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Sntall Molecules, Energy, 
and Biosynthesis 

''I must tell you that l can prepare urea without requiring a kidney or an animal, 
either man or dog." This sentence, written 165 years ago by the young German 
chemist Wohler, signaled an end to the belief in a special vital force that exists 
in Living organisms and gives rise to their distinctive properties and products. But 
what was a revelation in Wohler's time is common knowledge today-living crea-
1ures are made of chemicals, obedient simply to the laws of chemistry and phys­
ics. This is not to say that no mysteries remain in biology: there are many areas 
of ignorance, as will become apparent in later chapters. But we should begin by 
emphasizing the enormous amount that is known. 

We now have detailed information about the essential molecules of the cell­
not just a small number of molecules, but thousands of them. In many cases we 
know their precise chemical structures and exactly how they are made and bro­
ken down. We know in general terms how chemical energy drives the biosyn­
thetic reactions of the cell, how thermodynamic principles operate in cells to 
create molecular order, and how tl1e myriad chemical changes occurring continu­
ously within cells are controlled and coordinated. 

In this and the next chapter we briefly survey the chemistry of the Living cell. 
Here we deal with the processes involving small molecules: those mechanisms 
by which tile cell synthesizes its fundamental chemical ingredients and by which 
it obtains its energy. Chapter 3 describes the giant molecules of the cell, which 
are polymers of a subset of the small molecules; these polymers are responsible 
both for the specificity of biological processes and for the transfer of biological 
information. 

The Chemical Components of a Cell 

Cell Chemistry Is Based on Carbon Compounds 1 

A Living cell is composed of a restricted set of elements, four of which (C, H, N, 
and 0) make up nearly 99% of its weight. This composition differs markedly from 
that of the earth's crust and is evidence of a distinctive type of chemistry (Fig­
ure 2-1). What is this special chemistry, and how did it evolve? 

The most abundant substance of the living cell is water. It accounts for about 
70% of a cell's weight, and most intracellular reactions occur in an aqueous en­
vironment. Life on this planet began in the ocean, and the conditions in that 

2 
• The Chemical Components 

of a Cell 

• Biological Order and Energy 

• Food and the Derivation 
of Cellular Energy 

• Blosynthesis and 
the Creation of Order 

• The Coordination of 
Catabolism and Biosynthesls 

41 
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THE AMINO ACID 

The general formula of an amino acid is 

amino 
group 

a-carbon atom 

carboxyl group 

side-chain group 

R is commonly one of 20 different side chains. 
At pH 7 both the amino and carboxyl groups 
are ionized. 

H 
0 I 0 

H2N-C-COO 
I 
R 

PEPTIDE BONDS 

OPTICAL ISOMERS 
The et-carbon atom is asymmetric, which allows 
for two mirror image (or stereo-) isomers, D and L. 

Proteins consist exclusively of L-amino acids. 

Amino acids are commonly joined together by an amide linkage, 
called a peptide bond. 

p1 ptlde bond: The four atoms in each gray box form a rigid 
planar unit. There is no freedom of rotation about the C-N bond. 

H H 0 
' I ~ + N-C-C 
/ I ' H OH R 

Proteins are long polymers 
of amino acids linked by 
peptide bonds, and they 
are always written with the 
N-terminus toward the left. 
The sequence of this 
tripeptide is His Cys Val. 

FAMILIES OF 
AMINO ACIDS 

The common amino acids 
are grouped according to 
whether their side chains 
are 

acidic 
basic 
uncharged polar 
nonpolar 

These 20 amino acids 
are given both three-letter 
and one-letter abbreviations. 

Thus: alanine ; Ala A 

R H 0 
' I ~ N-C-C 
/ I H H 

amino or 
N-terminus 

' OH 

H10 

J 
SIi 
I 

H 

H 

H 

' I 
N-C 

/ I 
R 

H CH H 

0 D 

0 
II I ~ 
C-N-C-C 

I 
II 

I ' OH II 

carboxyl or 
C-terminus 

I II I 
2 

I I 
+H N-C-C-r---v1C-N-C-COO 3 

I I n I 
CH2 H O CH 

J ~ CH 

/ 

HN These two single bonds, on either side of the rigid peptide unit, 
exhibit a high degree of rotational freedom. 

BASIC SIDE CHAINS 

lysine 

(Lys, or K) 

This group is 
very basic 

arginine 

(Arg, or R) 

H 0 
I II 

-N-C-C-
1 I 
H CH1 

I 
CH1 
I 

CH1 
I 

because its NH 

positive chargei I 
is stabilized by ~c, 
resonance. •H 3N NH2 

histidine 

(His, or H) 

H 0 
I II 

-N-C-C-
1 I 

II CH2 
I 

C 

HN CH 

/HC-N~ 

These nitrogens have a 
relatively weak affinity for an 
Wand are only partly positive 
at neutral pH. 

56 Panel 2 5 The 20 amino acids Involved In the synthesis of proteins. 
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ACIDIC SIDE CHAINS 

aspartic acid 

(Asp, or D) 

H 0 
I II 

-N-C-C-
1 I 
H CH2 

I 
C ~" 0 o-

glutamic acid 

(Glu, or El 

H 0 
I II 

-N-C-C-
1 I 
H CH2 

I 
CH2 
I 

C ~, 
0 o-

Amino acids with uncharged polar side chains are relatively 
hydrophilic and are usually on the outside of proteins, while 
the side chains on nonpolar amino acids tend to cluster 
together on the inside. Amino acids with basic or acidic 
side chains are very polar, and they are nearly always found 
on the outside of protein molecules. 

The one letter code in alphabetical order: 

A=Ala G =Gly M = Met S = Ser 
C= Cys H = His N =Asn T = Thr 
D =Asp I = lieu P = Pro V=Val 
E = Glu K = Lys O=Gln W=Trp 
F = Phe L = Leu R =Arg Y = Tyr 

UNCHARGED POLAR SIDE CHAINS 

asparagine 

(Asn, or N) 

glutamine 

(Gin, or 0) 

H O H 0 
I II I II 

-N-C-C- -N-C-C-
1 I I I 
H CH2 H CH2 

I I 
~C CH2 

0 'NH I 

~H, 

Although the amide N is not charged at 
neutral pH, it is polar. 

serine 

(Ser, or S) 

H 0 
I II 

-N-C-C-
1 I 
H CH2 

I 

threonine 

(Thr, or T) 

OH OH 

tyrosine 

(Tyr, or Y) 

H 0 
I II 

-N-C-C-
1 I 
H CH2 

The -OH~roup is polar._/ ______ _ 
OH 

NONPOLAR SIDE CHAINS 

H 0 
I II 

-N-C-C-
1 I 

H H 

alanine 

(Ala, or A) 

It 0 
I II 

-N-C-C-
1 I 
H CH3 

leucine 

(Leu, or L) 

H 0 
I II 

-N-C-C-
1 I 
H CH2 

I 
CH 

/ " CH3 CH1 

proline 

(Pro, or P) 

H 0 
I 11 

-N-C-C-

/ " CH2 CH2 
~ / 

(actually an CH2 
imino acid) 

methionine 

(Met, or Ml 

H 0 
I II 

-N-C-C-
1 I 

H CH2 
I 

CH2 

I 
S-CH 3 

H 0 
I II 

-N-C-C-
1 I 

H CH2 
I 
SH 

glycine 

(Gly, or G) 

valine 

(Val, or V) 

H 0 
I II 

-N-C-C-
1 I 

H CH 
/ " CHJ CH1 

isoleucine 

(lleu, or I) 

H 0 
I II 

-N-C-C-
1 I 
H CH 

/ " CH3 CH2 
I 
CH3 

phenylalanine 

(Phe, or F) 

H 0 
I II 

-N-C-C-
1 I 

H di' 
tryptophan 

(Trp, orW) 

H 0 
I II 

-N-C-C-
1 I oJH 

H 

cysteine 

(Cys, or C) 

Paired cysteines allow disulfide bonds to form in proteins. 

57 
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Macro1nolecules: 
Structure, Shape, 
and Inforntation 

rn moving from th smaH molecules of the cell to th giant macromolecule , we 
encounter a transition of more than siz alone. Even though proteins, nucleic 
acids, and polysaccharides are made from a Ii mited repertoire of amino acids, 
nucleotides, and ugars, respectively, they can have unique and truly astound­
ing properties that bear little resemblance to those of their simple chemical pre­
cursor . Biological macromolecule are compo ed of many thousands-some­
time millions-of atoms linked together in preci ely defined spatial 
arrangements. Each of these macromolecules carries specific information. Incor­
porated in its structure is a series of biological messages that can be "read" in its 
interaction with other molecule , nabling it to perform a precise function. 

In this chapter we examine the structure of macromolecules, emphasizing 
protein and nucleic acids, and explain how they have adapted in th course of 
evolution to perform specific function . We consider the principles by which 
these mole ules catalyze chemical tran formations, build complex multimoJecu­
lar structures, generate movement, and-most fundamental of all-store and 
tran mit hereditary information. 

Molecular Recognition Processes 1 

Macromolecules typically have molecular weights between about 10,000 and l 
million and are intermediate in size between the organic molecules of the cell 
cliscussed in Chapter 2 and the large macromolecular assemblies and organelles 
that will be discus ed in sub equent chapter (Figure 3-1). One small molecule, 
water, con titutes 70% of the total mass of a cell; nearly all of the remaining cell 
ma sis due to macromolecules (Table 3-1). 

As de cribed in Chapter 2, a macromolecule i assembled from low­
molccular-weight subunit that are repeatedly added to one end to form a long, 
chainlike polymer. U ually only one family of subunits is used to construct each 
chain: amino acids are linked to other amino acids to form proteins, nucleotides 
are linked to other nucleotides to form nucleic acids, and sugar are linked to 
other sugars to form poly accharides. Because the precise sequenc of subunits 
is crucial to th function of a macromolecule, it biosynthesis requires mecha­
nisms to ensure that the correct ubunit goes into the polymer at each position 
in the chain. 

3 
• Molecular Recognition 

Processes 

• Nucleic Acids 

• Protein Structure 

• Proteins as Catalysts 

sugars, amino acids, 
and nucleotides ~0.5-1 nm 

•• 

globular proteins -2-10 nm 

ribosome ~30 nm 

Figure 3-1 The size of protein 
molecules compared to ome other 
cell components. The ribosome is an 
important macromolecular assembly 
composed of about 60 protein and 
RNA molecules. 

89 
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Table 3-1 Approxlmat ompo ltlons ofa TypicaJ Bacterium and a 
Typlcal Mammalian 

Percent ofTotaJ Cell Weight 

E. Coli 
omponent Bacterium Mammalian Cell 

lhO 70 70 

Tnor;anic ions t 
Ca+, l , tc.) 

a•. K'. Mt(♦• 1 

is ellaneou small metabolite 3 3 
Proteins 15 18 
RA 6 l.1 
ON 1 0.25 
Pho pholipid 2 3 
Other lipids 2 
Polysaccharide 2 2 

TotaJ cell volum 2 10 12 cm3 4 X 10 cm3 

Relative cell vol um l 2000 

Proteius, poly accharide , D A, and R1 A are macromolecul . Lipids are not generally classed 
a macromolecule even though they hare some of their features; for example, most are yn­
thesized as linear polymers of a sma!Jer mol cul [th acetyl group on ac ,1yl CoAJ, PU1d they If­
assemble into larger structure (m ·mbr n s). otc thal wat rand pml in compri mo t of the 
mass ofbolh mammalian and ba teriaJ II . 

The Specific Interactions of a Macromolecule Depend 
on Weak, Noncovalent Bonds 2 

A macromolecular chain is held together by covalent bonds, which are strong 
enough to preserve the sequenc of subunits for long p ri d f lim . Although 
the sequence of subunits determine the information content of a macromol­
ecule, utilizing that information depends Largely on much weaker, 11011covale11t 
bonds. These weak bonds form b tween different parts of th ame macromol­
ecule and between different macromolecule . Th y therefore play a major part 
in determining both the chree-dimen ional tructure of macromolecular chains 
and how these structures interact with one another. 

Th noncoval nt bond encountered in biological mole ul • ar u ually da -
if1ed into three types: ionlc bond , hydro en bond , and· an der WaaJ attrac­

tions. Another important weak force is created by th threc-dimen ional struc­
ture of water, which force exposed hydrophobic group togeth r in ord r to 
minimiz_e their di ruptive effect on the hydrog n-bonded n twork of wat r mol­
ecules (s e Panel 2-1, pp. 48-49). This expulsion from the aqueou oJution gen­
erate what is sometimes thought of as a fourth kind of weak, noncovalent bond. 

h e t ur typ of weak attractive force are the ubje t of Panel 3-1, p g 
92-93. 

In an aqueou environment each noncovalent bond is 30 to 300 time weaker 
than th typical covalent bonds that hold biological molecule together (Table 
3-2) and only lightly , tronger than che average en rgy of th rmal colli ion at 

ENERGY 
CONTENT 
(kcal/rnole) 0.1 

average 
thermal mo11ons 

1~ 

noncovalent 
bond in waler 

10 

C-C 
bond 

100 1000 

green complete 
light glucose oxidation 

90 hapter 3 : Macromolecule : tructure, Shape, and Information 

Fl ur 3-2 Comparative energl of 
ome important mole ular events in 

cells. ote lhat energy i displayed on 
a logarithmi cale. 
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Lrength (kcal/mole)* 

Bond Type Length (nm) ln Vacuum In Water 

Covalent 0.15 0 0 
Ionic 0.25 80 3 
Hydrogen 0.30 4 I 

van der Waals attraction (per atom) 0.35 0.1 0.1 

*The trength of a bond can be rn asured by Lhe nergy r quired to hreak it, here giv n in kilo­
calorie per mole (kcal/mole). (Orie kilocalorie i che quanlity or nergy need d 10 rai lhe 1em­
perarure of 1000 g of water by 1°C. An altemativ unil in wide u i the ilojoul , kl, qual 10 
0.24 kcal.) Individual bond vary a great deal in trength, d p nding on th atom involv d and 
their preci e environment, so that the above values are only a rough guide. OL that th aqu u~ 
nvironment in a cell will greatly weaken bo1h 1he ioni and lh hydrog n bond between 

nonwater molecules (Panel 3-1. pp. 92-93). The bond length i th c nter-to-c nt •r di lane b -
tw en the rwo interacting atoms; lhe length given here for a hydrog n bond i that b I\ cen it 
two nonhydrogcn atoms. 

37° (Figure 3-2). ingle noncovalent bond-unlike a ingle covalent bond­
i th r fore too weak to withstand th thermal morion that tend to pull mol­
ecule apart. Large number of noncovalent bond are n eded to hold two mo­
lecular urfa tog ther, and these can form between two urfac only when 
larg number of arom on the urface are pre i ely mat hed to ach oth r (Fig­
ure 3-3). The xacting requirements for matching account for the p ificity of 
biological r ognition, uch a occur between an enzyme and il ub tral . 

A explained al th top of Panel 3-1, atom behave almost a if th y w r 
hard phere with ad finite radiu (their van der Waals radius). The requir ment 
that no two atoms ov rlap limil the po sible bond angJe in a polypeptid chain 
(Figure 3-4). Th e and oth r l ric interactions severely con lrain th numb r 
f thr -dim n ional arrangem nt of atoms (or conformation ) that are po -
ibl . v rthcle , a long flexible chain such a a protein can till fold in an 

enormou number of way . ach conformation will have a different set of weak 
intrachain int raclion , and it i the total strength of the e interactions that de­
termine which conformations will form. 

Mo t prot ins in a cell fold stably in only one way: during the cours of evo­
lution the qu nee of amino a id subunits in each protein ha been s le t d 
that one conformalion is able to form many more favorable intrachain inter­
action than any other. 

molecule A randomly encounters 
other molecules (B. C, and D) 

Molecular Recognition Proce e 

(( 

(( 

({ 

Figure 3-3 oncovaJent bonds. I low 
\ eak bond m diate re ognicion 
b tw en macromol cul . 

the surfaces of molecules A and B, 
and A and C, are a poor match and 
are capable or forming only a few 
weak bonds; thermal motion rapidly 
breaks them apart 

the surfaces of molecules A and D 
match well and therefore can form 
enough weak bonds 10 withstand 
thermal motion; they therefore 
stay bound to each other 

91 
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VAN DER WAALS FORCES 
At very short distances any two atoms show a weak bonding 
interaction due to their fluctuating electrical charges. This force 
is known as van der Waals attraction. However, two atoms will very 
strongly repel each other if they are brought too close together. This 
van der Waals repulsion plays a major part in limiting the possible 
conformations of a molecule. 

t 
>-
Cl 
a: 
w 
z 
uJ 

C: 
0 

"iii 
;; 
Q. 

e 
C: 
0 
•;; 
0 

~ 
t:: 
"' 

0 distance between atoms -

van der Waals force equilibrium at this point 

HYDROGEN BONDS 
A hydrogen atom is shared between 
two other atoms (both electronegative, 
such as O and NJ to give a hydrogen bond. 

covalent bond hydrogen bond 
- 0.1 nm long ~ 0.2 nm long 

Hydrogen bonds are strongest when the 
three atoms are in a straight line: 

"--o-H llll lllllO~ ~N-H llll I I lcf' 

Examples in macromolecules: 

Amino acids in polypeptide chains hydrogen-bonded 
together. 

I 
I 
I 

R-C-H 

I 
I 
I I 

C=O llllllllll H-N 
I I 

R- -H l+-C-R 
I I I 
C=O 1111111111 H-
I I 

Two bases, G and C, hydrogen-bonded in DNA or RNA. 

H ~ H 
'- /N-Hlllllllo~ """ / 

c-c '-1::c-c/ c 
II , I ~ I 

H- C N Ill IIIIIH- N C -N 
I I 

-C~ C=N 
/ '-1::0 llllllllH- N" 

'H 

Each type of atom has a radius, known as its 
van der Waals radius, at which van der Waals 
forces are in equilibrium. 

0 
1.2 A 

(0.12 nm) 
2.oA 

(0.2 nm) 

N 

1.5 A 
(0.15 nm) 

0 

1.4}., 
(0.14 nm) 

Two atoms will be attracted to each other by van der Waals forces 
until the distance between them equals the sum of their van der 
Waals radii. Although they are individually very weak, these van 
der Waals attractions can become important when two 
macromolecular surfaces fit very close together. 

WEAK CHEMICAL BONDS 
Organic molecules can interact with 
other molecules through short-range 
noncovalent forces. 

Weak chemical bonds have less than 1/20 the strength of a 
strong covalent bond. They are strong enough to provide 
tight binding only when many of them are formed 
simultaneously. 

