with
sepregating the chromosomes durimg cell division.

Repetitive DNA elements include tandem repeats amd
interspersed repeats. Tandem repeat means that the repeated
sequendces are next to each other on the chromosome. Tandem
repeats are aoflen referred to as satellite DA, because they have
a different density than the rest of the DNA within the chronse-
some_ The mumber and types of tandem repeats may vary signdfs-
cantly from one individual to ancther, making them imvalwabie

as indicators of heritage. One tvpe of tandem repeat sequence,
referred to as shor! toudem repeats, or STRs, has become a standand

method in forensie science for distinguishing one individual from
another and for determining familial relabionships (see page 247).

The second tvpe of repetitive DNA element is called an
interspersed repeat, meaning that the repetitions may be placed
intermittently along a single chromosome or across multiple
chrompsomes. For example, a repetitive DNA element, known
as the Alu sequence, Is interspersed every 5,000 base pairs in
human DNA and comprises neardy 5-6% of total human DNA,
Because of thelr common occurrence, interspersed repeats are
thought to play a role in the evolution of new genes.

Transposons
Transposans ane specific DNA sequences that heve the remarkable
ability to move within and between chromosomes. Ther mwove-
mient bo a new bcathon sometimes albers nerghboring genes, par-
ticularly decreasing their expression. In other words, a transposon
sometimes acts as a regulator gene. The movement of ransposons
throughout the genome is thought to be a driving force in the evolu-
tion of living organisms. The Al repetitive element is an example
of a transposon. In fact, many scentists now think that mamy
repetitive DN A elements were originally derived from transposons.
Although Barbara MceClintock First described these *maov-
able elements” im corn over 60 vears ago, it took time for the
scientific community bo fullv appreclal:e this revolutionary sdea.
In fact, their sngml'u:am:e- was only realized within the prast
lewdeeadeq.ﬁampnﬂmns,mmemm termed "jumping genes,”
have now been discovered in bacteria, frust flies, humans, and
many other organisms. MoClintock received a Nobel Prize in
1983 for her discovery of transposons and for her plonesring
wiork in genetics (Fig. 5.10).

Unique Noncoding DNA

Genes constitite an estimated 1.5% of the human genome,
and repetitive DNA clements make up about 44%; the func-
tion of the remaining half, or wnigee moncodiveg DNA, remains
a mystery. Even though this DMNA does not appear bo contain
any protein-coding genes, it has been highly conserved through
evolution. In the many millions of vears that separate humans
from mice, large tracts of this mysterious DNA have remained
almost unchanged. But if this DNA has no relevant function,
then whv has it been so meticulously maintained?

Ihe-:enlh- scienists observed that between T4% and 93% of the
gﬁhmhlrmwr{bﬁlmmﬂm inchuding marn of these unknown
sevuenices. Thus, what was once thoight o be a vast “junk DNA
wasteland” may be much more important than once thought and
may play active roles in the cell. Small-sized RMAS may be able to
carry oul regulatory functions more easily than proteins a8 times.
Mapmkﬂynmm%m&mh
what allows humans, for example, by achieve structural cormplexity
far beyond arything seen in the unicellular world. Together, these
findings have revealed a much more complex, dyvnamee genome
than was erwisioned mevely a few decades ago.

Revisiting the Definition of a Gene
Perhaps the modern definition of a gere shoubd take the emphasis

away from the chromosome and place it on the results of ran-
seription. Previously, molecular genetics conssdered a gene o
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Figure 5.0 Transposons moy couse gene mubations. o. & purplo-coding gene crdnorly codes for o purple pgment. b, & tronsposan “emps”
InSD the purplie-coding gene. This mutoted gene is unoble 1o code for purple pigmaent, and O white kemel resuls: ¢ indion com disploys o vorety of colars

and pottems dise o tronsposon ooty

be a nuclese ackd sequence that codes for the sequence of amino
acids in & protein. In contrast b this definition, geneticists have
known for some tme that all three types of BNA are transeribed
fromn DNNA, and that these BN As are useful products. We also know
that protein-coding reglons can be interrupbed by reghons that do
ot conde for a protean but do produce RNAs with various functions.
This kmowiedge on the ceniral dogrma of genetics and
recognizes that a gene product need not be a protetn, and a gene
need not be on one boous on & chromosome. The DNA sequence
that resulls in a gene product can be splat and be present on one o
several chromosomes. Also, amy DINA ssquence can result in one or
mre prodiscts. Furthermore, some prokaryobes have RNA genes.
In other wards, the genetic material need not be DNA. Again, we
can view this as a simple expansion of the central dogma of genetics.