HYDROGEN BONDS IN WATER 
Any molecules that can form hydrogen bonds to each other 
can alternatively form hydrogen bonds to water molecules. 
Because of this competition with water molecules, the 
hydrogen bonds formed between two molecules dissolved 
in water are relatively weak. 

peptide 
Q bond 

I II I o / 
-C-C-N-T- 2H20 I II J 

I I i-C-C-N-C-
= I I I = H 

/0 --- § H~ 
0 
I 

HH] -0--

1 II 

H 

0 
I II I 

-C-C-N-C-
1 I I 

H 

-C-C-N 
I I 

H 

I 
c-
l 

The principal types of weak noncovalent forces that hold macromolecules together. 
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HYDROPHOBIC FORCES 

IONIC BONDS 

Ionic interactions occur either between 
fully charged groups (ionic bond) or 
between partially charged groups. 

6 

The force of attraction between the two 
charges 6~ and 6- is 

force = 6~ 6~ (Coulomb's law) 
r D 

where D = dielectric constant 
(1 for vacuum; 80 for water} 

,.,. distance of separation 

In the absence of water, ionic forces 
are very strong. They are responsible 
for the strength of such minerals as 
marble and agate. 

NaCl 
crystal 

Water forces hydrophobic groups together 
in order to minimize their disruptive 
effects on the hydrogen-bonded water 
network. Hydrophobic groups held 
together in this way are sometimes said 
to be held together by "hydrophobic 
bonds," even though the attraction is 
actually caused by a repulsion from the 
water. 

IONIC BONDS IN AQUEOUS SOLUTIONS 

Charged groups are shielded by their 
interactions with water molecules. 
Ionic bonds are therefore quite weak 
in aqueous solution. 

H 
\ H 

0 .,,o \ ,/" 
-C#' H H-N 

'\.. 0 '\..H 
0 0 H-01111111H-O 

\ \ 
H H 

0 
II 0 H 

-0-P-O I 
10 H 0~ 

0 I / + M 
H-0\\\\\\\\H 9 

Ionic bonds are further weakened by the presence 
of salts, whose atoms form the counterions that 
cluster around ions of opposite charge. 

Measurement of the extent of destabilization of an 
interaction by salt provides a quantitative estimate 
of the total number of ionic bonds involved. 

Despite being weakened by water and 
salt, ionic bonds are very important 
in biological systems; an enzyme that 
binds a positively charged substrate 
will often have a negatively charged 
amino acid side chain at the 
appropriate place. 

93 
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amino acid 

0 R H 
II I I 

• "'. }~lf ii> 
H C c><,a:) H 

·--- I/ I ---•• c N , H C c-la I phi p I II la 
R1 

H 0 R 

1, ~ ••• 

,: ·. . . • . ~ •' 

psi 

(A) peptide bonds 

Figure 3-4 Sterk limitations on the bond angles in a 
polypeptide chain. (A) Each amino acid contribute three 
bonds (colored red) to its polypeptide chain. The peptide bond -180° '--~~"'"'" _ .......... ....__4-........_ ......... ---'c.......,..........., .............. 

i planar (gray shading) and does not permit rotation. By 
contrast, rotation can occur about the C0 -C bond, who e angle 
of rotation is called p i (ljl), and about the N-Co: bond, whose 
angle of rotation is called phi (cp). The R group denotes an 
amino acid side chain. (BJ The conformation of the main-chain 
atoms in a protein is determined by one pair of phi and psi 
angles for each amino acid; because of teric collisions within 
each amino acid, most pair of phi and psi angle do not occur. 
In thi so-called Ramachandran plot, each dot repr sen ts an 
observed pair of angles in a protein. (B. from J. Richardson, 
Adu. Prot. Chem. 34:174-175, 1981.) 

A Helix Is a Common Structural Motif in Biological 
Structures Made from Repeated Subunits 3 

(8) 

Biological structure are often formed by linking subunits Lhat are very similar 
to each other-such as amino acid or nucleotides-into a long, repetitive chain. 
If all the subunits are identical, neighboring subunits in the chain will often fit 
together in only one way, adjusting their relative positions o as to minimize the 

(Al (8) (C) ID) 

94 Chapter 3 : Macromolecules: tructure, Shape, and Information 

-180° 0 

phi 

+180° 

Figure 3-5 A helix will form when a 
series of subunits bind to each other 
in a regular way. In the foreground 
the interaction between two subunits 
is shown; behind it are the helices 
that result. These helices have two 
(A), three (B). and six (C and D) 
subunits per tum. At the top, the 
arrangement of subunits has been 
photographed from directly above the 
helix. Note that the helix in (DJ has a 
wider path than that in (C). 
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free energy of the contact between them. ln this case, each subunit will be po­
sitioned in exactly the same way in relation to its neighboring ubunits, o that 
subunit 3 will fit onto subunit 2 in the same way that ubunit 2 fits onto subunit 
1, and so on. Because it is very rare for ubunits to join up in a straight line, this 
arrangement will generally result in a helix-a regular structure that resembles 
a spiral staircase, as illustrated in Figure 3-5. Depending on the twist of the stair­
case, a helix is said to be either right-handed or left-handed (Figure 3-6). Hand­
edness i not affected by turning the helix upside down, but it is reversed if the 
helix is reflected in a mirror. 

Helices occur commonly in biological tructure , whether the subunits are 
small molecules that are covalently linked together (as in D A) or large protein 
mole ules that are linked by noncovalent forces (as in actin filaments). This is not 
surprising. A helix is an unexceptional structure, generated imply by placing 
many similar subunit next to each other, each in the ame strictly repeated re­
lationship to the one before. 

Diffusion Is the First Step to Molecular Recognition 4 

Befor two molecule can bind to each other, th y mu t come into close contact. 
This i achieved by the thermal motions that caus molecule lo wander, or dif­
fuse, from their starting po itions. As the molecules in a liquid rapidly collide and 
bounce off one another, an individual molecule mov fir t one way and then 
another, it path con tituting a "random walk" (Figure 3-7), The averag distance 
that ach type of molecule travels from its tarting point is proportional to the 
square root of the time involved: that is, if it take a parti ular molecule 1 ec­
ond on average to go 1 µm, it wiU go 2 µm in 4 econd , 10 µm in 100 econd , 
and so on. Diffu ion i therefore an efficient way for molecules to move limited 
distances but an inefficient way for molecules to move long distances. 

Exp riment performed by injecting fluorescent dyes and other labeled 
molecule into cell how that the diffu ion of mall molecule through the 
cytoplasm is nearly as rapid as it is in water. A molecule the size of ATP, for ex­
ample, requires only about 0.2 second to diffuse an average distance of 10 µm­
the diameter of a small animal ceU. Large macromole ules, however, move much 
more slowly. ot only is their diffusion rate intrinsically slower, but their move­
ment is retarded by frequent collisions with many other macromolecules that are 
held in place by molecular a ociation in the cytoplasm (Figure 3-8). 

Thermal Motions Bring Molecules Together 
and Then Pull Them Apart 4 

Encounters between LWO macromolecules or between a macromolecule and a 
small molecule occur randomly through simple diffusion. An encounter may lead 
immediately to the formation of a complex between t11e two molecules, in which 
case the rate of complex formation is said co be diffusion-limited. Alternatively. 
the rate of complex formation may be slower, requiring some adjustment of the 
structure of one or both molecules before the interacting surfaces can fit together, 
so that most often the two colliding molecules will bounce off each other with­
out sticking. In either case once the two interacting surfaces have come suffi­
ciently .close together, they will form multiple weak bonds with each other that 
persist until random thermal motions cause the molecules to dissociate again (see 
Figure 3-3). 

In general, the stronger the binding of the molecules in the complex, the 
slower their rate of dissociation. At one extreme the total energy of the bonds 
formed is negligible compared with that of thermal motion, and the two mol­
ecules dissociate as rapidly as they came together. At the other extreme the to­
tal bond energy is so high that dissociation rarely occurs. Strong interactions 
occur in cells whenever a biological function requires that two macromolecules 
remain tightly associated for a long time-for example, when a gene regulatory 

Molecular Recognition Processes 

left-handed 
helix 

right-handed 
helix 

Figure 3-6 Comparison of a left­
handed and a right-handed helix. A 
a reference, it is useful to remember 
that tandard screws, which insert 
when turned clockwise, are right­
handed. Nole that a helix preserves 
the same handedness when it is 
turned up ide down. 

Figure 3-7 A random walk. 
Molecules in solution move in a 
random fashion due to the continual 
buffeting they receive in collisions 
with other molecules. This movement 
allows small molecules to diffuse from 
one part of the cell to another in a 
surprisingly short time: such 
molecules will generally diffuse across 
a typical animal cell in less than a 
second. 
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protein binds to DNA to turn off a gene. Weaker interaction o ur when the 
function demands a rapid change in the structure of a complex-for exampl , 
when two interacting proteins change partners during Lh movement of a pro­
tein machine. 

The Equilibrium Constant Is a Measure of the Strength 
of an Interaction Between Two Molecules 5 

The precise trength of the bonding between two molecules is a u eful index of 
the pecificity of their interaction. To illustrate how the binding trength is m a­
sured, let us consider a reaction in which molecule A binds to molecule B. The 
reaction will proceed until it reaches an equilibrium point, at which the rate of 
formation and dissociation are equal (Figure 3-9). The concentrations of A, B, and 
the omplex AB at this point can be u ed to determine an equilibdum constant 
(K) for the reaction, as explained in Figure 3-9. This constant i sometime 
termed the affinity constant and i commonly employed as a mea ure of th 

100 nm 

Figure 3-8 Macromolecu1es in the 
cell cytopla m. The drawing i 
approximately to scale and 
emphasize th crowding in the 
cytopla m. Onl the macromolecules 
are shown: RNA are shown in blue, 
ribo omes in gr en, and proteins in 
red. Macr molecules diffu relatively 
slowly in the cytoplasm because they 
interact with many other 

trength of binding between two molecules: the stronger the binding, the larger 
i the value of the affinity constant. 

The equilibrium constant of a reaction in which two molecules bind to each 
other i related directly to the standard free-energy change for the binding ( G0 ) 

by the equation described in Table 3-3. The table also lists the t).G0 values cor­
responding to a range of Kvalu s. Affinity constants for simple binding interac­
tions in biologi al y t ms often range between 103 and 1012 liters/mole; this 
corre ponds to binding energie in the range 4-17 kcal/mole, which could arise 
from 4 to 17 average hydrogen bond . 

macromoJc ul ; small molecules, by 
contrast, diffuse nearly a rapidly a 
they do in water. (Adapted from D. 
Good ell, Trends in Bio hem. Sci. 
16:203-206, 1991.) 

ll.J 

L2_J 

3 

dissociation 
A B A + B EXAMPLE: 

dissociation rate : dissociation x concentration 
of AB rate constant 

dissociation rate ko11 [AB) 

The concentration of a molecule present in only one copy 
in a typical mammalian cell (volume of 2000 µm3) is about 
10-12M 

I 

association 
A + B A B 

If such ·a cell contains 10• copie; of protein molecule A 
and 106 copies of protein molecule B, 

(Al= 10..a M and [Bl = 10-6 M 
association rate = association x concentration x concentration 

rate constant of A of B 

association rate kon JAJ LBJ 

----------
AT EQUILIBRIUM: 

association rate= dissociation rate 

kon IA! (Bl = ko1r!AB! 

[AB) kon 
equ,hlmum constant -- =-• K 

IAJ[BJ k 

Suppose that protein A binds to protein B with K = 107M-1. 

The ratio of bound to unbound A will be (ABJ/IAJ and since 

(AB!= K[Bt = (10 M 1)( llr' M, 10 
Al 

we expect one molecule of A to be free for every 
10 molecules of A that are bound to B inside the cell. 

Repeating the calculation for K = 1o•M-1 shows that 
only about one molecule of A in a hundred would be 
bound to 8. 

I 

Figure 3-9 The principle of equilibrium. The equilibrium between molecules A and B and the complex AB is 

maintained by a balance berw en the two opposing reaction hown in(]) and (2). As shown in (3). the ra(io of the rate 

constants for the as ociation and the di ociation reaction i equal to the equilibrium constant (KJ for the reaction. 

Molecule A and B must collid • in order to react, and the rate in rea tion (2) is therefore proportional to the product of 

their individual concentrations. A a result, th product [Al x IBI appears in the final expression for K. where l I 
indicate concemration. 

As traditionally defined, tbe concenLration of product app ar in the numerator and the concentrations of 

reactants appear in the denominator of the equation for an quilibrium constant. Thus the equilibrium constant in (3) 

is that for the association reaction A + B ➔ AB. For simpl binding interactions this constant is called the affinity 

constant or association con tant (in units ofliter perm le); the larger the value of the association constant (Kal. the 

stronger is the binding between A and B. The reciprocal of Ka is th dissociation constant (in units of moles p r liter); 

the mailer the value of the dis ociation con tant (Kdl, the tronger is the binding between A and B. 
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Atoms and Molecul s Move Very Rapidly 6 

The chemical rea tion in a cell occur at amazingly fast rates. A typical enzyme 

molecule, for example, will catalyze on the order of 1000 reactions per second, 

and rate of more than 106 rea lion per s cond ar achieved by some enzymes. 

Since each reaction r quir s a separate encounter between an enzyme and a 

ub trate molecul , uch rate are po ible only because the molecules are mov­

ing so rapidly. Molecu]ar motions can be lassified broadly into three ldnds: (1) 

the movement of a molecule frorn one place to another (translational motion), 

(2) the rapid back-and-forth movement of covalently linked atoms with respect 

to one another (vibrations), and (3) rotations. All of these motions are important 

in bringing tl1e urfaces of interacting molecules together. 
The rates of molecular motions can be measured by a variety of pectroscopic 

techniques. These indicate that a large globular protein is constantly tumbling, 

rotating about it axi about a million time per second. The rates of diffusional 

encounters due to tran lational movements ar proportional to the concentra­
tion of the diffusing molecule. If ATP i present at it typical intracellular concen­
tration of about 1 mM, for in tancc, each ite on a protein molecule will be bom­
barded by about 106 random collision with ATP molecu1e per second; for an 

ATP concentration tenfold lower, Lh number of collision would drop to 105 p r 

second and so on. 
Once two molecules have collided and ar in the correct relative orientation, 

a chemical reaction can occur b tween them extrem ly rapidly. When one ap­
preciates how quickly molecule move and react. tl1e ob erv d rates of enzymatic 

cataJysi do not seem so amazing. 

Molecular Recognition Proces e Can Never Be Perfect 7 

All molecules possess energy-the kinetic energy of their translational move­
ments, vibrations, and rotations and the potential energy stored in rb ir electron 

distributions. Through rnolecu1ar coUision thi energy i randomly di tributed 

to all of the atom present. so that mo l atoms will have energy I vets close to the 

average, with only a small proportion po sessing very high energy. Alth ugh the 

favored conformations or states for a molecuJe will be tho e of lowe ·t free energy 

( e p. 75), tares of hlgher energy occur through unusually viol nt collisions. 

Given the temperature, it is possible to calculate the probability that an atom or 

a molecule will be in a particular energy state (see Table 3-3). The probability of 

a high-energy state becomes smaller relative to a low-energy tale a the ctiffer­

ence in free energy between the two increases. It reache zero, however, only 

when Lhi energy difference becomes infinite. 
Becaus of the random factor in molecular interactions, minor " ide reac­

tion " are bound to occur occasionally. As a consequence, a ell continually 

make errors. Even reactions that are very energetically unfavorable will tak 
place occasionally. Two atoms joined to each other by a covalent bond, for ex­

ample, will eventually be subjected to an especially energetic collision and fall 

apart. Similarly, the specificity of an enzyme for its substrate cannot be absolute 

becaus th recognition of one molecule as ctistinct from another can never be 

perfect. Mistakes could be avoided completely only if the cell could volve 

m chanism with infinit energy differences between alternative . ince this is 

1101 po Sible, cell are forced to tolerate a certain level of failure and hav in lead 
volv d a vari ty of repair r actions to correct those errors that are the most 

damaging. 
On the other hand, error are essential to life as we know it. lf it were nm for 

o casional mistakes in the maintenance ofD A sequences, evolution ould not 
occur. 

Mulecular Re ognitlon Proce es 

Table 3-3 The Relationship 
Between Free-Energy Differences 
and Equilibrium Con tants 

Equilibrium Free Energy 
Constant of AR minus 

[AB] =K Free nergy 
[Al(BI of A +B 

(liters/mole) (kcal/mole) 

105 -7.l 
1Q4 -5.7 
103 -4.3 
102 -2.8 

10 -1.4 

1 0 
10-1 1.4 
10-2 2.8 
10-3 4..3 
10-1 5.7 
10-s 7.1 

If the reaction A + B~AB is allowed to 

come to equilibrium, the relative amounts 
of A, B, and AB will depend on the free­
energy difference, /'J.G0 , between them. 
The above values are given for 37°C 

(310°K) and are calculated from the equa­
tion 

or 
LlG0 = -RT In [AB] 

[A][B] 

!AB] _ -l).G0/RT _ -t1G 0/(1.623) 
---e -e 
IA ![BJ 

Here /'J.G0 is in kilocalories per mole and 
represents the Cree-energy difference un­
der standard conditions [where all com­
ponents are present at a concentration of 
1.0 mole/liter); Tis the temperature in 
kelvin (0 K). 

Similar principles apply to the even 
simpler ca e or a reaction A~A', where a 
molecule i interconvertible berweeo Lwo 
stale A and A" differing in free energy by 
an amount G0 • The quantities of mol­
ecules in lhe two stat al equilibrium will 

b in the ratio 

[A*) -tJ.G0/RT 
--=e 
[Al 

Thu , we e from 1hi table that, if there 
i a favorable free-energy change of 4.3 
kcal/mole for the transition A➔ A', there 
will be lO00 time more molecules in tale 
A' Lhan state A. 
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◄ 

Summary 

The sequence of subunits in a macromolecule contains information that determines 
the three-dimensional contours of its surface. These contours in tum govern the rec­
ognition between one molecule and another, or between different parts of the same 
molecule, by means of weak, noncovalent bonds. The attractive forces are of four 
types: ionic bonds, van der Waals attractions, hydrogen bonds, and an interaction 
between nonpolar groups caused by their hydrophobic expulsion from water. Two 
molecules will recognize each other by a process in which they meet by random dif­
fusion, stick together for a while, and then dissociate. The strength of this interaction 
is generally expressed in terms of an equilibrium constant. Since the only way to make 
recognition infallible is to make the energy of binding infinitely large, living cells 
constantly make errors; those that are intolerable are corrected by specific repair 
processes. 

Nucleic Acids 8 

Genes Are Made of DNA 9 

It has been obvious for as long as humans have sown crops or raised animals that 
each seed or fertilized egg must contain a hidden plan, or design, for the devel­
opment of the organism. In modern times the science of genetics grew up around 
the premise of invisible information-containing elements, called genes, that are 
distributed to each daughter cell when a cell divides. Therefore, before dividing, 
a cell has to make a copy of its genes in order to give a complete set to each 
daughter cell. The genes in the sperm and egg cells carry the hereditary informa­
tion from one generation to the next. 

The inheritance of biological characteristics must involve patterns of atoms 
that follow the laws of physics and chemistry: in other words, genes must be 
formed from molecules. At first the nature of these molecules was hard to imag­
ine. What kind of molecule could be stored in a cell and direct the activities of 
a developing organism and also be capable of accurate and almost unlimited 
replication? 

By the end of the nineteenth century biologists had recognized that the car­
riers of inherited information were the chromosomes that become visfole in the 
nucleus as a cell begins to divide. But the evidence that the deoxyribonucleic acid 
(DNA) in these chromosomes is the substance of which genes are made came 
only much later, from studies on bacteria. In 1944 it was shown that adding pu­
rified DNA from one strain of bacteria to a second, slightly different bacterial 
strain conferred heritable properties characteristic of the first strain upon the 
second. Because it had been commonly believed that only proteins have enough 
conformational complexity to carry genetic information, this discovery came as 
a surprise, and it was not generally accepted until the early 1950s. Today the idea 
that DNA carries genetic information in its long chain of nucleotides is so fun­
damental to biological thought that it is sometimes difficult to realize the enor­
mous intellectual gap that it filled. 

DNA Molecules Consist of Two Long Chains Held Together 
by Complementary Base Pairs 10 

The difficulty tlrnt geneticists had in accepting DNA as the substance of genes is 
understandable, considering the simplicity of its chemistry. A DNA chain is a 
long, unbranched polymer composed of only four types of subunits. These are 
the deoxyribonucleotides containing the bases adenine (A), cytosine (C), guanine 
(G), and thymine (T). The nucleotides are linked together by covalent phospho­
diester bonds that join the 5' carbon of one deoxyribose group to the 3' carbon 
of the next (see Panel 2-6, pp. 58-59). The four kinds of bases are attached to this 

98 Chapter 3 : Macromolecules: Structure, Shape, and Information 
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repetitive sugar-phosphate chain almost like four kinds of beads strung on a 
necklace. 

How can a long chain of nucleotides encode the instructions for an organ­
ism or even a cell? And how can these messages be copied from one generation 
of cells to the next? The answers lie in the structure of the DNA molecule. 

Early in the 1950s x-ray diffraction analyses of specimens of DNA pulled into 
fibers suggested that the DNA molecule is a helical polymer composed of two 
strands. The helical structure of DNA was not surprising since, as we have seen, 
a helix will often form if each of the neighboring subunits in a polymer is regu­
larly oriented. But the finding that DNA is two-stranded was of crucial signifi­
cance. It provided the clue that led, in 1953, to the construction of a model that 
fitted the observed x-ray diffraction pattern and thereby solved the puzzle of DNA 
structure and function. 

An essential feature of the model was that all of the bases of the DNA mol­
ecule are on the inside of the double helix, with the sugar phosphates on the 
outside. This demands that the bases on one strand be extremely close to those 
on the other, and the fit proposed required specific base-pairing between a large 
purine base (A or G, each of which has a double ring) on one chain and a smaller 
pyrimidine base (Tor C, each of which has a single ring) on the other chain (Fig­
ure 3-10). 

Both evidence from earlier biochemical experiments and conclusions derived 
from model building suggested that complementary base pairs (also called 
Watson-Crick base pairs) form between A and T and between G and C. Biochemi­
cal analyses of DNA preparations from different species had shown that, although 
the nucleotide composition ofDNA varies a great deal (for example, from 13% 
A residues to 36% A residues in the DNA of different types of bacteria), there is 
a general rule that quantitatively [G] = [CJ and [Al = [Tl. Model building revealed 
that the numbers of effective hydrogen bonds that could be formed between G 
and C or between A and T were greater than for any other combinations (see 
Panel 3-2, pp. 100-101). The double-helical model for DNA thus neatly explained 
the quantitative biochemistry. 

The Structure of DNA Provides an Explanation 
for Heredity 11 

A gene carries biological information in a form that must be precisely copied and 
transmitted from each cell to all of its progeny. The implications of the discov-

Nucleic Acids 

up 

oouble­
helix axis 

5' end up 
0 

~p--0 O• 
I 

0 

Figure 3-10 The DNA double helix. 
(A) A short section of the helix viewed 
from its side. Four complementary 
base pairs are shown. The bases are 
shown in green, while the deoxyribose 
sugars are blue. (B) The helix viewed 
from an end. Note that the two DNA 
strands run in opposite directi.ons and 
that each base pair is held together by 
either two or three hydrogen bonds 
(see also Panel 3-2, pp. 100-101). 
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DNA AND RNA 

The structure of RNA is shown in, 
this half of the panel, while the 
structure of DNA is shown in the 
other half. Both DNA and RNA are 
linear polymers of nucleotides 
(see Panel 2-6, pp. 58-59). 
RNA differs from DNA in three 
ways: 

1. the sugar phosphate backbone, 
contains ribose rather than 
deoxyribose 

2. it contains the base uracil (U) 
instead of thymine (T) 

3. it exists as a single strand rath,er 
than a double-stranded helix 

FOUR BASES OF RNA 

guanine 

~CH 
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N 
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RNA SINGLE STRAND 

RNA is single-stranded, but it contains, local regions of short 
complementary base-pairing that can form from a random matching 
process. Regions of base-pairing can be seen in the electron micro­
graph as branches off the stretched-out chain. 

ELECTRON MICROGRAPH OF RNA 

(Courtesy of Peter Wellauer.l 
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ELECTRON MICROGRAPH OF DNA 

(Courtesy of Mel Lie Wong.) 

DNA DOUBLE HELIX 

In a DNA molecule. two 
antiparallel strands that are 3' 

complementary in their 
nucleotide sequence are 
paired in a right-handed 
double helix with about 
10 nucleotide pairs per 
helical tutn. A schematic 
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Specific hydrogen bonding between G and C and between 
A and T (A and U in RNA) generates complementary 
base-pairing. 

5' 
representation (top) and 
a space-filling model 
{bottom) are illustrated 
here. 
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ery of the DNA double helix were profound because the tructure immediately 
suggest dhow informalion transfer could be accompli hed. Sin e each 'trand 
contain a nucleotide sequ n e that is exactl complementary to the nucleotide 
sequence of its partner strand, both strands a tually carry the same genetic in­
formation. lfwe designat the two strand A and A', strand A can serve as a mold 
or templat for making a new strand A', whil trand A' can s rve in the am way 
to make a new trand A. Thu genetic information can be copied by a proce in 
which u-and A separates from strand A' and ach separat d strand then erv s 
as a template for the production of a new -omplementary partner strand. 

As a direct consequence of the base-pairing mechani m. it becomes evident 
that D A carries informalion by means of the linear sequence of its nucleotides. 
Each nucleotide-A, C, T, or (',--can be con idered a letter in a four-letter alpha­
bet that is u ed to write out biological me ages in a linear "ticker-tape" form. 
Organism differ because their respective DNA molecules carry different nucle­
otide equen e and therefore different biological messages. 

Since the number of pos ible sequences in a D A chain n nu leotides long 
is 4", the biological variety that ould in prin iple be generated using even a 
modest leng1 h of DNA is enormou . A typical animal cell contains a meter of D A 
(3 x 109 nucleotides). Written in a linear alphabet of four letter , an unusually 
small human gene would o cupy a qua1t r of a page of text (Figure 3-11), while 
the genetic information carri d in a hwnan cell would fill a book of more than 
500,000 page . 

Although the principle underlying gen r pli ation i both l gant and 
simple, the actual machinery by which this copying is carried out in the cell i 
complicated and involves a complex of proteins that form a "repli ation ma­
chine." The fundamental reaction is that shown in Figure 3-12, in which the 
enzyme DN polymerase catalyz the addition of a deoxyribonu 1 otide to the 
3' nd of a D A hain. Each nucleotide added to the chain is a deoxyribonucleo­
side triphosphate; th relea e of pyrophosphate from thi activated nucleotide 
and its subsequent hydrolysis provide the energy for th DNA replication reac­
tion and make it ffectively irreversible. 

Replica ti.on of the DNA helix begin with th local eparation of its two 
complementary D A strand . Ea h strand then act a a template for rh forma­
tion of a new D molecule by the equential addition of deoxyribonucleo ide 
triphosphate . Th nucleotide to b added at each tep i elected by a process 
that requires it to form a complem ntary base paLr with the next nu ·1eotide in 
the parental template strand, Lhereby generating ·1 new DNA sLrand that is 
complementary in equence to the template strand (, e Pigure 3-12). Eventually. 
the genetic information is dupli at din it entirety, o that two c mp! t DNA 
d ubl helices are formed, each identical in nucleotide equence to th paren­
tal DNA helix that erved as the template. Since a h aughter DNA molecule 
ends up with one of the original strands plus one n wly synthesized t.rand, the 
m hani rn of DNA r plication is said to be semiconseroatiue (Figure 3-J 3). 

Errors in DN Replication Cau e Mutation 12 

One of the mo I impres ive feature of D A replication is its accuracy. , everal 
proofreading mechani m are used to eliminate incorrectly positioned nucle­
otides; a a result, the equence of nu leolides in a DNA molecule is copied with 

Pigw-e 3-11 The D equ nee of the human ~-globin gene. Th gen 
encodes on of the two subunili. of the hemoglobin molecule, which arri s 
oxygen Jn the blood. Only one of the two DNA stn:mds is shown (the 
"coding strand"], since the other trand has a pre i ·ly complem ntary 
sequenc . Th s quence should be read from left to right in uc e ive lin 
down the page, a if it were normal English text 
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CCCTGTGGAGCCACACCCTAGGGTTGGCCA 
ATCTACTCCCAGGAGCAGGGAGGGCAGGAG 
CCAGGGCTGGGCATAAAAGTCAGGGCAGAG 
CCATCTATTGCTTACATTTGCTTCTGACAC 
AACTGTGTTCACTAGCAACTCAAACAGACA 
CCATGGTGCACCTGACTCCTGAGGAGAAGT 
CTGCCGTTACTGCCCTGTGGGGCAAGGTGA 
ACGTGGATGMGTTGGTGGTGAGGCCCTGG 
GCAGGTTGGTATCA.~GGTTACAAGACAGGT 
TTAAGGAGACCAATAGl\AACTGGGCATGTG 
GAGACAGAGAAGACTCTTGGGTTTCTGATA 
GGCACTGACTCTCTCTGCCTATTGGTCTAT 
TTTCCCACCCTTAGGCTGCTGGTGGTCTAC 
CCTTGGACCCAGAGGTTCTTTGAGTCCTTT 
GGGGATCTGTCCACTCCTGATGCTGTTATG 
GGCAACCCTAAGGTGAAGGCTCATGGCMG 
AMGT«TCGGTGCCTTTAGTGATGGCCTG 
GCTCACCTGGACAACCTCAAGGGCACCTTT 
GCCACACTGAGTGAGCTGCACTGTGACAAG 
CTGCACGTGGATCCTGAGAACTTCAGGGTG 
AGTCTATGGGACCCTTGATGTTTTCTTTCC 
CCTTCTTTTCTATGGTTAAGTTCATGTCAT 
AGGMGGGGAGAAGTAACAGGGTACAGTTT 
AGAATGGGAAACAGACGAATGATTGC.~TCA 
GTGTGGAAGTCTCAGGATCGTTTTAGTTTC 
•rTTTATTTGCTGTTCATAACAATTGTTTTC 
TTTTGTTTAATTCTTGCTTTCTTTTTTTTT 
CTTCTCCGCAATTTTTACTATTATACTTAA 
TGCCTTAACATTGTGTATAACAAA.~GGAAA 
TATCTCTGAGATACATTAAGTAACTTAAAA 
AAAAACTTTACACAGTCTGCCTAGTACATT 
ACTATTTGGAATATATGTGTGCTTATTTGC 
ATATTCATAATCTCCCTACTTTATTTTCTT 
TTATTTTTAATTGATACATAATCATTATAC 
ATATTTATGGGTTAAAGTGTAATGTTTTAA 
TATGTGTACACATATTGACCAAATCAGGGT 
AATTTTGCATTTGTAATTTTAAAAMTGCT 
TTCTTCTTITAATATACTTTTTTGTTTATC 
TTATTTCTAATACTTTCCCTAATCTCTTTC 
TTTCAGGGCAATAATGATACAATGTATCAT 
GCCTCTTTGCACCATTCTAAAGMTAACAG 
TGATAATTTCTGGGTTAAGGCAATAGCMT 
ATTTCTGCATATAMTATTTCTGCATATAA 
ATTGTAACTGATGTAAGAGGTTTCATATTG 
CTAATAGCAGCTACAATCCAGCTACCATTC 
TGCTTTTATTTTATGGTTGGGATAAGGCTG 
GATTATTCTGAGTCCAAGCTAGGCCCTTTT 
GCTAATCATGTTCATACCTCTTATCTTCCT 
CCCACAGCTCCTGGGCAACGTGCTGGTCTG 
TGTGCTGGCCCATCACTTTGGCAAAGAATT 
CACCCCACCAGTGCAGGCTGCCTATCAGAA 
AGTGGTGGCTGGTGTGGCTAATGCCCTGGC 
CCACAAGTATCACTAAGCTCGCTTTCTTGC 
TGTCCAATTTCTATTAAAGGT1'CCTTTGTT 
CCCTAAGTCCAACTACTAMCTGGGGGATA 
TTATGAAGGGCCTTGAGCATCTGGATTCTG 
CCTAATAAAAAACATTTATTTTCATTGCAA 
TGATGTATTTAMTTATTTCTGAATATTTT 
ACTAAAMGGGAATGTGGGAGGTCAGTGCA 
TT'IAAAACATMAGAAATGATGAGCTGTTC 
AAACCTTGGGAAAATACACTATATCTTAAA 
CTCCATGAAAGAAGGTGAGGCTGCMCCAG 
CTAATGCACATTGGCAACAGCCCCTGATGC 
CTATGCCTTATTCATCCCTCAGAAMGGAT 
TCTTGTAGAGGCTTGATTTGCAGGTTAAAG 
TTTTGCTATGCTGTATTTTACATTACTTAT 
TGTTTTAGCTGTCCTCATGAATGTCTTTTC 
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fewer than one mistake in 109 nucleotides added. Very rarely, however,· he rep­
licarion machinery skips or adds a few nucleotide , or puts a T where it should 
have put a C, or an A instead of a G. Any change of this kind in the DNA sequence 
constitutes a genetic mistake, called a mutation, which will be copied in all fu­
ture celJ generations since ''wrong" DNA sequence are copied a faithfully as 
''correct" ones. The consequence of such an error can be great, for even a single 
nucleotide change can have important effects on the cell, depending on where 
the mutation has occurred. 

Geneticists demonstrated conclusively in the early 1940s that genes specify 
th structure of individual proteins. Thus a mutation in a gene, cau ed by an 
alteration in its DNA sequence, may lead to the inactivation of a crucial protein 
and re ult in cell death, in which ca e the mutation will be lost. On the other 
hand, a mutation may be silent and not affect the function of the protein. Very 
rarely, a mutation will create a gene with an improved or novel useful function. 
In this case organisms carrying the mutation will have an advantage, and the 
mutated gene may eventually replace the original gen in the population through 
natural selection. 

igure 3-13 The serniconservative replication of DNA. In each round of 
replication each of the two trands or DNA is used as a template for the 
formation of a complementary NA strand. The original strand th refor 
remain intact through many cell generations. 

ucleic Acids 

Figure 3-12 ON synthesis. The 
addition of a deoxyribonucleotide to 
the 3' end of a polynucleotide chain is 
the fundamental reaction by which 
DNA is ymhcsized. As shown, base­
pairing between this incoming 
deoxyribonucleotide and an exi ting 
strand ofD A (the template trand) 
guides the formation of a new Lrand 
of D A with a complementary 
nucleotide sequence. 

parental DNA double helix 

daughter DNA helices 
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The Nucleotide Sequence of a Gene Determines the Amino 
Acid Sequence of a Protein 13 

D A i relatively inert chemically. The information it contain is expressed in­
directly via other molecules: D A directs the syn the i of pecific RNA and pro­
tein mole ule , which in tum determine the cell' ch mica! and physical prop­
ertie . 

AL about the time that biophysicist wer analyzing the three-dimensional 
tructure ofD A byx-ray diffraction, biochemists were in ten ively tudying the 

chemical tructure of protein . Jt wa alread known that proteins are chains of 
amino acids joined together by sequential p ptide linkages; but it wa only in the 
early 1950s, when the small protein in. ulin wa sequenced (Figure 3-14), that it 
was discovered that each type of protein con i of a unique equence of amino 
acids. Just as solving the structure of D A was minal in understanding the 
molecular basis of genetics and heredit , o sequencing insulin provided a key 
to understanding the structure and function of protein . If insulin had a definite, 
genetically determined sequence, then pre um ably so did every other protein. 
It seemed reasonable to suppo e, moreover, that the properties of a protein 
would depend on the preci e order in which it constituent amino acids are ar­
ranged. 

Both DNA and protein ar compos d of a linear sequence of subunits; even­
tually, the analy i of the proteins made by mutant genes demonstrated that the 
two equences are co-Linear-that i , th nucleotide in DNA are arranged in an 
order corresponcling to the ord r of the amino acids in the protein tl1ey specify. 
It became evident that the ON equence contains a coded pecification of the 
protein equence. The central qu tion in molecular biology then became how 
a cell translate a nucleotide cquen e in D A into an amino acid sequence in 
a protein. 

Portions ofD A Sequence Are Copied into RNA Molecules 
That Guide Protein Synthesis 14 

The synthe is of proteins involve copying specific regions of D A (the genes) 
into polynucleotides of a h micaJly and functionally clifferent type known a 
ribonucleic acid, or RNA. RNA, like D A, is composed of a linear sequenc of 
nucleotides, but it ha two mall ch mical differences: (I) the sugar-phosphat 
backbone of RNA contains ribo e instead of a deoxyribose sugar and (2) the ba e 
thymine (T) i replaced by uracil (U), a very closely related base that likewi pair 
with A (see Panel 3-2, pp. 100-101). 

RNA retain all of the information of the DNA sequence from which it wa, 
copied, as well as the base-pairing properties of DNA. Molecules of RNA are yn­
thesized by a process known as DNA transcription, which is imilar to DNA rep­
lication in that n of th two trands of DNA acts a a template on which th 
ba -pairing ab iii tie o incoming nucleotide are tested. When a good match is 
achieved with the D A template, a ribonucleotide is incorporated as a ovalently 
bond d unit. In thi way the growing R A chain is elongated on nucleotid at 
a time. 