Functional and Cnmpamt'ﬂre Cenomics

Since we now know the structure of our genome, the emp]'ua.-:j.a
today is on functional genomics and on comparative genomes.
The aim of functional genomics i to understand the exact role
of the genome in cells or organisms.

The Mature of Science faature, “Testing for Genetic Disor-
ders,” on page W, discusses the importance of a new technology

Table 51 Comparison of Sequenced Genomes

"ﬂe

that can be wsed to monitor the expression of thousands of
genes simultaneously. DMA microarrays, also known as DNA
chips or genome chips, contain microscople amounis of known
DA sequences fixed onto a small glass slide or silicon chip in
known locabons (see Fig. 5A). The use of a microarray can kell
you what genes ane turned on in a specific cell or organism at a
particular time and under what environmental circumstances.
When mBENA molecules of a cell or an organism bind through
complementary base pairing with the various DNA sequences
on an array, then that gene is active in the cell.

DA nucnnrranmmmmg]v avallable that rapddly dentify
all the mistatons in the genome of an irdividaal. This inforration is
called the person’s genetic profile. The genetic profile can indicate if
any genetic dlnesses are likely and what type of drug therapy for an
tness might be most appropriate for that indivedual.

The aim of comparative genomics s bo compare the human
genome b the genome of other organisms, such as the model
organisms listed in Table 51. Model organisms are used in
genetie analysic becawse they have many penetic mechanisms
and cellular pathways in common with each other and with
humans. Functional genormics has also been advanced through
the study of these genomes.

Much has been learmed by genetically modifiing mice; how-
ever, other model organisms can slso be used. Scientists inserted

2300 milllon
Estimoted Size 3,300 millcin bozas e 120 million bases 9 millon bases 12 million bases
Extimated Mumber
e =33000 ~33, 000 12500 26 SO0 e ) L]
AR . a8 a0 8 0 12 12



Nature of Science

Testing for Genetic Disorders

Genetic testing is required if prospective
parents are concerned oboutl beng oo
evs for oulosomal recessice disorders. If o
woman & alreody pregnont, the pofents
maoy wont to know § the unbom child hos
o digarder. If the womaon B not pregant, the
parents moy opt for testing of an embrgo
of egg before she does become pregnont
One woy bo detect genelic disonders is 1o
test the DA for muloted genes

Testing the DMNA

DMA testing ypically uses procedures thot
test for o specific genetic markar, or probe
the genome for sequences. of interest os-
ing DA microomoys. Testing for o genetic
morkées = similar i the troditional procedure
for DA fingerprinting, os discussed earlier
Az on exomple, consider thot ndividweods with
Huntington disease hove an abnormaliby in
the sequence of boses ob a particular oo
tior on o chromosome. An unusually long
STR con be found, whech in tum couses o
fromeshi#l mutation in o gene. The length of
the STR con be detecied with PCR

DMA Microarrays

With adwonces i robotic technology, it is
mow podxible 1o ploce the entire human
gename onba o single microarray (Fig. BA).
The mRMA from the crgonism or the cell to
be tested is labeled with o luorescent dye
ond odded 1o a chip. When the mRMAs bind
to the microarray, o Rsorescent pallern ne-
sults ond is recorded by o compater. Mow
the scientist knows whaot DMA is octive in
that cedl or cegamism A reseancher con use
this method 0 delermine the dfference
in gene expression between two different
cell igpes, such as betwesn Feer cells and
muscle cells,

& mautolion microarroy, the most com-
mon type, con be used to generate o
person’s genedic profile. The microarray
cortaing hundreds to thousands of krown
disenses-astociated mutont gene allefes.
Genomic DMA fom the ndividuol o be
tested is lobeled with o fluorescent dye,
then added to o mécrommay. The spots an
the microonoy fluoresce # the individual's
DMA hinds to the mutont genes on the chip,

indicoting that the individuol moy hove o
porticular disorder or is of risk for develop-
ing it laker in life. Thes technique con gemner-
ote 0 génetic profite guicker than the older
methods of DMA seguencing.