D transcription differ from D A replication in a number of ways. The 
RNA product, for example, doe not remain as a trand annealed to D A. Just 
b hind the r gion where the ribonudeotide are being add d, the original D A 
helix re-form and relea e the R A chain. Thu R A molecule are ingle-

104 Chapter 3 : Macromolecule : Structure, hape, aod Information 

Figure 3-14 The amino acid 
sequence of bovine insulin. Insulin i 
a very mall protein that consi ts of 
two polypeptide chain , one 21 and 
the other 30 amino acid residue long. 
Each chain ha a unique, geneticaU. 
determined sequence of amino acid . 
The one-letter ymbol u ed to 
pecify amino acids are tho c listed 

in Panel 2-5, pages 56-57; th 
S-S bonds shown in red are disulfide 
bonds between cystein re idues. The 
protein is made initially a a ingle 
long polypeptide chain (encoded by a 
single gene) that is subsequently 
cleaved ro give the two chains. 
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EUCARYOTES PROCARYOTES 

DNA 

~ TRANSCRIPTION 
RNA 

mRNA 

+ + 
TRANSLATION 

protein 

trand d. Moreover, RNA mol ule are r latively short compar d to D A mol­
ecul s sine they are copied from a. limit d region of the DNA-enough Lo make 
one or a t prot ins (Figur 3-15). RNA trans ripts that dir t th ynth i f 
protein mole ul are called messenger RNA (mRNA) mol cul s, whil oth r 
R A cran cript rve as transfer HNAs (tRNAs) or form the R A compon nts of 
ribo omes (rR A) or maller ribonucleoprotein particles. 

Th amounl of R A mad from a particular region ofD 
gene regulatory proteins that bind! to specific site on DNA oding 
s qu nee of a g n . ln any cell at any given time, some gen s are u ed to make 
R A in v ry larg quanlitie whlJ • other genes are n t tran rib d at all. For an 
acti c gen thou and of A tran cript can be mad from the amc D A g­
ment in a h ll g neration. Because each mR1 A mole ul can e tran lated 
into many thou and of opies of 21 polypeptid chain, th information oma.ined 
in a small r gion of D r can direct the synthe is of million of opies of a sp -
cifi • pro I in. The prot infibroin for example, is the rn jor omp n nt of ilk. In 
each ilk gland ell a singl fibroin g ne makes I 0·1 copi of mR A, each of hich 
dir ts th ynth is of I 05 mol.ecuJes of fibroin-producing a total of lOq m 1-

ul • of fibroin in ju t 4 day . 

ucaryotic RNA Molecules Are pliced to Remove 
Intron S quence 15 

In bacterial eUs most proteins are encod d by a sing! unint rrupted stretch of 
D A_ qu nee that is copied without a.Iteration to produc an mRNA molecule. 
In l 977 mol ular biologists were a toni h d by the di ov ry that mo t eucary­
otic gene have their codings quences (caU d exon ) interrupt d by noncoding 
equ n e (called inrro11S). To produce a protein, the entir length of the gene, 

including both its intron and its 1cxons, i first transcribed in Lo a vciy large RNA 
mo] ule-the primary transcript. Befor thl R A molecuJ leav the nucleu , 
a omplex of R A-processing I zyme r move all f th intr n equen s, 
th r b producing a much horte1· A mole u1 . Aft r thi R A-proce ing step, 
call d RNA piking, has been completed, the R A mo] cul mov to the cyto­
plasm a an mR A molecule that dir c the ynth is fa parti ular protein ( e 
Figur 3-15). 

This seemingly wa teful mode of information trans~ r in eucaryot is pr • 
um d to have evolved becau e it rn ke pr t in syn th i much m rev rsatil . 

Jhe primaty RNA transcriplS of i::m1e g n for exam pl , an be pli ed in vari-
ou ways to produce different mR , d pending on the cell type or tage o 

ucl icAcid 

igure 3- 5 The tran fer f 
lnformation frmn D to protein. 
The tran fer pro :e d. by m ans of an 
RNA int rm diate call d m eng r 
RNA (mTINA). In prucaryotic cells the 
proc s i simpl ,r than in ucaryotic 
c ll . In ucaryolc, the coding regions 
of the I NA (in Lbe exons, hown in 
olor) ar separated by non oding 

region. (Lhe inrmns). A indicated, 
these intrans mll t be removed by an 
enzymatically catalyzed RNA- pli Ing 
r action to form the mRNA. 
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/ 
1st position 2nd position 3rd position 

(5' end) u C A G 
(3' end) 

' ' u Phe Ser Tyr Cys u 
Phe Ser Tyr Cys C 
Leu Ser STOP STOP A 
Leu Ser STOP Trp G 

C 
Leu Pro His Arg u 
Leu Pro His Arg C 
Leu Pro Gin Arg A 
Leu Pro Gin Arg G 

A 
lie Thr Asn Ser u 
lie Thr Asn Ser C 
lie Thr Lys Arg A 
Met Thr Lys Arg G 

G 
Val Ala Asp Gly u 
Val Ala Asp Gly C 
Val Ala Glu Gly A 
Val Ala Glu Gly G 

development. This allow different protein to be produced from Lhe same gene. 

Moreover, becau e the presence of numerous introns faciliLates genetic recom­

bination events between exon , this type of gene arrangement is likely Lo have 

been profoundly important in the early evolutiona1y history of genes, spe ding 

up the proce whereby organism evolve new protein from parts of preexisL­

ing one in tead of evolving totaUy new amino acid equences. 

Sequences of Nucleotides in mRNA Are "Read" in Sets 
of Three and Translated into Amino Acids 16 

The rule by which the nucleotide equence of a gene is tran lated into the amino 

acid equence of a protein. the so-called genetic code, were deciphered in the 

early 1960s. The sequence of nucleotides in the mRNA molecule that acts as 

an intermediate wa found to be read in serial order in groups of three. Each 

triplet of nucleotides, called a codon, specifies one amino acid. Since RNA is 

a linear polymer of four different nucleotide , there are 43 = 64 possible codon 

triplets (remember that it is the sequence of nucleotides in the triplet that is 

important). However, only 20 different amino acids are commonly found in 

proteins, so that most amino acids are pecified by everal codons; that is, the 

genetic code is degenerate. The code (shown in Figure 3-16) has been highly 

conserved during evolution: with a few minor exceptions, it is the same in organ­

isms as diverse as bacteria, plants, and humans. 
In principle, each RNA sequence can be translated in any one of three dif­

ferent reading frames depending on where the decoding process begins (Figure 

3-17). In almost every case only one of these reading frames will produce a func­

tional protein. Since there are no punctuation signaJs except at the beginning and 

end of the R A message, the reading frame is set at the initiation of the trans­

lation process and is maintained thereafter. 

tRNA Molecules Match Amino Acids 
to Groups of Nucleotides 17 

The codons in an mRNA molecule do not directly recognize the amino acids they 

specify in the way that an enzyme recognizes a substrate. The translation of 
mR A into protein depends on "adaptor" molecules that recognize both an 

106 Chapter 3 : Macromolecules: Structure, Shape, and Information 

Figure 3-16 The genetic code. Sets of 
three nucleotides (codons) in an 
rnRN/\ molecule are Lranslatcd into 
amino acids in the course of protein 
ynthcsis according to the rules 

shown. The codons GUG and GAG. 

for example, are translated into valine 
and glutamic acid, respectively. Note 
that those codons with U or C as the 
econd nucleotide tend to specify the 

more hydrophobic amino acids 
(compare with Panel 2-5, pp. 56-57). 

5' 3' 

1 ~~~~11AU 

-Leu-Ser--Val--Thr-

- Ser--Ala--Leu-Pro-

3~~~~~ 
- Gln-Arg--Tyr-His-

Figure 3-l 7 The three possible 
reading frames in protein synthesis. 
In the process of Lranslat.ing a 
nucleotide sequence (blue) into an 
amino acid sequence (green), the 
sequence of nucleotides in an rnRNA 
molecule is read from the 5' to the 3' 
end in sequential sets of tluee 
nucleotides. In principle, therefore, 
the same RNA sequence can specify 
three completely different amino acid 
sequences, depending on the 
"reading frame." 
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interactions 
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nucleotide 1 

amino acid and a group of three 1nucleotides. The e adaptors consist of a et of 
small RNA mole ules known as trainsfer RNAs (tRNAs), each about 80 nucleotides 
in length. 

A tRNA molecule ba a folded three-dimensional conformation that i held 
together in part by noncovalent base-pairing interactions like tho e that hold 
together the lwo strand of the D A helix. In the single- tranded tRNA molecule, 
however, the complementary Iba e pairs form between nucleotide residue in the 
same chain, which causes the tRNA molecule lo fold up in a unique way thal i 
important for its function as an adaptor. our short segments of the molecule 
contain a double-helical structur1e, producing a molecule that looks like a "clo­
verleaf' in two dimension . This cloverleaf i in turn further compacted into a 
highly folded, L-shaped conformation that is held together by more complex 
hydrogen-bonding interaction CFigure 3-J 8). Two sets of unpaired nucleotide 
re idues at either end of the "L" are especially importanl for the function of the 
tRNA molecule in protein synthe:·is: one form the anticodon that ba e-pairs to 
a complementary triplet in an mRNA molecule (the codon), while the CCA se­

quence at the 3' end of the molecule is attached covalently to a specific amino 
acid (see Figure 3-l8A). 

The RNA Message ls Read from One End 
to the Other by a Ribosorne 18 

The codon recognition process by which genetic information is transferred from 
mRNA via tRNA to protein depends on the same type of base-pair interaction 
that mediate the transfer of genetic information from DNA to D A and from DNA 
to RNA (Figure 3-19). But the mechanics of ordering the tRNA molecules on the 
mRNA are complicated and requilre a ribo ome, a complex of more than 50 dif­
ferent proteins associated with several structural R A molecules (rRNAs)_ Each 
ribosome is a large protein-synthesizing machine on which tRNA molecules 
position themselves so as to read the genetic mes age encoded in an mRNA 
molecule_ The ribosome first finds a specific start site on the mRNA that sets the 
reading frame and detemtines the amino-terminal end of the protein. Then, as 
the ribosome moves along the mRNA molecule, it translates the nucleotide se­
quence into an amino acid seque1nce one codon at a time, using tR A molecules 
to add amino acids to the growing end of the polypeptide chain (Figure 3-20). 

When a ribosome reaches the end of the message, both it and the freshly made 
carboxyl end of the protein are released from the 3' end of the mR A molecule 
into the cytoplasm. 

Nucleic Acids 

'N 

n ucleotidle 76 

(3' end With 
attached 
amino ac·idl 

G H S 
-llllt'~ 1,0 C /-

/4,-(i; H 11111111~H 

H h.~ WII/H-[>1 11 
- _-=: H 

H 

(,C) 

Figure 3-18 PliienylaJanine tRNA of 
yeast. (A) The nriolecule is drawn will1 
a cloverleaf hape to how the 
complementary base-pairing (short 
gray bars) that occurs in the helical 
regions of Lhe molecule. (Bl The 
acwaJ hape of Lhe molecule, based 
on x-ray diffraction analysi , is shown 
chematically. Complementary base 

pair are indicated as long gray bars. 
In addition, the1 nucleotides involved 
in unu ual basE -pair interactions that 
hold different parts of the molecule 
together are co:tored red and are 
connected by a red line in both (A) 
and (B). The pairs are numbered in 
(B). (C) One of'the unusual base-pair 
interaction . H1ere one base forms 
hydrogen-bond interactions with two 
other ; several such "ba e triples" 
help fold up thiis tRNA molecule. 
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Rih >s m operate with remarkable efficien y: in ne econd a ingle 
ba cerial rib ome add ab ut 20 amino acid to a growing polypeptide chain. 

m chanism of protein ynthe is are di ·cu ed in 

ome R A Molecule Function a Catalysts 19 

molecule have common! b en viewed a tring of nucleotide with a 
r 1ing ·h mi t . Tn 1981 1hi view was haltered by the di ov-

ry of a calalyti R mo.le ul with the type of ophisticated chemical reactivity 
that biochemi ts had previou I a, ociat d only ith prot ins. Tb ribosomal 
R A molecule the iliat d prot zoan T< trahymena ar initially ynthe iz d 
a a larg pr cur ur from hicb on of th rRNA is produced by an RNA-splicing 
r action. Th 1rpri cam with th di covcry that thi plt"cing can occur in vitro 
in the ab ·en prol in. Tt wa , uh qu 'ntly hown that the intron equence 
itself ba an enzymelik atalyti activity that arri . out Lh two- tep reaction 
illustrat d in igur 3-21. h 400-nuclcotide-long intron quence was then 
ynth .iz din a I t tub and ·hown Lo fold up to~ rm a comple urface that 

can function Uk an enzym in r actions with Lh r H A mole ul . For exam pl , 
it can bind two pecific ub ·trat tightly-a guanine nuclcotid and an R IA 

hain-and catalyze their oval nt atta hmcnt o a Los ver the R A chain at 
a pecific site (Figure -22). 

In lhi • mod I reaction, which mimi the fir t tep in flgur 3-21. the ame 
intron equen ea ls repeaLedly t ut m. n R A hains. Although splic­
ing is most commonly achieved b means that are not auto atalyti (di cu ·ed 
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ribosome mRNA 

ribosome subunits 
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complete polypeptid) 
released 
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igure ma lion now in 
prot in . ( I Th nu I o-
Lid in mnl cule ar joined 
togeth r Lo form a complem nlary 
r of a trand of 

. (13) r tchcd 
1hr cat a lim to com pl mentury et 
of three nucl tid s in the anricodon 
regions of tR A molecules. l ch 
other end of ach type of tRNA 
mol ulc. a. p cifi amino a id i 
held in a high-encrg I linkage, and 
when mat hing o ·ur , thi. amino 
acid is add ct to the end of th 
growing p lypcptldc ·hain. Thu 
translation of the ml{ A nu lcolide 
sequence into an amino aci I 

quencc d pend on ompl m nrary 
ba e--pairing b t\ een codons in the 
mR A and corresponding 1R1 A 
amicodon . The mole ular ba i f 
information 1ran fer in translation i 
lherefore very imilar co that in O A 
replication and tran ripli n. ot 
that the mR AL both ·ynlhesized 
and translated starting rrom its 5' end. 

Figure 3-20 ynthe • of a protein by 
rlbo ome attached to an mR 
molecule. Ribosom s become 
aua hed to a start ignaJ near 1h 5' 
end of Lhe mRNA mo! uJe and then 
move toward the 3' end, ynthesizing 
protein as they go. A single mHNA will 
u ually have a number of ribo omcs 
traveling along it ar th same time, 
each making a separat but identical 
polypeplid chain; the ntire 
l>lructur is known a a polyribosome. 
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in Chapter 8), self-splicing RNAs with intron sequences related to that in Tetrahy­
mena have been discovered jn other types of cells, including fungi and bacteria. 
This suggests that these RNA sequences may have arisen before Lhe eucaryotic 
and procacyotic lineages diverged about 1.5 billion years ago. 

Several other families of catalytic RNAs have recently been discovered. Mo L 
tRNAs, for example, are initially synthesized as a larger precur or RNA, and an 
R A molecule has been shown to play the major catalytic role in an RNA-pro­
tein complex that recognizes these precursors and cleaves them at specific ites. 
A catalytic RNA equence also plays an important part in the .life cycle of many 
plant viroids. Most remarkably ribosomes are now suspected to function largely 
by RNA-based catalysis, with the ribosomal proteins playing a supporting role 
to the ribosomal RNAs (rRNAs), which make up more than half the mas of the 

substrate RNA molecule 

+ 
G 

\ nucleotide 

,!J;,.(' ~ml~I, RNA u 1l9 molecule 

RNA products 

Nucleic Acids 

Figure 3-21 A self-splicing RNA 
molecule. The diagram shows the 
self-splicing reaction in which an 
i □tron sequence catalyzes its own 
excision from a Tetrafzymena 
ribosomal RNA molecule. As shown, 
Lhe reaction is initiated when a , 
nucleotide is added to the inuon 
sequence, cleaving the R A chain in 
the process; lhe newly created 3' end 
of the RNA chain then attacks the 
other side of the intron to complete 
the reaction. 

Figure 3-22 An enzymelike reaction 
catalyzed by the purified 
Tetraliymena: lntron sequence. In 
this reaction, which corre ponds to 
th fir t tep in Figure 3-21, both a 
specific ubstrate RNA molecule and a 
, nucleotide become tightly bound to 

the surface of the catalytic RNA 
molecule. The nucleolide is then 
covalently attached to the substrate 
RNA molecul , cleaving it at a specific 
ite. The release of the resulting two 

RNA chc1in frees the intron sequence 
for further cycles of rcaclion. 
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linked to C-termlnus 
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[blue) 

ribo ome. The large rRNA by itself, for example, ha peptidyJ tran ferase activ­
ity and will catalyze the formation of new peptide bond (Figure 3-23). 

How is it possible for an R A molecuJ to act Hke an enzym ? he xample 
of tRNA indicates that RNA mole ules can fold up in highly specific way . A pro­
posed three-dimen ional structure for the core of the self- plicing Terrahymena 
intron sequence is shown in Figure 3-24. Interaction between different part of 
this R A molecule (analogous to the unu ual hydrogen bonds in tR A mol­
ecule -see Figure 3-18) are r sponsible for folding it to create a complex thre -
dimensional surface with catalytic activity. An unu ual juxtaposition of atoms 
pre umably strain covalent bonds and thereby makes selected atom in the 
folded RNA chain unusually reactive. 

As explained in Chapter 1, the discovery of catalytic R A molecule has pro­
foundly changed our view of how the first living cells arose. 

ummary 

Genetic information is carried in the linear sequence of nucleotides in D '.A. Each 
molecule of D"NA is ti double helix formed from two complementary strands of nucl.e­
oti.des held .together by hydrogen bonds between G-C and A -T base pairs. Duplication 
of the genetic ir1Jon11atio11 occurs by the polymerization of a new complementary 
strarzd onto each of the old strands of the double helix during D 'A replication. 

The expression of the genetic information stored in D 'A involves the translation 
of a linear equence of nucleotide irito a co-linear equen e of amino acids in pro­
teins. limited egme,it of D ~ is first copied itzto a complementary strand of RNA 
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Figure 3-23 pepddyl trnn ferase 
reaction catalyad by a 
deprotelnized ribo omal RNA 
mol ul . The puromy in molecule 
mimi a LR.NA charg d with the 
amino acid tyrosine, and it ac1 a a 
powerful inhibitor of protein 
syn the i in cell by adding to th 
growing end of a polypeptide chain 
on a ribo om . In thi model reaction 
the growing p lyp ptid bain nd i 
mimicked by a hexanucleotid (red, 
r pre cncing at Al that i 
covalently linked 10 -formyl 
methionine (repre nLing the 
polyp pride). A highly purified large 
rRNA molecul catalyz Lh addition 
of the puromycin to th N-formyl 
methionine, forming a n w p ptid 
bond and releasing the 
h xanucleotide. 

Figure 3-24 A thrce-dlmen tonal 
view of the catalytic core of the type 
of intron RNA sequence illustrated in 
Figures 3-21 and 3-22. (A) The folded 
molecule, with hydrogen-bond 
interaction hown in red. This 
molecule, which i about 240 
nucleotides long, i shown 
immediately after the initial cut at rhe 
5' side of the intron (yellow). (B) 
Schematic of the molecule in (Al in its 
unfold d form. (Adapted from L. 
Jacg r, E. We thof, and F. Michel, J. 
Mot. Biol, 221:ll53-1164, 1991.) 



Sarepta Exhibit 1040, page 28

This primary RNA transcript is spliced to remove i11tro11 sequences, producing an 
mRNA molecule. Finally, the mRNA is translated into protein in a complex set of re­
actions that occur on a ribosome. The amino acids used for protein synthesis are first 
attached to a family of tRNA molecules, each of which recognizes, by complementary 
base-pairing interactions, particular sets of three nucleotides in the mRNA (codons). 
The sequence of nucleotides in the mRNA is then read from one end to the other in 
sets of three, according to a u11iversal genetic code. 

Other RNA molecules in cells function as e11zymelike catalysts. These RNA mol­
ecules fold up to create a surface containing nucleotides that have become u11usually 
reactive. One of these catalysts is the large rRNA of the ribosome, which catalyzes the 
formation of peptide bonds during protein synthesis. 

Protein Structure 20 

To a large extent, cells are made of protein, which constitutes more than half of 
their dry weight (see Table 3-1). Proteins determine the shape and structure of 
the cell and also serve as the main instruments of molecular recognition and 
catalysis. Allhough DNA stores the information required to make a cell, it has little 
direct influence on cellular processes. The gene for hemoglobin, for example, 
cannot carry oxygen; that is a property of the protein specified by the gene. 

DNA and RNA are chains of nucleotides that are chemically very similar to 
one another. In contrast, proteins are made from an assortment of 20 very dif­
ferent amino acids, each with a distinct chemical personality (see Panel 2-5, pp. 
56-57). This variety allows for enormous versatility in the chemical properties of 
different proteins, and it presumably explains why evolution eventually selected 
proteins rather than RNA molecules to catalyze most cellular reactions. 

The Shape of a Protein Molecule Is Determined 
by Its Amino Acid Sequence 21 

Many of the bonds in a long polypeptide chain allow free rotation of the atoms 
they join, giving the protein backbone great flexibility. 1n principle, then, any 
protein molecule could adopt an almost unlimited number of shapes (conforma­
tions). Most polypeptide chains, however, fold into only one particular confor­
malion determined by their amino acid sequence. This is because the backbones 
and side chains of the amino acids associate with one another and with water to 
form various weak noncovalent bonds (see Panel 3-1, pp. 92-93). Provided that 
the appropriate side chains are present at crucial positions in the chain, large 
forces are developed Lhat make one particular conformation especially stable. 

Most proteins can fold spontaneously into their correct shape. By treatment 
with certain solvents, a protein can be unfolded, or denatured, to give a flexible 
polypeptide chain that has lost its native conformation. When the denaturing 
solvent is removed, the protein will usually refold spontaneously into its origi­
nal conformation, indicating that all the information necessary to specify the 
shape of a protein is contained in the amino acid sequence itself. 

One of the most important factors governing the folding of a protein is the 
distribution of its polar and nonpolar side chains. The many hydrophobic side 
chains in a protein tend to be pushed together in the interior of the molecule, 
which enables them to avoid contact with the aqueous environment (just as oil 
droplets coalesce after being mechanically dispersed in water). By contrast, the 
polar side chains tend to arrange Lhemselves near the outside of the protein mol­
ecule, where they can interact with water and with other polar molecules (Fig­
ure 3-25). Since the peptide bonds are themselves polar, they Lend to interact 
both with one another and with polar side chains to form hydrogen bonds (Figure 
3-26); nearly all polar residues buried within the protein are paired in this way 
(Figure 3-27). Hydrogen bonds Llrns play a major part in holding together differ-

Protein Structure 

unfolded polypeptide 

polar 
side chains 

hydrophobic 
core region 
contains 
nonpolar 
side chains 

\ 

non polar 
side chains 

hydrogen bonds 
can form to 
polar side chains 
on the outside 
of the molecule 

folded conformation in aqueous environment 

Figure 3-25 How a protein folds into 
a globular conformation. The polar 
amino acid side chains tend to gather 
on the outside of the protein, where 
they can interact with water. The 
nonpolar amino acid side chains are 
buried on the inside to form a 
hydrophobic core that is "hidden" 
from water. 

JJ I 
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ent regions of polypeptide chain in a folded protein molecule. They are also cru­
cially important for many of the binding interactions that occur on protein sur­
faces. 

Secreted or cell-surface proteins often form additional covalent intrachain 
bonds. Most notably, the formation of disulfide bonds (also called - bonds) 
between the two -SH groups of neighboring cysteine residues in a folded 
polypeptide chain (Figure 3-28) often setves to stabilize the three-dimensional 
structure of extracellular proteins. These bonds are not required for the specific 
folding of proteins, since folding occur normally in the presence of reducing 
agents that prevent S-S bond formation. ln fact, -S bonds are rarely, if ever, 
formed in protein molecules in th cytosol because the high cytosolic concen­
tration of -SH reducing agent breaks such bonds. 

112 Chapter 3 : Macromolecules: Structure, Shape, and 1oformation 

Figure 3-26 Hydrogen bonding. 
Some of the hydrogen bonds (shown 
in color) that can form between the 
amino acids in a protein. The peptide 
bonds are shaded in gray. 

Figure 3-27 Details of intra­
molecular hydrogen bonds in a 

protein. ln this region of the enzyme 
lysozyme, hydrogen bonds form 
between two side chains (blue), 
between a side chain and an atom in 
a peptide bond (yellow), or between 
atoms in two peptide bonds (red). For 
reference, see Figure 3-26. (After C.K. 
Mathews and K.E. van Holde, 
Biochemistry. Redwood City, CA: 
Benjamin/Cummings, 1990.) 
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The net result of all the individual amino acid interactions is that most pro­
tein molecLtles fold up spontaneously into precisely defined conformations. 
Those that are compact and globular have an inner core composed of clustered 
hydrophobic side chains-packed into a tight, nearly crystalline arrangement­
while a very complex and irregular exterior surface is formed by the more polar 
ide chain . The positioning and chemistry of the different atoms on this intri­

cate surface make each protein unique and enable it to bind specifically to otber 
macromolecular surfaces and to certain small molecules (discussed below). From 
both a chemical and a structural standpoint, proteins are the most sophisticated 
molecules known. 

Common Folding Patterns Recur in Different 
Protein Chains 22 

Although all the information required for the folding of a protein chain is con­
tained in its amino acid sequence, we have not yet learned how to "read" this 
information so as to predict the detailed three-dimensional su-ucture of a pro­
tein whose sequence is known. Consequently, the folded conformation can be 
determined only by an elaborate x-ray diffraction analysis performed on crystals 
of the protein or, if the protein is very small, by nuclear magnetic resonance tech­
niques (see Chapter 4). So far, more than 100 types of protein folds have been dis­
covered by this technique. Each protein has a specific conformation so intricate 
and irregular that it would require a chapter to describe it in full three-ctirnen­
sional detail. 

When the three-dimensional structure of different protein m lecules are 
compared, it becomes clear that, although the overall conformation of each pro­
tein is unique, several stru tural panern recur repeatedly in part of the c mac­
romolecules. Two patterns are particularly common because they r suit from 
regular hydrogen-bonding interaction between the p ptide bond th mselve 
rather than between the side chain of particular amino acids. Both pattern were 
correctly predicted in 1951 from model-building tudie ba ed on the different 
x-ray diffraction patterns of silk and hair. The two regular patterns dis overed ar 
now known as the f3 sheet, which occurs in the protein fibroin, found in ilk, and 
Lhe a helix, which occur in the protein a-keratin, found in skin and it append­
age , such as hair, nails, and feather . 

The core of most (but not all) globular proteins ontain exten ive regions 
of~ sheet. In th example illustrated in Figure 3-29, whi h hows part of an an­
tibody molecule, an anti parallel f3 sheet is form d when an extended polypeptide 
chain folds back and forth upon it elf, with each ction of the chain running in 
the direction oppo ite to that ofil immediate neighbors. This gives a very rigid 
structure held lOgether by hydrogen bond that connect the peptide bonds in 
neighboring chain . The antiparallel ~ sh et and the closely related parallel f3 
sheet (which i formed by regions of polypeptide chain that run in the same di­
r Lion) frequently serve a th framework around which globular protein are 
onstructed. 

Prot in t.ructure 

Figure 3-28 Disulfide-bond 
formation. The drawing illustrates the 
formation of a covalent disulfide 
bond between the ide chains of 
neighboring cysreine re idue in a 
protein. 
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An a helix is generated when a single polypeptide chain turn regularly 
about itself to make a rigid cylinder in which each peptide bond is reguJarly hy­
drogen-bonded to other peptide bonds nearby in the chain. Many globular pro­
teins contain short regions of such o. helices (Figure 3-30). and tho e portions of 
a transmembrane protein that cross the lipid bilayer are usually a helices because 
of lhe constraints imposed by the hydrophobic lipid environment (discu ed in 
Chapter 10). 

(A) (Bl 
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Figure 3-29 A J3 sheet is a common 
structure formed by parts of the 
polypeptide chain in globular 
proteins. At the top, a domain of 115 
amino acids from an immunoglobulin 
molecule is shown; it consist of a 
sandwichlike structure of two 13 
sheets, one of which is drawn in color. 
At the bottom, a perfect antiparallel 13 
sheet is shown in detail, wilh the 
amino acid side chains denoted R. 

ote that every peptide bond i 
hydrogen-bonded to a neighboring 
peptide bond. The actual heet 
structure in globular proteins are 
usuaJJy le s regular than the 13 heel 
shown here, and most heels are 
slightly twisted (see Figure 3-31). 

Figure 3-30 An a helix is another 
common structure formed by J>arts 
of the polypeptide chain in proteins. 
(A} The oxygen-carrying molecule 
myoglobin (153 amino acids long) is 
shown, with one region of ex helix 
omlined in color. (B) A perfect ex helix 
i hown in outline. (CJ As in the 13 
sheet, every peptide bond in an ex 
helix i hydrogen-bonded to a 
neighboring peptide bond. Note that 
for clarity in (BJ both Lhe side chains 
[which protrude radiaJJy along the 
outside of the helix and are denoted 
by R jn (C)] and tile hydrogen atom 
are omitted on the a-carbon atom 
of each amino acid (see also Figure 
3-31J. 
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In aqueous environments an isolated u helix i usually not stable on its own. 
Two identical a helices that have a rep ating arrangement of nonpolar side 
chains, however, will twist around each other gradually to form a particularly 
stable structure known as a coiled-coil (seep. 125). Long rodlike coiled-coils are 
found in many fibrous proteins, such as the intracellular Cl-keratin fibers that re­
inforce skin and its appendages. 

pace-filling representations of an u helix and a p sheet from actual proteins 
are shown with and without their side chain in Figure 3-31. 

Proteins Are Amazingly Versatile Molecules 23 

Becau e of the variety of their amino acid side chains, proteins are remarkably 
versatile with re pect to the Lype of structures they can form. Contrast, for ex­
ample, two abundant proteins secreted by cells in connective tissue-collagen 
anc.I elastin-both present in th extracellular matrix. In collagen molecules three 
separate polypeptide chai.J , each rich in the amino acid praline and containing 
the amino acid glycine at every third residue, are wound around one another to 
generate a regular triple helix. These collagen molecules are packed together into 
fibrils in which adjacent molecules are tied together by covalent cross-Jinks be­
tween neighboring lysine residues, giving the fibril enormous tensile slrength 
(Figur 3-32). 

Elastln is at the opposite extreme. Its relatively loose and unstructured 
polypeptide chains are eras -linked covalently to generate a rubberlike elastic 
meshwork that enables tissues such as arteries and lungs to deform and stretch 
withouL damage. A illustrated in Figure 3-32, the elasticity is due to the ability 
of individual protein molecules to uncoil reversibly whenever a tretching force 
i applied. 

It i remarkable that the same basic chemical tructure-a chain of amino 
acids-can form so many different structures: a rubberlike ela lie meshwork 

Protein Structure 

Figure 3-31 pace-filling models of 
an a. hel.ix and a I} sheet with (right) 
and without (left) their amino acid 
ide chalns. (A) An a. helix (part of the 
tructure of myoglobin). (B) A region 

of~ sheet (pan of the srructure of an 
immunoglobulin domain). In the 
photographs on the left, each side 
chain is represented by a single darkly 
shaded atom (the R groups in Figures 
3-29 and 3-30). while the entire side 
chain is hown on the right. (Courtesy 
of Richard J. Feldmann.) 
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(A) 

figure 3-32 Contrast between collagen and eta tin. 
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(A) Collagen is a triple helix formed by three extended 
protein chains that wrap around each other. Many 
rodlike collagen molecules are cro s-linked together in 
the extracellular space to form inexten ible collagen 
fibrils (lop) that have the tensile strength of ste I. (BJ 
Elastin polypeptide chains are cross-linked together to 
form ela tic fiber . Each elastin molecule uncoil into a 
more extended conformation when the fiber is stretched. 
The striking contrast between the physical properties of 
elasdn and collagen is due emirely to their very different 
amino acid sequences. 

··"' f" ~ ~ ~·· 
--~ ~ i - .. 

(elastin), an inextcn ible cable with the tensile strength of steel (collagen), or any 
of the wide varlety of catalytic surfaces on the globular protein that function as 
enzymes. Figure 3-33 illustrates and compares the range of shape that could, 
in theory, be adopted by a polypeptide chain 300 amino acids long. A we have 
already emphasiz d, the conformation actually adopted depends on the amino 
acid sequence. 

Proteins Have Different Levels of Structural Organization 24 

In describing the stru tur of a protein, it is helpful to distinguish various levels 
of organization. The amino acid sequence is called the primary structure of the 
protein. Regular hydrogen-bond interactions within contiguous stretch s of 
polypeptide chain give rise to u helices and ~ sheets, which con titute the 
protein's secondary structure. ertain combinations of u helices and ~ she t • 
pack together to form compactly folded globular units, each of which is called a 
protein domain. Domains are usually constructed from a section of polypeptide 
chain that contains between 50 and 350 amino acids, and they seem to be the 
modular units from which protein are constructed ( ee below). Whil mall 
proteins may contain only a single domain, larger proteins contain a numb r of 
domains, which are often connected by relatively open lengths of polypeptide 
chain. Finally, individual polypeplid soften serve as subunits for the formation 
of larger molecules, somelim called protein assemblies or protein complexes, in 
which the subunits are bound to one another by a large number of weak, 
noncovalent interaction ; in extracellular proteins these interaction are often 
stabilized by disulfide bond . 

Figure 3-33 Some po sible ize and shapes of a protein molecule 300 
amino acid residues long. The structure formed is determined by the 
amino acid sequence. (Adapted from O.E. Metzler, Biochemi try. New York: 
Academic Press, 1977.) 
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Figure 3-34 Basic pancreatic trypsin inhlbltor (BPTI). The three­
dimensional conformation of this small protein is shown in five commonly 
used representations. (A) A stereo pair illustrating the positions of all 
nonhydrogen aLoms. The main chain is shown with heavy lines and the side 
chains with Lhin lines. (BJ Space-filling model showing the van der Waals 
radii of all aLoms (sec Panel 3-1, pp. 92-93). (C) Backbone wire model 
composed of lines Lhat connect each a carbon along the polypeptide 
backbone. (DJ ''Ribbon model," which represents all regions of regular 
hydrogen-bonded interactions as either helices (a helices) or seLs of arrows 
(13 sheets) pointing Loward the carboxyl-rerminal end of the chain. 
(E) "Sausage model," which shows the course of the polypeptide chain but 
omits all detail. In Lhe bo11om three panels the hairpin beta motif is colored 
green; this motif is also found in many other proteins (see text). Note that 
the core of all globular proteins is densely packed wilh atoms. Thus the 
impression of an open structure produced by models (C), (OJ, and (El is 
misleading. (Band C, courtesy of Richard J. Feldmann; A and D, courtesy of 
Jane Richardson.) 
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The thr -dim n ional tructure of a protein can be illustrated in variou 
way . on ider th unu ually mall protein ba ic pancreatic tryp in inhibitor 
(BPTI), whi h contain 58 amino a id re idues folded into one domain. BPTI can 
be hown a a tereo pair displaying aJJ of it nonhydrog n atoms (Figure 3-34A) 
or a an ac urat pace-CiJJing mod I, where most of the details are obscur d 
(Figur 3-348). Alt rnativ ly, it an be hown more schematically, with all of the 
ide chain and acLuaJ atom omitt d o that it i ea ier LO follow the cour e of 

the main p lypepLid chain (Figures 3-34 , D, and E). An average-size protein 
contain about ix time mor amino acid re idue than BPTI. and many proteins 
are m re than 20 time it ize. hemati drawing ar essential for displaying 
the tructure of thes larg r prot in , and we u e them throughout this text. 

Figure 3-35 how how the tructur of a large protein can be resolved into 
several level of organization, ea h lev I onstructed from the one below it in a 
hierar hicaJ fa hion. Th c I v I of in reased organizational omplexity may 
correspond to the t p by which a newly ynth ized protein folds into it final 
native tructure in ide LJ1 ell. 

Domains Are Form d from a Polypeptide Chain 
That Wind Back and Forth, Making harp Tum 
at the Protein Surface 24 

A protein domain can be vi wed a the ba ic tructural unit of a protein struc­
ture. The core of each domain i largely compos d of a . et of interconnect d p 
sheets or a helice or both. The r gular condary Lrucrur • ar fa ored be­
cau e they p rmit an e ten ive hydrogen bonding bet\ nth backbone atom , 
which is essential for tabilizing the inL rior of the domain, where water i not 
available to arm hydrogen bond with lh polar arbonyl o g n or amide hy­
drogen of the peptide bond. 