DMA microarrays con olso identsfy
genes associated with diseased tissves. The
investigolor applies the mEMA from nonmol
ond abnonmal Bssue 1o the microorray. The
inensity of Aporescense from o spot on the
microamoy ndicotes the omount of mRRA
crigEnating from thaol gene in the diseased
tissue refotive 1o the nomeal ssve. f agene
& octvated in the diseote, mare copees of
mRMA will bind to the microomoy than the
control e, and the spot will oppecs mare
red than green

Genomic microanroys ore also wsed
o identify links between diseose and chio-
meststal variglions. In this case, the chip
comtaing genomic DMA that is cul into frag-
ments. Ench spot on the mecroosmoy oome-
sponds to o known chromosomaol Llocotian.
Lobeled genomic DMA from ditecsed tis-
ses and control tEswes bind 1o the DNA
oni the chip, and the fluorescense from both
dyes it detesmined. B the number of copies
of cny particutor toeget DMA has increosed,

OMA, peolio amay

bind b pro b

iesting subjoct's DMA

Figure 54 Use of o DMNA microorray to test for o genetic disorder.

Esggod DA did

mare sample DMA will bind 1o thot spot on
the microoroy relgtive to the controd DA,
ond o difference in Rucrescence of the two
diyes will be detected

Home kits are now available o con-
sumers who wont their genetic profie. An
individual would subm#t o DMA saomple
ond receive o report wilh ower 240 pos-
sible conditions and traits, including corrier
siotus for various diseoses. Currently, the
US. Federol Dvug Administrotion (FOW) =
concerned about “folse” poaitives thot moy
couse consumers bo undergo unnedessary
medical procedures or undwe Stress and =
working with thess compaonies o Enprove
the product and the infosmotion refoyed to
CORSLEMErs.

Duestions o Consider

1 What benefits are there when using o
DA mecroomany over 0 genetc morker
such o= an STR?

2 Why maght o reseancher want to know
whot genes are being expressed in dil-
ferent cell lypes?

3 How might the informotion from a DRA
microanmy be wsed o devslop new
mesdicines to treat diseaze?

tagged DMNA cid not
bémd by proiben

Thiz DNA chip corfoins

rows of DA, sequences for mutotions thot indicole the presence of particulor genetic disorders. B
DA frogments derssed from an imdiadunt’s DA bind 1o 0 sequence representing o mutation on
b DA chip, thatl sequence fluonesoes, ond the indrsducl hos the mutobon
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a human gene associated with early-onset Parkinson disease
into Drasophile melancgoster, and the fhes showed symptoms
airmilar to those seen in humans with the disorder. This cuteome
suggested that we might be able to use these organisms instead
of mice to test therapies for Parkinson disease.

Comparative genomics also offers a way to study changes
in a genome over Hme, because the model ar&aﬂ]qm have a
shorter generation tme than humans. Comparing penomes
can also help us understand the evolubionary relabionships
between organisms. One surprising discovery s that the
genomes of all vertebrates are highly similar. Researchers
were mok surprised to find that the genes of chimpanzees and
humans are 8% alike, but they did mot expect to find that
our sequence 15 abso 85% like that of a mouse. Genomic com-
parisons will likeby reveal evolutionary relationships between
organisms never previously considered.

Proteomics

The entire collechion of a ﬂq:rurre-.t' proteins is the protecme.
At First, it may be surprising to learn that the proteome is
larger than the genome unbil we consider all the many regula-
tory mechanisms, such as alternative pre-mRNA 5p-h-:ln3, that
increase the number of possible proteins inan organdsm.

Protecandes Is the study of the structure, function, and
intersction of cellular proteins. Specific regulatory mecha-
nisms differ bebween cells, and these differences account for
the speclalization of cells. One goal of proteomics ks to identify
and determine the functon of the proteins within a particular
cell tvpe Each cell produces thousands of different proteins
which can vary not only between cells but also within each -nell
depending on circumstances. Therefore, the goal of proteomics
is an overwhelming endeavor. Microarray technology can assist
with this project, as can bedav’s supercompabers.