B cau e there ar onJy a limited numb r of way of combining o. h lice and 
P sheet to make a globular tru turc, certain ombinalions of the lemcnts, 
called motifs, occur repeat dly in the cor of many unrelat d protein . One x­
ample i the hairpin beta motif t und in BPTl ( olored gre n in Figur 3-340), 
which consi t of nvo antiparall I p strand join d by a harp turn formed by a 
loop of polypeptide chain. Another example is th beta-alplla-bela moliJ; in 
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protem molecule (dimer) 

quaternary structure 

igure 3-35 Three levels of 
organJzalion of a proteln. The three­
dimen ional tru tur of a protein 
can be de crib d in l rm of diff rent 
levels of folwng, each of which i 
constructed from the pre cding one 
in hierarchical fa hion. These level 
are illu trated here using the 
catabolite activator protein ( :AP), a 
bacterial gene regulatory protein with 
two domain . When th • large domain 
bind cyclic AMP. it cau a 
conformational change in th protein 
that enable the mall domain 10 bind 
to a specific DNA equ nee. Th• 
amino acid equence i termed the 
primary strucmre and Lhe fir t folding 
level the econdary stru rure. A 
indicated under the brackets at the 
bottom of this figure, the 
combination of the second and third 
folding levels shown here i 
commonly termed the tertiary 
stmcture, and the fourth 1 vel (the 
as embly of subunits) the qu.acemary 
s1ructure of a protein. (Modified from 
a drawing by Jane Richard on.) 
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which MO adjacent parallel ~ strands are connected by a length of a helix (Fig­
ure 3-36). Several other common motifs are discussed in Chapter 9, where we 
consider the various DNA-binding motifs found in several families of gene regu­
latory proteins. 

Various combinations of motifs form the protein domain itself, in which the 
polypeptide chain tends to wind its way back and forth across the entire struc­
ture, either as a~ sheet or an a helix, reversing direction suddenly by making a 
tight turn when it reaches the surface of the domain. As a result, a typical domain 
is a compact structure whose surface is covered by protruding loops of polypep­
tide chain (Figure 3-37). The loop regions, which vary in length and have an ir­
regular shape, often form the binding sites for other molecules. Because the loop 
regions are exposed to water, they are rich in hydrophilic amino acids, and on 
this basis their positions can frequently be predicted from a careful examination 
of the amino acid sequence of a protein. 

Relatively Few of the Many Possible Polypeptide Chains 
Would Be Useful 
Since each of the 20 amino acids is chemically distinct and each can, in principle, 
occur at any positfon in a protein chain, there are 20 x 20 x 20 x 20 = 160,000 
different possible polypeptide chains 4 amino acids long, or 20n different possible 
polypeptide chains 11 amino acids long. For a typical protein length of about 300 
amino acids, more than 10390 different proteins can be made. 

We know, however, that only a very small fraction of these possible proteins 
would adopt a stable three-dimensional conformation. The vast majority would 
have many different conformations of roughly equal energy, each with different 
chemical properties. Proteins with such variable properties would not be useful 
and would therefore be eliminated by natural selection in the course of evolu­
tion. Present-day proteins have an amazingly sophisticated structure and chem­
istry because of their unique folding properties. Not only is the amino acid se­
quence such that a single conformation is extremely stable, but this conformatjon 
has the precise chemical properties that enable the protein to perform a specific 
catalytic or structural function in the cell. Proteins are so precisely built that the 
change of even a few atoms in one amino acid can sometimes disrupt the struc­
ture and cause a catastrophlc change in function. 

IAI (Bl (Cl 

Protein Structure 

Figure 3-36 Example of a common 
protein motif. Jn the beta-alpha-beta 
motif two adjacent parallel strands 
that form a ~ sheet structure are 
connected by an a helix. Like the 
hairpin beta motif highlighted in 
Figure 3-34, this motif is found in 
many different proteins. 

Figure 3-37 Ribbon models of the 
three-dimensional strnctrne of 
several differently organized protein 
domains. (A) Cytochrome b5s2, a 
single-domain protein composed 
almost entirely of a helices. (BJ The 
NAO-binding domain of lactic 
dehydrogenase, composed of a 
mLxture of a helices and ~ sheets. (Cl 
The variable domain of an 
immunoglobin light chain, composed 
of a sandwich of two p sheets. In these 
examples the a helices are shown in 
green, while strands organized as p 
sheets are denoted by red arrows. 
Nole thal the polypeptide chain 
generally traverses back and forth 
across the entire domain, making 
sharp turns only a1 the protein 
surface. The protruding loop regions 
(yellow) often form the binding sites 
for other molecules. (Drawings 
courtesy of Jane Richardson.) 
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111111 I Ill I I Ill 

------GOLAOTLOOAYLPTVDYA IC SSSSYWGSTVKNSMVCAGGDG 

GVSSCMG o~¥'crn PLVCKKN GAWTLVG IV SWGSS-TCSTS-TPGVYARVT AL VNWVQQTLAAN 

I I 1111111 I II I I I I I I II I I I 
VRSGCOGDSG G PLHCLVNGOYAVHGVTSFVS RLGCNVTRKPTVFTRVSAYI SWI N NV I ASN 

187 lfl\ 245 

(B) 

A = Ala - alanine 
C = Cys = cysteine 
D = Asp = aspart1c acid 
E m Glu = glutamic acid 
F • Phe = phenylalanine 

G • Gly = glycine 
H = His = histidine 
I = lie = isoleucine 
K = Lys = lysine 
L = Leu = leucine 

M = Met = methionine 
N = Asn = asparagine 
P = Pro = proline 
0 = Gin = glutamine 
R = Arg = arginine 

S = Ser = serine 
T = Thr = threonine 
V = Val = vahne 
W = Trp = tryptophan 
Y = Tyr = tyrosine 

New Proteins Usually Evolve by Alterations of Old Ones 25 

Cells have genetic mechanism that allow genes to be duplicated, modified, and 
recombined in the course of evolution. Consequently, once a protein with use­
ful surface properties has evolved, its basic structure can be incorporated in many 
other proteins. Proteins of different but related function in present-day organ­
isms often have similar amino acid sequences. Such families of proteins are be­
lieved to have evolved from a ingle ancestral gene that duplicated in the course 
of evolution to give ri e to other genes in which mutations gradually accumulated 
to produce related proteins with new functions. 

Consider the serine proteases, a family of protein-cleaving (proteolytic) 
enzymes that includes the digestive enzymes chymotrypsin, trypsin, and elasta e 
and ome of the proteases in the blood-clotting and complement enzymatic 
cascades. When two of these enzymes are compared, about 40% of the positions 
in their amino acid sequences are found to be occupied by the same amino acid 
(Figure 3-38). The similarity of their three-dimensional conformation as deter­
mined by x-ray crystallography is even more striking: most of the detailed twi ts 
and turns in their polypeptide chains, which are several hundred amino. acid 
long, are identical (Figure 3-39). 

The story that we have told for the serine proteases could be repeated for 
hundreds of other protein families. In many cases the amino acid equence have 
diverged much further than for the serine proteases, so that one cannot be ure 
of a family relationship between two proteins without determining their three-
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Figure 3-38 (A) Comparison of the 
amino acid sequence of two 
members of the serine protease 
family of enzymes. The carboxyl­
terminal portions of I.he two proteins 
are shown (amino acid 149 to 245). 
Identical amino acids are connected 
by colored bars, and I.he erine 
residue in the active ite at position 
195 is highlighted. In I.he yellow boxed 
section of the polyp ptide chain , 
each amino acid occupies a clo ely 
equivalent position in the three­
dimen ional trucrure of the two 
enzymes (see Figure 3-39). (B) The 
standard one-letter and three-letter 
codes for amino acids. (Modified from 
J. Greer, Proc. Natl. Acad. ci. USA 
77:3393-3397, 1980.) 

Figure 3-39 Comparison of the 
conformations of the two serine 
proteases shown in Figure 3-38. 
Elastase is shown in (A) and 
chyrnotrypsin in (B). Although only 
those amino acid residues in the 
polypeptide chain shaded in green are 
the same in the two proteins, their 
conformations are very similar 
everywhere. The active site, which is 
circled in red, contains an activated 
serine residue (see Figure 3-57). 
Chymotrypsin contains more than 
two chain termini because it is 
formed by the proteolytic cleavage of 
chymotrypsinogen, an inactive 
precursor. 
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(A) 

lC) 

yeast 

H 
G H R F T K E N V R I L E S W F A K N I E N P V L D T K G L E N L M K N T S L S I Q I K N W V S N R R R K E K Ti I COOH 
RTAFSSEOLARLKREFNEN---RYLTERRRQOLSSELGLN IKIWF.QNKRAKIK S 
Drosophila 

dimensional structure . The yeast a2 protein and the Drosophila engrailed pro­
tein, for example, ar both gen regulatory protein in the homeodomain fam­
ily. Becau e they are identical in only 17 of their 6 amino acid re idue , their 
relation hip became c rtain only wh n their thre -dimen ional truccure were 
compared (Figure 3-40). 

The variou member of a larg protein family will oft n have di tin l func­
tions. Some of the amLno a id change Lha( make the e protein different were 
no doubt selected in the cour e of evolution b cau they resuJted in changes in 
biological a tivity, giving th individuaJ family members the different functional 
properties that they have today. Other amino acid chang are likely to be "neu­
tral," having neither a benefi i I nor a damaging effect on the ba ic tructure and 
function of th prot in. in mutation is a random proce , there must al o have 
b en many d Jeteriou changes that altered the three-dimensional structure of 
these protein uffi i ntly to inactival them. u h inactive proleins would have 
b en lo t when ver the individual organi ms making th m were at enough of a 
disadvantage lo be eliminated by naturaJ election. Lt i not surprising, chen, that 
ell contain whole • ts of tructurally r lated polypeptide chains that have a 

common an e try but different function . 

N w Pro ins Can Evolve by Recombining Preexisting 
Polypeptid Domain 26 

nee a numb r of table protein surfac have been made in a cell, new surfaces 
with different binding prop rti can be generaLed by joining lwo or more pro­
t ins together by noncoval nt interaction between them, producing a protein 
complex. This combining of protein to make larger, functionaJ protein assem­
bLi is common. Many protein complexes have molecular weights of a milJion 
or mor , ,v n though an average polypeptide chain has a molecular weight of 
40,000 (about 300 to 400 amino acid ), and relative] few polypeptide chain ar 
more than thr c tim lhi size. 

n altemativ wa of making a ne\ protein from existing chain is to join the 
torrc ponding D A quence to make a gene that ncod a ingle large 
polyp plide chain. Protein in which different par of the polyp pti<le chain old 
indep nc.l nlly into s · parate globular domain are believed to have ernlved in thi 
way, p rhaps a l r xisting ~ r a prolonged period a a protein cornple formed 
from parate polypeptide . Many protein have u h "multidomain'' tructur , 
and, as might be exp cted from thee olutionary con ideration di us d abov , 

Prat in tructurc 

Figure 3-40 Comparl on ofD A­
binding bomeodomains from two 
organisms separated by more than 
a billion years of e olution. 
{ l Schematic of structure. (B) Tra e 
of the a-carbon po ition . The three­
dimensional tructure hown w r 
determined by x.-ray crysLallography 
for the yeast a2 protein (green) and 
the Dro ophila engrailed protein 
(red). (C) Comparison of amino a id 
equencc for the rcgio11 of the 

proteins hown i.n (A) and (8). Orange 
dots demark the position of a three 
amino acid in n in rhc a2 protcln. 
(Adapted from C. Wolberger, et al., 
Cell 67:5 I 7-528, 1991.J 
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domain X domain A domain X domain B 

\ 

the binding sites for substrate molecules frequently lie where the separate do­
mains are juxtaposed (Figure 3-41). Thu , for the multidomain protein who e 
three-dimensional structure is shown in Figure 3-42, a protein surface on one 
domain that binds NAD+ was apparently combined with a surface on a second 
domain that binds a sugar, as part of the proce s of evolving an active site that 
use the NAD+ to catalyze sugar oxidation. 

Another way of reutilizing an amino acid equence is especially vfidespread 
among long fibrou proteins such as collagen (see Figw- 3-32). ln these cases a 
structure i formed from multiple internal repeat of an ancestral amino acid 
sequence. Putting together amino acid equences by joining preexisting coding 
D A sequences is clearly a much more efficient strategy for a cell than the alter­
native of deriving new protei!1 sequences from cratch by random DNA mutation. 

Structural Homologies Can Help Assign Functions 
to Newly Discovered Proteins 27 

The development of techniques for rapidly sequencing DNA molecules has made 
it possible to determine the amino acid sequences of many thou ands of proteins 
from the nucleotide sequences of their genes. A rapidly enlarging protein data 
base is therefore available that biologists routinely scan by computer to earch 
for possible sequence homologies between a newly sequenced protein and pre­
viously studied one . Although sequences have o far been determined for only 
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Figure 3-41 The evolution of new 
ligand-binding sites. The general 
principl by which the juxtaposition 
of eparate protein surfaces in the 
course of evolution has given rise to 
protein that contain new binding 
sites for other molecules (ligands­
sec p. 129). A indicated here, the 
ligand-binding ites often lie at the 
interface between two protein 
domains and are formed from loop 
region on the protein surface (see 
also Figure 3-42). 

Figure 3-42 The structure of the 
glycolytic enzyme glyceraldchyde 
3-phosphate dehydrogenase. The 
protein is composed of two domain , 
each shown in a different color, with 
regions of n helix represented by 
cylinders and region of~ heet 
represented by arrows. The detail of 
the reaction catalyzed by the enzyme 
are shown in Figure 2-22. Note that 
the three bound substrates Lie at an 
interface between the two domains. 
(Courtesy of Alan J. Wonacott.) 
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CAP PROTEIN 
H2N • COOH 

LAC REPRESSOR 
H2N. COOH 

CAO REPRESSOR 

cGMP-DEPENDENT PROTEIN KINASE 

H2N ---------------------COOH 

REGULATORY SUBUNIT OF cAMP-DEPENDENT PROTEIN KINASE 

H2N -----------•-coOH 

(A) 100 amino acids 

a t w percem of the proteins in eucaryoti organisms, it is common to find that 
a newly sequenced protein is homologous to some other, known protein over part 
of it length, indicating that most proteins may have descended from relatively 
few ancestral types. As expected, the equence of many large proteins often show 
signs of having evolved by the joining of preexisting domains in new combina­
tions-a proce s called domain shujfiing (Figure 3-43). 

The e protein comparisons are important becau e related structures often 
imply related functions. Many years of experimentation can be saved by discov­
ering an amino acid sequence homology with a protein of known function. Such 
equence homologies, for example, fust indicated that certain cell-cycle regula­

tory gene .in yeast cells and certain genes that cause mammalian cells to become 
cancerous are protein kinases_ In the same way many of the proteins that con­
trol pauern formation in the fruit fly Drosophila were recognized to be gene regu­
latory proteins, while another protein involved in pattern formation was identi­
fied as a serine protease. 

The di covery of domain homologies can also be usefuJ in another way. It is 
much more difficult to determine the three-dimen ional structure of a protein 
than to determine its amino acid sequence. But the conformation of a newly 
sequenced pro ein domain can be guessed if it is homologous to a domain of a 
protein whose conformation has already been determined by -ray diffraction 
analysis. By as uming that the twists and turns of the polyp ptide chain will be 
con erved in the two proteins despite the presence of dis repancie in amino acid 
sequence, on can often sketch the structure of the new protein with reasonable 
accuracy ( ee Figure 3 0). 

Many new protein equences are being added to th data base each year, 
each one incr a ing the chance of finding useful homologies. Protein- equence 
compari ons have therefore become a very important tool in ell biology. 

Protein Subunits Can Assemble into Large Structures 28 

The same principle that enable several protein domains to as ociate to form 
binding sites for small molecule operate to generate much larger tructures in 
the cell. Supramolecular tructures uch as enzyme complexes, ribo omes, pro­
tein filaments, viruse I and membranes are not made as sing! , giant, covalently 
linked molecules; in tead they are formed by the noncovalent a embly of many 
preformed molecule , which are called subunits of the final structure. 

There are everal advantages to the use of smaller subunit to build larger 
structures: (1) building a large structure from one or a few repeating maller 
subunits reduces the amount of genetic information required; (2) both as em­
bly and disassembly can be readily controlled, since the subunit a ociate 
through multiple bond of relatively low energy; and (3) errors in the synthesi 
of the structure can be more ea ily avoided, since correction mechanisms can 
operate during the cour e of a sernbly to exclude malformed subunits. 

Protein Structure 

EGF 

H2N COOH 

CHYMOTRYPSIN 

H2N COOH 

UROKINASE 

H2N COOH 

FACTOR IX 

H2N COOH 

PLASMINOGEN 

H2N COOH 

IB) 

lgure 3-43 Domain shuffling. An 
exten ive huflling of blocks of 
protein equence (protein modules) 
ha occurred during the evolution of 
proteins. Tho e portions of a protein 
denoted by the same shape and color 
are evolutionarily related but not 
identical. (A) The bacterial catabolite 
gene activaLoc protein (CAP) contains 
one domain (blue triangle) that binds 
a pecific DNA sequence and a 
second domain (red rectangle) that 
binds cyclic AMP (see Figure 3-35). 
The DNA-binding domain here is 
related to the DNA-binding domains 
of many other gene regulatory 
proteins, including the lac repressor 
and cro repressor proteins. In 
addition, two copie of the cyclic­
AMP-binding domain are found in 
eucaryotic protein kinase regulated 
by the binding of cyclic nucleotides. 
(B) Serine proteas like 
chymotrypsin are formed from two 
domains (brown). In some related 
proteases that are highly regulated 
and more pecJalized, the two 

protease domains are connected to 
one or more domains homologous to 
domains found in pidermal growth 
factor (green hexagon), to a calcium­
binding protein (yelloru triangle), or 
to a "kringle" domain (blue square) 
that contains three internal di ufide 
bridges. 
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subunit 

dimer 

Figure 3-44 The formation of a dimer from a 
single type of protein subunit. A protein with a 
binding site that recognizes itself will often form 
symmetrical dimers. These may then pair with 
other subunits to form tetramers and larger 
assemblies (not shown). 

A Single Type of Protein Subunit Can Interact with Itself 
to Form Geometrically Regular Assemblies 29 

If a protein has a binding site that is complementary to a region of its own sur­
face, it will assemble spontaneously to form a larger tructure. In the simplest 
case, a binding site recognizes itself and forms a symmetrical dimer. Many en­
zymes and other proteins form dnners of this kind. which frequently act as sub­
units in the formation oflarger assemblies (Figures 3-44 and 3-45). 

If the binding site of a protein is complementary to a region of its surface 
that doe not include the binding site itself, a chain of subunits will be formed. 
For certain special orientations of the two binding sites, the chain will soon run 
into itself and terminate, forming a closed ring of subunits (Figure 3-46). More 
commonly, an extended polymer of subunits will result and provided that 
each subunit is bound to its neighbor in an identical way, the subunits in the 
polymer will be arranged in a helix that can be extended indefinitely (see Figure 
3-5). An actin filament, for example, is a helical structure formed from a single 
globular protein subunit called actin; actin filaments are major components in 
the cytosol of most eucaryotic cells (Figure 3-47). As we discu below, globular 
proteins may also associate with like neighbors to form extended sheets or tubes 
(see Figure 3-49). 

Coiled-Coil Proteins Help Build Many Elongated 
Structures in Cells 30 

Where mechanical strength i of major importance, supramolecular assemblies 
are usually made from fibrous rather than globular subunits. Such assemblies can 
be stabilized by extensive regions of protein-protein contact when the subunits 

free 
subunits 

binding 
sites 

assembled structures 

ring 
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helix 

Figure 3-45 RJbbon model of a 
dimer formed from two identicaJ 
protein subunits (monomers). The 
protein hown is the bacterial 
catabolite gen acllvator protein 
(CAP) illustrated previously in Figure 
3-35. (Court sy of Jane Richardson.) 

Figure 3--46 Rings or helices can 
form if a single type of proteJn 
subunit interacts with itself 
repeatedly. The formation of a helix 
wa illustrated in Figur 3-5; a ring 
forms instead of a helix if the subunits 
run into one another, stopping 
further growth of the chain. 
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actlo helix 

are wound around one another as a multistranded helix. A particularly stable 
structural unit that is u ed repeatedly for this purpose is known as the coiled-coil. 
It forms by the pairing of two a-helical subunits that have a repeating arrange­
ment of non polar side chains. The two a-helical subunits are usually identical 
and run in parallel (that is, in the same direction from amino to carboxyl termi­
nal). They coil gradually around each other to produce a stiff filament with a 
diameter of about 2 nm (Figure 3-48). Wherea short coiled-coils serve as dimer­
ization domains in several families of gene regulatory proteins, more commonly 
a coiled-coil will extend for more than 100 nm and erve as a building block for 
a large fibrous structure, such as the thick filaments in a muscle cell. 

Proteins Can Assemble into Sheet , Tubes, or Spheres 31 

Some protein subunits assemble into flat heel in which the subunits are ar­
ranged in hexagonal arrays. Specializ d membrane proteins are sometimes ar­
ranged in this way in lipid bilayer . With a slight change in the geometry of the 
individual subunits, a hexagonal sheet can b converted into a tube (Figure 3-
49) or, with more changes, into a hollow sphere. Protein tubes and spheres that 
bind specific RNA and D A molecule form the coats of virnses. 

The formation of closed structures, uch as rings, tube , or sphere , provides 
additional stability because it increases the number of bonds that can form be­
nveen the protein ubunits. Moreover, because such a structure is formed by 
mutually dependent, cooperative interactions between subunits, it can be driven 

L...__J 
0.6nm 

(Al 

Protein tructure 

(B) 

l 
11 om 

j 

HOOC COOH 

(C) 

Figure 3-4.7 An actln filament. There 
are about two globular protein 
subunits per turn in this important 
filament, which is cliscu sed in detail 
in Chapter 16. 

Figure 3--48 The structure of a 
coiled-coil. In (A) a single a. helix is 
shown, with successive amino acid 
side chains labeled in a sevenfold 
sequence "abcdefg" (from bottom to 
top). Amino acids "a" and "d" in such 
a equence lie close together on the 
cylinder surface, forming a "stripe" 
(shaded in red) that winds slowly 
around the a helix. Proteins that form 
coiled-coils typically have 
hydrophobic amino acids at positions 
"a" and "d." Consequently, as shown 
in (Bl, the two a helices can wrap 
around each other with the 
hydrophobic side chains of one a 
helix interacting with the 
hydrophobic side chains of the other, 
while the more hydrophilic amino 
acid side chains are left exposed to 
the aqueous environment. (C) The 
atomic structure of a coiled-coil 
determined by x-ray cry tallography. 
The red id chains ar hydrophobic. 
(C, from T. Alb r, Curr. Opin. Genet. 
Devel. 2:205-210, 1992. © Current 
cience.) 
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subunit "' 

hexagonally 
packed 
sheet 

helical 
tube 

to assemble or disassemble by a relatively small change that affects the subunits 
individually. These principles are dramatically illustrated in the protein capsid 
of many imple viruses, which takes the form of a hollow sphere. These coats are 
often made of hundreds of identical protein subunits that enclose and protect 
the viral nucleic acid (Figure 3-50). The protein in such a capsid must have a par­
ticularly adaptable structure, since it must make several different kinds of con­
tacts and al o change its arrangement to let the nucleic acid out to initiate viral 
replication once the virus has entered a cell. 

/4rojecting domain 

/ shell domain 

binding domain 

monomer 
shown as 
ribbon 
diagram 

free dimers 
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Figure 3-49 Hexagonally packed 
globular protein subunits can form 
either a Oat sheet or a tube. 

Figure 3-50 The tructure of a 
spherical viru . ln many viru e , 
identical protein ubunits pack 
together to create a spherical hell (a 
capsid) that encloses the viral 
genome, composed of either RNA or 
D A (see Figure 6-72). For geometric 
reasons, no more than 60 identical 
subunits can pack together in a 
precisely symmetrical way. If slight 
irregularities are allowed, however, 
more subunits can be u ed to 

produce a larger capsid. The tomato 
bushy stunt virus (TBSV) shown here, 
for example, is a spherical virus about 
33 run in diameter that is formed 
from 180 identical copies of a 386 
amino acid capsid protein plus an 
R A genome of 4500 nucleotides. To 
form such a large capsid, the protein 
must be able to fit into three 
somewhat different environments, 
each of which is differently colored 
in the particle shown here. The 
postulated pathway of assembly is 
shown; the precise three-dimensional 
structure has been determined by 
x-ray diffraction. (Courtesy of Steve 
Harrison.) 
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Many Structure in CeJJs Are Capable of Self-assembly 32 

The information for forming many of lhe complex as. mblies of macromolecules 
in cells mu t be contained in the ubunit them elv ince under appropriate 
conditions the isolated subunit i:an pontan ou ly a mbl in a test tube into 
the final structure. The fir t large rnacromol cular aggregate shown to b capable 
of elf-as embly from it component part wa tobacco mosaic virus ([MV). This 
virus is a long rod in which a cylinder of prot in i arranged around a helical R A 
core (Figure 3-51). If the di ociated R A and prot in ubunit are mixed to­
gether in solution, they recombine to form fully active viru particle . The assem­
bly proces is unexpectedly complex and in ludes the formation of double rings 
of protein, which erve as intermediate that add to the growing virus coat. 

Another complex macromole ular aggr gate that an rea embl from ic 
component parts is the ba terial ribo ome. Th e ribo om are compo ed of 
about 55 different protein molecule and 3 different rR A molecule . If the in­
dividual component are incubated under appropriat ondition in a t t tube, 
they spontaneously re-form the original stru Lure. Most important, u h recon-
tituted ribo omes are able to car1ry out protein synth i . A might be expected, 

the reas embly of ribosome follow a pecific pathway: certain protein fir t bind 
to th RNA, and this complex is then re ognized by oth r protein , and o on until 
th tructure is complete. 

rt is still not clear how ome of the more laborate elf-a mbly proce 
are regulated. Many structure in the cell, for example, appear to have a precisely 
d fined length that is many times greater than that of th ir compon nt macro­
molecule . How such length determination i achi ved i in mo t ca e a my -
tery. Three po sible mechanisms are illustrated in Figure 3-52. In th impl t 
a ea long core protein or other macromolecule provide a affold that deter­

mine the extent of the final assembly. Thi is the m chani m that d termin 
th length of the TMV particle, where the RNA chain provide the core. imilarly, 
a ore protein is thought to determine the length of th thin filament in mu cl , 
a w 11 as the long tail of ome bacterial viru es (Figure 3-53). 

,,.___...,. + 1111 

(Al CORE ASSEMBLY !BJ ACCUMULATED STRAIN IC) VERNIER 

Protein tru ture 

(Bl 

Figure 3--51 The tructure of tobacco 
mo aic viru (TMV). (A) ElecLron 
micrograph of a tobacco mosaic virus 
(TMV), which c:onsists of a single long 
RNA molecule enclo d in a 
cylindrical protein coat compo ed of 
a tighl helical asray of identical 
protein subunits. (B) A model 
showing part of the structure ofTMV. 
A ingle-stranded RNA molecule of 
6000 nucleotides is packaged in a 
helical coat constructed from 2130 
copies of a coat. protein 158 amino 
acids long. Fully infective virus 
parti le can elf-assemble in a te t 
tube from purified R A and protein 
mole ules. (A, c:ourtesy of Robley 
William : B, courtesy of Richard J. 
Feldmann.) 

igure 3--52 Three ways in which a 
large protein a I embly can be made 
to a fixed length. (A) oa embly 
along an elongated core protein or 
oth r macromolecule that acts as a 
measuring devic:e. (B) Termination of 
as embly becau e of train that 
accumulat • in the polymeric 
s1ructur a additional ubunit ar 
added. o that b ond a c rtain 
length the energy required to fit 
another subunit onto th chain 
be om . ex ively large. (C) A 
verni r typ of as embly, in which 
two t of rod Ii ke mol ules dtrn ring 
in length form a tagger d com pl x 
that grow un1il their nd xactly 
math. 
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Not All Biological Structures Form by Self-assembly 33 

Some cellular structures held together by noncovalent bonds are not capable of 
self-assembly. A mitochondrion, a cilium, or a myofibril, for example, cannot 
form spontan ously from a olution of their component macromolecules because 
part of the information for their assembly i provided by special enzymes and 
other cellular proteins that perform the Function of jigs or templates but do not 
appear in the finaJ a sembled tructure. Even small tructure may lack some of 
the ingredients necessary for their own assembly. In the formation of some bac­
t rial viruses, for example, the head tructure, which i composed of a single 
protein subunit. is assembled on a temporary scaffold composed of a second 
protein. The econd protein is absent from the final virus particle, and so the head 
structure cannot spontaneously reassemble once it is taken apart. 0th.er examples 
are known in which proteolytic cleavage is an essential and irreversible step in 
the as embly process. This is the case for the coats of some bacterial vim e and 
even for some imp le protein a semblies, including the structural protein col­
lagen and the hormone in ulin (Figure 3-54). From these relatively irnple ex­
amples, it seems very likely that the assembly of a structure as complex as a mj­

tochondrion or a cilium will involve both temporal and spatial ordering imparted 
by other cellular components, as well as irreversible processing steps catalyzed 
by degradative enzymes. 

Summary 

The three-dimensional conformatiori of a protein molecule is determined by its 
amino acid sequence. The folded structure is stabilized by noncovalent imeractions 
between different parts of the polypeptide chain. The amino acids with hydrop1w­
bic side chains tend to cluster in the interior of the molecule, and local hydrogen­
bond interactiorls between neighboring peptide bonds give rise to a helices and f1 
sheets. Globular regions known as domains are the modular units from which many 
proteins are constructed; small proteins typically contain only a single domain, while 
large proteins contain several domains linked together by short le11gtlis of polypep­
tide chain. As proteins evolved, domains were modified and combined with other 
domains to construct new proteins. 

ProteillS are brought together into larger structures by the same noncovalent 
forces that determine protein folding. Proteins w.ith binding sites for their own mr­
face can assemble into dimers, closed rings, spherical shells, or helical polymers. Al­
tJwugh mixtures of proteillS and nucleic acids can assemble sponttmeously into com­
plex structures in the test tube, many assembly processes involve irreversible steps. 
Consequently, not all structures irz the cell are capable of spontaneous reassembly 
after they are dissociated into their component parts. 

Proteins as Catalysts 34 

The chemical properties of a protein molecule depend almost entirely on .its 
exposed urface residues, which are able to form weak, noncovaJent bonds with 
other molecules. When a protein molecule binds to another molecule, the ec­
ond molecule is commonly referred to a a ligand. Because an effective interac­
tion between a protein molecule and a ligand requires that many weak bonds be 

Figure 3-5 The polyp ptide hormone insuUn cannot spontaneously 
re-form if its disulfide bonds are disrupted. It is synthesized as a larg r 
protein (proinsulin) that i cleaved by a proteolytic enzyme after the 
protein chain has folded into a pecific shape. Excision of part of the 
proinsulin polypeptide chain causes an irretrievabl loss of the information 
needed for the protein co fold spontaneou ly into its normal conformation. 
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100 nm 

Figure 3-53 Electron micrograph of 
bacteriophage lambda. The tip of the 
viru tail attaches to a specific protein 
on Lhe surface of a bact rial cell, 
following which the Lightly pa kaged 
DNA in the head is injected through 
the tail into the cell. The Lail has a 
precise length, which i determined 
by Lhe mechanism shown in Figure 
3-52A. 

pro insulin 

insulin 

t ! sp;~fic foldin::tabilized 
by disulfide bonds 

s-s 

connecting peptide 
removed, leaving 
complete two-chain 
insulin molecule 

s-s 

'i : 

I reduction irreversibly 
separates the two chains 
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formed simultaneously between them, the only ligands that can bind tightly to 
a protein are those that fit precisely onto its surface. 

The region of a protein that associates with a ligand, known as its binding 
site, u()ually consists of a cavity formed by a specific arrangement of amino 
acids on the protein surface. These amino acids often belong to widely separated 
regions of the polypeptide chain (Figure 3-55), and they represent only a minor 
fraction of the total amino acids present. The rest of the protein molecule is pre­
sumably necessary to maintain the polypeptide chain in the correct position and 
to provide additional binding sites for regulatmy purposes; the interior of the pro­
tein is often important only insofar as it gives the surface of the molecule the 
appropriate shape and rigidity. 

A Protein's Conformation Determines Its Chemistry 20 

Neighboring surface residues on a protein often interact in a way that alters the 
chemical reactivity of selected amino acid side chains. These interactions are of 
several types. 

First, neighboring parts of the polypeptide chain may interact in a way that 
restricts the access of water molecules to other parts of the protein surface. Be­
cause water molecules tend to form hydrogen bonds, they compete with ligands 
for selected side chains on the protein surface (Figure 3-56). The tightness of 
hydrogen bonds (and ionic interactions) between proteins and their ligands is 
therefore greatly increased if water molecules are excluded. At first sight it is hard 
to imagine a mechanism that would exclude a molecule as small as water from 
a protein surface without affecting the access of the ligand itself. Because of their 
strong tendency for hydrogen bonding, however, water molecules exist in a large 
hydrogen:bonded network (see Panel 2-1, pp. 48-49), and it is often energetically 
unfavorable for individual molecules to break away from this network to reach 
into a crevice on the protein surface. 

Second, the clustering of neighboring polar amino acid side chains can al­
ter their reactivity. If a number of negatively charged side chains are forced to­
gether against their mutual repulsion by the way the protein folds, for example, 
the affinity of the site for a positively charged ion is greatly increased. Selected 
amino acid side chains can also interact with one another through hydrogen 
bonds, which can activate normally unreactive side groups (such as the -CH 20H 

Proteins as Catalysts 

Plgure 3-55 The ligand-binding site 
of the catabolite gene activator 
protein (CAP). Hydrogen bonding 
between CAP and its ligand, cyclic 
AMP (green). was determined by x-ray 
crystallographic analysis of the 
complex. As indicated, the two 
identical subunits of the dimer 
cooperate to form this binding site 
(see also Figure 3-45). (Courtesy of 
Tom Steitz.) 

protein 

Figure 3-56 Competition for 
hydrogen bonding. The ability of 
water molecules to make favorable 
hydrogen bonds with groups on the 
protein surface greatly reduces the 
tendency of these groups to pair with 
each other. 
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on the serine shown in Figure 3-57) so that they are able to enter into reactions 

that make or break selected covalent bonds. 
The surface of each protein molecule therefore has a unique chemical reac­

tivity that depends not only on which amino acid side chains are exposed, but 

also on their exact orientation relative to one another. For this reason even two 

slightly different conformations of the same protein molecule may differ greatly 

in their chemistry. 
Where side-chain reactivities are insufficient, proteins often enlist the help 

of selected nonpolypeptide molecules that the proteins bind to their surface. 

These ligands serve as coenzymes in enzyme-catalyzed reactions, and they may 

be so tightly bourid to the protein that they are effectively part of the protein itself. 

Examples are the iron-containing hemes in hemoglobin and cytochromes, thia­

mine pyrophosphate in enzymes involved in aldehyde-group transfers, and biotin 

in enzymes involved in carboxyl-group transfers. Most coenzymes are very com­

plex organic molecules that have been selected for the unique chemical reactivity 

they acquire when bound to a protein surface. Besides its reactive center such 

a coenzyme has other residues designed to bind it to its host protein (Figure 

3-58). A space-filling model of an enzyme bound to a coenzyme is shown in 

Figure 3-59A. 

Substrate Binding Is the First Step in Enzyme Catalysis 35 

One of the most important functions of proteins is to act as enzymes that cata­
lyze specific chemical reactions. The ligand in this case is called a substrate 
molecule, and the binding of the substrate to the enzyme is an essential prelude 
to the chemical reaction (see Figure 3-59B). If we denote the enzyme by E, the 

substrate by S, and the product by P, the basic reaction path is E + S ;=ES;= EP 

;= E + P. From this simple outline of an enzyme-catalyzed reaction, we see that 

coenzyme 
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Figure 3-57 An unusually reactive 
amJno acid at the active site of an 
enzyme. The example shown is the 
"catalytic triad" found in 
chymotrypsin, elastase, and other 
serine proteases (see Figure 3-39). 
The aspartic acid side chain induces 
the histidine to remove the proton 
from serine 195; this activates the 
serine to form a covalent bond with 
the enzyme substrate, hydrolyzing a 
peptide bond as illustrated later in 
Figure 3-64. 

Figure 3-58 Coenzymes. Coenzymes, 
such as thiamine pyrophosphate 
(TPP), shown here in gray, are small 
molecules that bind to an enzyme's 
sUiface and enable it to catalyze 
specific reactions. The reactivity of 
TPP depends on its "acidic" carbon 
atom, which readily exchanges its 
hydrogen atom for a carbon atom of a 
substrate molecule. Other regions of 
the TPP molecule act as "handJes" by 
which the enzyme holds the 
coenzyme in the correct position. 
Coenzymes presumably evolved first 
in an "RNA world," where they were 
bound to RNA molecules to help with 
catalysis (discussed in Chapter 1). 
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<Al (B) 

there is a Lim.it to the amount of :·ubstrate that a single enzyme molecule can 
process in a given time. rf the concentration of substrate is increa ed, the rate at 
which product i formed also increases, up to a maximum value (Figure 3-60). 
At that point the enzyme molecule is saturated with substrate and the rate of 
reaction (denoted Vmaxl depends only on how rapidly the substrate molecule can 
be processed. Thi rate divided by the enzyme concentration is called the turn­
over number. The turnover number is often about 1000 substrate molecules pro­
cessed per second per enzyme molecule, but il can be much greater in extreme 
cases. 