Computer modeling of the three-dimensional shape of cel-
lular proteins is aleo an important part of proteomics. If the
primary structuse of a protein = known, it should be possible
to predict its final three-dimensional shape, and even the effects
of DA mustations on the protein’s shape and function.

The study of protein function s viewed as essential to the
discovery of new and better drugs. Also, it mav be possible in

the future to correlate drug treatment to the particular pro-
teome of the individual to increase its efficiency and decrease

sade effects.

Bioinformatics

Bloinformatics s the application qiq:umpuk:' technologies, spe-
clally devebsped software, and statistical b < bo the shisdy of
bological informatson, particulardy databases that contain much
genoemibe and proteomic information (Fig. 511). The mew, raw data
produced by structural genomics and profecmdcs are stored in
databases that are readily avadable o research scienisds. They ane
called raw data becawse, as vet, they have ittle meaning. Functional
genomics and protesmics are dependent on computer analvsis o
find significant patterns im the raw data For example, BLAST,
wiicl stards for basic focal alignment search fool, &5 a computer

Figure 5.11 Bisinformatics. MNow competer progroms ose being
used to moke sense of tha raw dolo generoled by geromics cnd
profoamics. Bloinformotics ollows resoorchers bo study both funchonol ond
CoMmpanative genomics in a moeorkingiul woy.

program that can identify homologous genes among the genomic
sequences of model organisms. Homologous genes are genes that
code for the same proteins, although the base sequences may be
slightly different. Finding these differences can help trace the his-
tory of evoliution among a group of organkms.

Bioindormatics also has various applications in human genel-
ics. For example, researchers found the function of the protein
thai couses cystic fibrosss by using the computer to search for
genes in model organisoms that have the same sequence. Because
they knew the function of this gene in model organiams, they
could deduce the function in humans. This was a necessary step
toward possibly developing specific treatments for cystic fibrosis.

The human genome has 3 billion known base pairs, and
without the computer it would be almost impossible to make
sense of these data_ For exarmple, it 18 now known that an individ-
ual’s genome ofen confains multiple coples of a gene. But indi-
viduals may diffier as to the number of copées—called copy nummher
varinfions. It seems that the number of copies ina genome can be
assoclated with specific diseases. The computer can help make
correlations between genomic differences among large numbers
ufpmpl.e and disease.

It is safe to say that, without bicinformatics, progress in
determining the function of DNA SeqUEeNnces, COmparing our
genome to model organisms, knowing how genes and protelns
interact in cells, and so forth would be extremely sbow, The Evo-
lution feature, “Metagenomics,” on page 92, discusses the use
of bisinformatics in the new Held of metagenomics.

Check Your Progress 5.4

1. Distinguish between the genome and the proteame of
ool

2. Summarize he diference belwesn o short tandem
repeal and a ransposen.

3. Explain how the use of microarnsys and bisinfarmatics
gids in the 2iudy of genomics and proleomics.



BIG IDEA 1: Evolution

Metagenomics

In Figure 58, o0 microhiolagist dips o hand in
o pond to exbroct o muddy substonce teem-
ing with [#Fe. Whal microorganssms anre in
thes somple? How do the various macrobes
interact, and haw are they oll odopled to k-
ing in this envimnment? Thess are justa few
of many questians thot con be answened n
the field of metogenomics. Metogenomics
shudhes metagenomes—genetic moteriol ob-
taoined directly from environmentol semples
& brood somple of collected orgonims= of-
lowes. irvestigobort 1o determine ewvolution-
ary mteractions in o pofticulor emvircnment
by revealing the hidden biodiversity of mi-
crosoopes Lifs.

Traditionally, if o scientist wanbed bo
Imow whol microbiol species wene prescent
in o0 somple, he or she would hove bod bo
isolote one species fram onother and be oble
to culbure it o o loborobony bo obtain enough
DA for sequendng. Only the mosl oban-
dant species would be Eoloted ond cuttured,
resutting in o loss of the we biodiversiy that
octunlly existed n the sample. Methods howe
been developed to oddress this shodcoming.

Shotgun Sequencing

O of the methods employed i metoge-
nomics is the use of shotgun Sequencing,
technique olsa used in the Humon Genomse
Project Shotgun sequencing got #s mome
fraen the brood trapectony of budkshot o shot-
gun blost produces. Shobgun sequendng can
be likened to putfing ben copies of thes text-
book in o shredder, then toking those peeces

out and recstembling o complete baok. The
opproach randomily shears DMA,_ sequences
the short frogmenis, then regssembles these
sEquences irmto the cooredt order in what =
oolled o consensus sequence [Fig. SCL

When studying microbiol biodiersiby,
the scien sl feeds the sequence information
inba o computer, and bicinformotics softwone
begins the fillering process. Eukorgotic DA
omn be identified ond removed, keoving the
microbicl DNA behind for onoiysi. The big-
gest chollenge Scierisis fooe working o
metogenomics B the encrmous sare of the
frogmented dota. Genes isoboted from the
microargonans in the human gut revealed
3.3 million genes, requsing close o 570
gigoboses of sequence dota. Colledting and
onalyzing doto <ets of this sire & o difficott
compuiotionol chalenge. Maony of these
chollenges one being met by softwore de
welopers working in bicanformatics.

Studies Using Metogenamics

Investigators working with the Son Diego
Zoo were interesied in the gut microbes
that inhobit wariows species of maommals.
They osked, does each type of mommal
howe its own community of microbes? The
study analyzed the fecal DMNA from 34
mommalian specks, including humans,
ond determined whot microbes fived o
the gut of eoch species. Most of the kecal
sampdes were obtained from oo animals
wilh closely monitored diets, as well os
humans who kept o strict food diary. The

L Cut DiMA of ontira

feagmenis and clomsa.

chromosome i small

Z. Spquence each segmant

T A :
Figure 58 Obtoining an envircnmentol somple.
Soentists imerested in microbiol diversity con collect o
somple of mixed species ond use metogenomics bo onolyze
whiol species ond genes are present.

results showed thot the oied of momemaols,
not the specific species of thal mosmemal,
determines what microorgonems e in
the gul The collection of gul microbes s
conderved ocnoss mommolion species, de-
pending on what they eat If o mamenal i
an herbivore, oane set of mecrabes exists w
the gut compared with the mommaols thot
Ore eTnivores Or COMivores.
Metngenomics con olso be used os o
diogniostic ool to discover cousctive ogents
of diseases. Rececrchens working on a dis-
ease affecling boo constriciors suspected
thaot o wvirus wos to blome. DMA from af-
fected and heotthy snokes wos obtoined,
and ofl the snalios DA was @llered out wsang
o compuder The resulting DA sequences
revealed orenoviruses and o virus thol wos
o hybrid of teo previously identified viuses.
The resudis not only confirmed that the
snoke disease was viral but olso had bonger
implicoions for wiral evolution—amrenow-
ruses were only previously known bo infec
mommals and hod never been adentified n
replies. This discoveny opened up mony
guestions about host range, evolution, ond
mechonisms of pothogenesis of viruses.

Cuestions to Consider
1 Why & melogenomics wsed versus tna-
ditional genomic technigues?
2. Why is sholgun sequencing used in this
field of skudy?®
3. Why is memgenomics closely ted o
evoluonary biology?

Figure 5C Shotgun sequencing method. The metogenome of on
environmentol somple is frogmented mto smoll dones ond sequenoed
Computers ossemble ond onolyze DMNA sequences
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CHAFTER §  Biotechnology and Cencanics

REVIEWING the BIG IDEAS

unexpected relationships. 1.8 4 b3

Modem technology allows comparisens of ganames of erganisms from every m.m.mnﬁng.m and sovelimes

Gemes from wirluolly everny arganism con be cloned using i vivo plosmid-bosed transformaotion technalogy: multiple
copies of o DNA seguences can be produced in vithe using PCR. 3.A1elE

Electrophoresis and restriction enzymes o widely used for DHA anolysis, 3A Le iF

Genetically medified argoniams [SMO=), including tronsgenic ond cloned animals and plants, heve been enginesred 1o
odd beneficial characteristics of o produce novel protein products such os pharmaceuticals. 3.4 LLE

& SUMMARIZE =]

AP Answering the Essential Questions

Genetic engmeering lechnigues enoble scientisis to monpulote
the herfoble informotion stosed in DA and, In special coses, RA
Usimg model ongonisms os 0 guide, geneticists ore oble to recombine
DA molecules, cione onimols ond plonts, and produce tronsgenic
organisms such os trees (or mice] thot fuoresce n the dark. We
likwely hove eoten geneticolly modified foods, ond you maoy know
someane who hos received gene theropy to freat o disease. We
certainly have seen exaomples of how DMNA onolysis is used o sobae
crimes. From on evolutionary stondpoint. the field of companative
penomics is yielding wolvoble new insights into the nelotonship
OMONg sEeeches.

DMA biotechnology One esomple of DMA technology invoives
cloning. Cloning produces geneticoily kdentioal copies of DNA, celis,
or erganisms. Gene cloning results when o gene is isoloted ond many
copies ore produced. The gene con be studied i the Llobomtony or
inserted into o boderien, plont, or on onmol, creoting tronsgenic
orgonisms. Then, this gene moy be tanscribed ond tronsloted fo
produce o profein, which con become o commercol product or o
medicine such os humon nsulin. When o gene & inserted nto o
haman, the process i colled gene theropy. Gene thempy hos been
u=med in the fight ogainst concer, oystic fibrosss, and cordiovascular
dizeose.

Two methods ore currently ovoiloble for making copies of DA
recombinont DMA technology ond the polymerose chaoin reoction
[PCR). Recombinant DA contoins DMA from two different sources. A
restriction enzgme is used to cut or cleove plosmid fvector) DNA ond
foreign |domnodf DNA ot specific regions. The resulting “sticky ends®
focilitobe the insertson of foreign DNA nto vector DMNA, and the foreign
gene is sealed into the vector DMA by DMA ligose. Both bocteriof
plosmids ond viruses con be used os weciors 1o corry foreign genes
into bocteriol host celis. PCR uses the enzyme DNA polymerose
[which we studsed in Chaopter 3) to quickly moke multiple copies of o
specific piece {torget] of DNA. PCR is @ choin reoction becouse in the
lab the torgeted DMA con be replicoted ower ond over agaoin. Anolysis
of DNA segments using gel electnophonesis following PCR hos all sort
of uses from ossisting genomic research to doing DINA fingerprinting
for the purposes of sdentifying individuols ond confaming poternity.
Even mare precise DMA fingerprinting con be occomplished by toking

odvontoge of short tondem repeats (STR) present in the genomes of
ol orgonisms.
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Ancther exsomple of how biotechnology is used = the oeotion of
transgenic organisms. olso colled geneticolly modified orgonisms
{GMO<), which hove hod o foreign gene mseried imbo them. Geneticoliy
modified bocterio, ogricultenl plarts such o= corn, ond fom animaols
now produce biotechnology products of interest to humaons, such os
hormones ond woocines. Boctena wsunlly secrete the product, ond the
seeds of pionts ond the milk of onimols contoin the product Troms:
genic bocterio howe been enginesred to promobe the bealth of plonts,
extroct minenals, produce chemicols, ond perdonm bicremediation {sob-
ing environmeniol issues such os contomination). Tronsgenic crops that
ore engineered 1o resist herbicides and pesis ore commercolly ovail-
oble. Questions emenge from these lechnologies, inchading the sofety
of geneticolly modified foods

Genomics Using bistechnology, researchers in the field of genom-
ics lmow the sequence of all the bose poirs olong the length of human
chromosomes, This ochsevement, known ot the Humon Genome
Project, helped researchers idertify arownd 21,000 genes thot code
for proteins—obout 15% of the humon genome. The rest of ocur DNA
consists of regiors that do not code for proten, ond the informaotion that
wors once considered “junk DNA" jeg, tondem repects ond tronspo-
=ons) is now believed to be more octeee in genome evolution thon once
thought. Other noncoding regions moy be invoived in reguloting gene
expression. Theough genomecs, scientists are woskdng o understond
the function of the protein-coding regions and noncoding regions of
our genomes. Compaonative genamics hos reveoled thaot Btle difference
exists between the DMA sequence of owr boses and those of many
other orgonisms, increasing ow knowledge of evolutionony relotion-
ships among speces.
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ASSESS -

Choose the best onswer for each question.

51 DMA Cloning
1 Restriction enzymes in bocteriol cells ore ordinarity used

a.
b.
e
d.

during DNA replicotion.

to degrode the bocteriol cellls DMNA

to degrode virol DMA thot erters the cell
to aftoch pieces of DMA together

2. Using the key, put the phrases in the comect order to form o
plosmid-corrying recombinant DA,

o oo ﬂ-Lth.'l—"E

use mestriction enmymes

. use DA ligaose

. remosve plosmid from porent bocterism

. introduce plosmid into new host bacterium
212,34

- 4,321

3124

. 2,314

3. The polymesose chomn reoction

a.

b.
-
d.

uses ANA polymerose.

todoes ploce in huge biomeoctors.

uses 0 iemperoiune-insenstive enryme.
mokes kots of nonidenticol copies of DA

5.2 Blotechnology Products
4. Boctena ore able o successfully tronsoibe and tronslobe human
gencs becouse

o.
b.
e
d.

both bocterio ond humons conton plasmid vectors.
bacterio con replicote their DA but humons. conmot.
fusman ond bocteriol ribesomes ore vastly different.
the genetic code & neorly urrsersal

5 ‘Which of these is on ncorrect stolement 7

a.

b.

=

d.

Bocterm usualiy secrete the biotechnology product imbo the
mediim.

Plonts ore being engineered to howve humon proteins o their
soes.

Animals are engineered to hove o humon protein in

thesir milk

Animals con be cloned, but plants ond bodiena connot:

B. 'Which is not a correct associotion with regard to bioengineering?

o.
hb.
C
d.

plosmid os a wedor=ocienio

protoplost os 0 vector=plomnts

RPA vinus o= 0 wector=hwuman stem cells
Al of thewe ore comect.

6.3 Gene Therapy

7. ‘When o cloned gene i used to modify o humon diseose, the
process s colled

.
b.
=
d.

bicremediotion.
gene theropy.
genetic profilng.
gene pharming.

8. Which of the following delbvery methods is not wsed in gene
theropy?
. virus
b. no=ol sproys
c. lipocsomes
d. eleciric currents

5.4 Genomics

9. A genetic profile con
0. msit on ndivideal in maintoining good heolth.
b. =show how maony genes ore normaol.
€. be oooomplished utilisng o microormoyg
d. Both o ond c ane correct
10. Which iz o true stotement?
a. Genomics would be slow going without bioinformotics.
b Gemomics is refoted bo the field of profeamics.
c. Genomics shows thot we ore relcted 1o oll other orgonisms
tested so for
d. AR of these ore correct

11. Which of the following wos used to find the function of the:
cystic fiwosis gene?
0. mECToarnoy
b. proteomics
€. comgargtive genomics ond bioinfomatics
d. sequencing of the gene
12. RAepetiiive DA clements

o. may be tondem or spreod ocross severol chromosomes.
b. are found in centromenes and tolomenes.

c. make up nearly hof of humon chromosomes.
d. Al of these ore coiTect
13. Biginfoemobics can
0. ossist genomics ond proteomics.
b. compare ouw genome to thot of a primate.
c. depend on computer iechnology
d. Al of these ore correct
4. Prodeomics s used 1o discover
o. what proteins ore octive inwhot cells.
b. the strectlune and function of profens.
c. how peoteins interoct.
d. Al of these are correct

B ENGAGE —
AP Applying the Big Ideas

1 m‘ﬁ:ﬁﬂdufcmm?mnﬁhghldmg\dmble
mew msights nto the redotionships between species, impocting
toxonomy and evolutonony bictogy.

o. Dexcribe TWO kinds of doto thot could be collected by =ci-
entists {0 provide o direct onswer to the queston, how s the
conoept of biologeool evcdution supported by genomics?

b. Exploin how the dolo you suggested in port (o) would prowide
o direct answer bo the question.

2. EEETED identify ond describe of leost TWO commanly wmed
genetic engineening fechnologies used by scientists bo manipulate
heeritoble information.
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CHAFTER 5 Biobiechnodogy and Crenoamics

AP Applying the Science Proctices

How con DNA microarrays be used to dossify types of prostote
omnoer? The gene expression profiles between normol prosioie cells

and prostote concer cells con be compored w=ng DA m CEOOmay

Diata and Observations

The diogrom shows o subset of the doto obtained
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Thirk Critieally
1. Coloulabe the pes

cotoutole fhe pes

2. Exploin why % ofs are black

a3

Apply Concepts How would you choose o gene to study as o
couse of prostate concer?
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