The other kinetic parameter frequently used to characterize an enzyme is its 
14.t, which i the ubstrate concentration that allows the reaction to proceed at 
one-half its maximum rate (see Figure 3-60). A low KM value means that the en­
zyme reaches its maximum catalytic rate at a low concentration of substrate and 
generally indicates that the enzyme binds its substrate very tightly. 

Enzymes Speed Reactions by Selectively Stabilizing 
Transition States 36 

Extremely high rates of chemical reaction are achieved by enzymes-far higher 
than for any synthetic catalysts. This efficiency is attributable to several factors. 
The enzyme serves, first, to increa e the local concentration of substrate mol­
ecules at the catalytic site and to hold all of the appropriate atom in the correct 
orientation for the reaction that i:s to follow. More important, however, some of 
the binding energy contributes dilrectly to the catalysis. Substrate molecules pass 
through a series of intermediate forms of altered geometry and electron ctistri­
bution before they form the ultimate products of the reaction, and the free 
energies of these intermediate forms-especially of those in the most unstable 

Vmax 

C 
0 ·u 
"' ~ 
0 Vm .. 

~ 
~ 

substrata concentration -

Proteins as Catalysts 

Figure 3-59 Computer-generated 
space-filling mo,dels of two enzymes. 
In (A) cytochrome c i shown with its 
bound heme coenzyme. In (B) egg­
white lysozyme is shown with a 
bound oligo ace aride sub trate. In 
both cases the bound ligand is red. 
(Courtesy of Richard J. Feldmann.) 

Figure 3-60 Enzyme kinetics. The 
rate of an enz e reaction (V) 
increases as the substrate 
concentration increa es until a 
maximum value CVmaxl is reached. At 
this point all substrate-binding sites 
on the enzyme molecules are fully 
occupi d, and the rate of reaction is 
limited by the 1rate of the catalytic 
process on the enzyme surface. For 
most enzyme the concentration of 
substrate at which the reaction rate is 
half-maximal (KM) i a measure of 
how rightly the substrate is bound, 
with a large value of KM 
corresponding to weak binding. 
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transition states-are lhe major determinants of the rate of reaction. Enzyme 
have a much greater affinity for these transition states of the substrate than they 
have for the stable forms. Because this binding interaction lowers the energie 
of crucial transition states, the nzyme greatly accelerates one particular reac­
tion (Figure 3-61). 

A dramatic demon tration of how stabilizing a transition stale can greatly 
increase reaction rate i provided by the intentional production of antibodie 
that act like enzymes. Con ider, for example, the hydrolysis of an amide bond, 
which is similar to the peptide !bond that join adjacent amino acid in a protein. 
In an aqueous solution an amide bond hydrolyzes very slowly by the mechani m 
illustrated in Figure 3-62A. In the central intermediate, or transition state, the 
carbonyl carbon is bonded to four atoms that are arranged at the corners of a 
tetrahedron. By generating m modonal antibodies that bind tightly to a stable 
analogue of thi very unstable tetrahedral intermediate, as illustrated in Figure 
3-62B, an antibody that function lik an enzyme can be obtained. This catalytic 
antibody binds to and stabilize the tetrahedral intermediate and thereby in­
creases the spontaneous rate of amide-bond hydroly is more than 10,000-fold. 

Enzymes Can Promote the Making and Breaking 
of Covalent Bonds Through Sin1ultaneous Acid 
and Base Catalysis 37 

Enzymes are better catalyst than catalytic antibodies. In addition to binding 
tightly to the transition state, the active site of an enzyme contains precisely po­
sitioned atoms that speed up the reaction by altering the distribution of electrons 
in those atoms involved in the making and breaking of covalem bonds. Peptide 
bonds, for example, can be hydrolyzed in the ab en e of an enzyme by expo -
ing a polypeptide to either a stirong acid or a trong ba e, as explained in Figure 
3-638 and C. Enzymes are uni1que, however, in being able to u e acid and ba e 
catalysis simultaneously, since the acidic and ba i re idues required are pre­
vented from combining with each other (as th y would do in solution) by being 
tied to the rigid framework of the protein itself (Figure 3-63D). 

The fit between an enzyme and its ub trate need to be precise. A small 
change introduced by genetic engineering in the active it of an enzyme can 
have a profound effect. Replacing a glutamic acid with an a panic acid in one 
enzyme, for example, shifts the position of the catalytic carboxylate ion by only 
l A (about the radius of a hydrngen atom), and yet this is enough to reduce the 
activity of the enzyme a thousandfold. 

(A) HYDROLYSIS OF AN AMIDE BOND 

--Nit-- ---N¢r_ -
H f H H O H 
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Figure 3-61 Enzymes accelerate 
chemlcaJ re.actions by decreasing 
the activation energy. Often both 
Lhe uncatalyzed reaction (A) and the 
enzyme-catalyzed reaction (BJ go 
through several tran ition stares. 
1t is the tran ition tate with the 
b.ighe t energy ( T and ES1) that 
determine the a tivation energy 
and limit the rate of the reaction. 
(S = sub trate; P = product of lhe 
reaction.) 

Figure 3-62 Catalytic antibodle . 
The stabilization of a rran ilion late 
by an antibody creates an enzyme. (Al 
The reaction path for hydroly is of an 
amide bond goes through a 
tetrahedral intermediare. which is the 
high-energy transition tate for the 
reaction. (B) The molecule hown on 
the left was covalently linked to a 
protein and iused as an antigen to 
generate an antibody that binds 
tightly to the, region of the mole ule 
hown in yellow. Because this 

antibody also bound tightly to the 
Lran ition state in (A), it was found to 
function as am enzyme that efficiently 
catalyzed the hydrolysis of the amide 
bond in the molecule shown on the 
right. 
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Enzymes Can Further Increase Reaction Rates by Forming 
Covalent Intennecliates with Their Substrat s 38 

Tn adcLition to the above role , many enzymes further speed the reaction they 
catalyze by interacting covalentJy with one of their substrates, thereby tempo­
rarily attaching th substrate to an amino acid or to a coenzyme molecule. Gen­
eralJy, one substrate enters the binding site, becomes covalently bound, and then 
reacts with a econd molecule on the enzyme surface that breaks the covaJent 
attachment ju t made. At the end of each reaction cycle, the free enzyme is re­
generated. 

Consider, for example, the mechanism of action of the serine proteases. The 
reaction they catalyze, lhe hydrolysi of a peptide bond, is greatly accelerated by 
the enzymes' affinity for the tetrahedral intermediate of the reaction. But a erine 
protease does more than a typical cataJytic antibody: instead of waiting for an 
oxygen from a water molecule to attack the carbonyl carbon, it makes the reac­
tion go much more quickJy by Orst using a precisely positioned amino acid side 
chain for this purpose (the activated serine in Figure 3-57). This step breaks the 
peptide bond, but it leave the enzyme covalently linked to the carboxyl group. 
Then, in a rapid second tep, this covalent intermediate is destroyed by the en­
zyme-catalyzed addition of waler, comp I Ling Lhe reaction and regenerating the 
free enzyme (Figure 3-64). Even though this two-step reaction is less direct than 
a one-step reaction (in which water is added to the peptide bond), it is faster 
because each step has a relatively low activation energy. 

Enzymes Accelerate Chemical Reactions but Cannot Make 
Them Energetically More Favorable 

o matter how sophisticated an enzyme is, it cannot make the chemical reaction 
it catalyzes either more or less energeLically favorable. It cannot alter the free­
energy difference between the initial ub trales and the final products of the 
reaction. Like the simple binding interactions already discussed, any given chemi­
cal reaction has an equilibrium point, at which the backward and forward reac­
tion fluxes are equal, so that non t change occur, ( ee Figure 3-9). If an enzyme 
speeds up the rate of the forward reaction, A+ B ➔ AB, by a factor of 108, it must 
speed up the rate of the backward reaction, AB ➔ A+ B, by a factor of 106 as well. 
1110 ratjo of the forward to the ba.ckward rat s of reaction depends only on the 
concentrations of A, B, and AB. The equilibrium point r mains precisely the same 
whether or not the reaction is catalyzed by an enzyme. 

Enzymes Determine Reaction Paths by Coupling Selected 
Reactions to ATP Hydrolysis 39 

The living cell is a chemical system that is far from equilibrium. The product of 
each enzyme u ually serves as a substrate for anoth r nzyme in th metabolic 

Proteins as Catalysts 

Figure 3-63 Acid cataly I and ba e 
catalysi . (A} The start of the 
uncatalyzed reaction hown in Figure 
3-62A is diagrammed, with blue 
shading as a chematic indicator of 
electron distribution in the water and 
carbonyl bonds. (BJ An acid Like to 
donate a proton (I-r•J to other atom . 
By pairing with the carbonyl oxygen, 
an acid causes electrons to move 
away from the carbonyl carbon, 
making this atom much more 
artractive to the electronegative 
oxygen of an attacking water 
molecule. (C) A base .likes to take up 
I J+; by pairing witJ1 a hydrogen of the 
attacking water molecule, a base 
causes electrons to move towar I the 
water oxygen, making it a better 
attacking group for the carbonyl 
carbon. (D) By having appropriately 
posirioned atoms on its surface, an 
enzyme can carry out both acid 
catalysis and base catalysis at the 
same rime. 
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pathway and is rapidly consumed. More important, by means of a reaction path­
way that is determined by enzymes, many reactions are driven in one direction 
by being coupled to the energetically favorable hydrolysis of ATP to ADP and in­
organic phosphate, as previously described in Chapter 2. To make this strategy 
effective, the ATP pool is itself maintained at a level far from its equilibrium point, 
with a high ratio of ATP to its hydrolysis products (discussed in Chapter 14). This 
ATP pool thereby serves as a "storage battery'' that keeps energy and atoms con­
tinually passing through the cell directed along pathways determined by the en­
zymes present. For a living system, approaching chemical equilibrium means 
decay and death. 

Multienzyme Complexes Help to Increase 
the Rate of Cell Metabolism 40 

The efficiency of enzymes in accelerating chemical reactions is crucial to the 
maintenance of life. Cells, in effect, must race against the unavoidable proce es 
of decay, which run downhill toward chemical equilibrium. If the rates of desir­
able reactions were not greater than the rates of competing side reactions, a cell 
would soon die. ome idea of the rate at which cellular metabolism proceeds can 
be obtained by measuring the rate of ATP utilization. A typical mammalian cell 
turns over (that is, completely degrades and replaces) its entire ATP pool once 
every 1 or 2 minutes. For each cell this turnover represent the utilization of 
roughly l 07 molecules of ATP per second (or, for the human body, about a gram 
of ATP every minute). 

The rates of cellular reactions are rapid because of the effectiveness of en­
zyme catalysis. Many important enzymes have become so efficient that there is 
no possibility of further usefuJ improvement: the factor limiting the reaction rate 
is no longer the i11trinsic speed of action of the enzyme, rather it i the frequen y 
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Figure 3-64 Some enzymes form 
covalent bonds with their substrates. 
In lhe example shown here, a 
carbon~! group in a polypeptide chain 
( hown in green) forms a covalent 
bond with a specially activated serine 
residue (see Figure 3-57) of a serine 
protease (shown in gray), which 
cleaves the polypeptide chain. When 
the unbound portion of the 
polypeptide chain has diffused away, 
a second step occurs in wb.ich a water 
molecule hydrolyzes the newly 
formed covalent bond, thereby 
releasing the portion of the 
polypeptide bound to the enzyme 
surface and freeing the serine for 
another cycle of reaction. Nore that 
two unstable tetrahedral 
intermediates (shaded in yellow) erve 
as transition state in this reaction 
and both are stabilized by the 
enzyme. 
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with which the enzyme collides \'Vith its substrate. Such a reaction is said to be 
diffusion-limited. 

If a reaction is djffusion-limited, its rate will depend on the concentration of 
both the enzyme and its substrate. For a sequence of reactions to occur very rap­
idly, each metabolic intermediate and enzyme involved must therefore be present 
in high concentration. Given the enormous number of different reactions carried 
out by a cell, there are limits to the concentrations of substrates that can be 
achieved. In fact, most metabolites are present in micromolar c10-6 M) concen­
traLions, and most enzyme concentrations are much lower. How is it possible, 
therefore, to maintain very fast metabolic rates? 

The answer Hes in the spatial organization of cell components. Reaction rates 
can be increased without raising substrate concentrations by bringing the vari­
ous enzymes involved in a reaction sequence together to form a large protein 
assembly known as a multienzyme complex. In this way the product of enzyme 
A is passed directly to enzyme B and so on to the final product, and diffusion rates 
need not be limiting even when the concentration of substrate in the cell as a 
whole is very low. Such enzyme complexes a.re very common (the structure of 
one, pyruvate dehydrogenase, was shown in Figure 2-41), and they are involved 
in nearly all aspects of metabolism, including the central genetic processes of 
DNA, RNA, and protein synthesis. In fact, it may be that few enzymes in eucary­
olic cells diffuse freely in solution; instead, most may have evolved binding sites 
that concentrate them with other proteins of related function in particular regions 
of the cell, thereby increasing the rate and efficiency of the reactions that they 
catalyze. 

Cells have another way of increasing the rate of metabolic reactions. It de­
pends on the extensive intracellular membrane systems of eucaryotic cells. These 
membranes can segregate certain substrates and the enzymes that act on them 
into the same membrane-bounded compartment, such as the endoplasmic 
reticulum or the cell nucleus. If, for example, the compartment occupies a total 
of 10% of the volume of the cell, the concentration of reactants in the compart­
ment can be 10 times greater than in a similar cell with no compartmentaliza­
tion (Figure 3-65). Reactions that would otherwise be limited by the speed of 
diffusion can thereby be speeded up by the same factor. 

Further details of protein structure and function will be presented in Chapter 
5, where we discuss how cells construct tiny machines out of proteins. 

Swnmary 

The biological function of a protein depends on the detailed chemical properties of 
its surface. Binding sites for ligands are formed as surface cavities in which precisely 
positioned amino acid side chains are brought together by protein folding. Tu this 
way, normally unreaclive amino acid side chains can be activated. Enzymes greatly 
speed up reaction rates by binding the high-energy transition states in a reaction 
especially tightly; they also cany out acid catalysis and base catalysis simultaneously. 
The rates of enzyme reactions are often so fast that they are limited only by diffusion; 
rates can be further increased if enzymes that act sequentially on a substrate are 
joined iflto a single multienzyme complex or if the enzymes and their substrates are 
confineci to the same compartment of the cell. 

Proteins as CataJysts 

Figure 3-65 Compartmentalization. 
A large increase in the concentration 
of interacting molecules can be 
achieved by confining them to the 
same membrane-bounded 
compartment in a eucaryotic cell. 
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Basic Genetic 
MechanisIDs 

The ability of cells to maintain a hlgh degree of order in a chaotic universe de­
pends on the genetic information that is expressed, maintained, replicated, and 
occasionally improved by the basic genetic processes-RNA and protein synthesis, 
DNA repair, DNA replication, and genetic recombination. In these processes, 
which produce and maintain the proteins and nucleic acids of a cell (Figure 6-
1), the information in a linear sequence of nucleotides is used to specify either 
another linear chain of nucleotides (a DNA or an RNA molecule) or a linear chain 
of amino acids (a protein molecule). The framework underlying genetic events 
is therefore one-dimensional and conceptually simple. In contrast, most other 
processes in cells result solely from information expressed in the complex three­
dimensional surfaces of protein molecules. Perhaps that is why we understand 
more about genetic mechanisms than about most other biological processes. 

In this chapter we examine the molecular machinery that repairs, replicates, 
and alters on occasion the DNA of the cell. We shall see that the machinery de­
pends on enzymes that cut, copy, and recombine nucleotide sequences. We shall 
also see that these and other enzymes can be parasitized by viruses, plasmids, 
and transposable genetic elements, which not only direct their own replication, 
but also can alter the cell genome by genetic recombination events. 

First, however, we reconsider a central topic mentioned briefly in Chapter 
3-the mechanisms of RNA and protein synthesis. 

RNA and Protein Synthesis 
Proteins constitute more than half the total dry mass of a cell, and their synthesis 
is central to cell maintenance, growth, a□d development. Protein synthesis oc­
curs on ribosomes. It depends on the collaboration of several classes of RNA mol­
ecules and begins with a series of preparatory steps. First, a molecule of messenger 
RNA (mRNA) must be copied from the DNA that encodes the protein. Meanwhllel 
in the cytoplasm, each of the 20 amino acids from which the protein is to be built 
must be attached to its specific transfer RNA (tRNA) molecule, and the subunits 
of the ribosome on which the new protein is to be made must be preloaded with 
auxiliary protein factors. Protein synthesis begins when all of these components 
come together in the cytoplasm to form a functioning ribosome. As a single mol­
ecule of rnRNA moves stepwise through a ribosome, the sequence of nucleotides 
in the mRNA molecule is translated into a corresponding sequence of amino ac­
ids to produce a distinctive protein chain, as specified by the DNA sequence of 

6 
• RNA and Protein Synthesjs 

DNARepair 

DNA Replication 

• Genetic Recombination 

• Viruses, Plasmids, 
and Transposable 
Genetic Elements 

DNA replication 

( genet?c~:c~~~\~ation) 

/ DNA 

5' l!l!l!!'ll!!''!!l!!l!!l!!l!!!l!l!!l!l!!!l!l!!~IIJ!l!ll!l!!l►3' 

3, .............. ~~llail-5• I DNA transcription 
(RNA synthesis) 

RNA 

s·~~c~~~~•3· 
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amino acids 

Figure 6-1 The basic genetic 
processes. The processes shown here 
are thought to occur in all present­
day cells. Very early in the evolution 
of life, however, much simpler cells 
probably existed that lacked both 
DNA and proteins (see Figure 1-11). 
Note that a sequence of three 
nucleotides (a codon) in an RNA 
molecule codes for a specific amino 
acid in a protein. 
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its gene. We begin by considering how the many different RNA molecules in a cell 
are made. 

RNA Polymerase Copies DNA into RNA: 
The Process of DNA Transcription 1 

RNA is synthesized on a DNA template by a proce known as DNA transcrip­
tion. Transcription g nerates the mRNA that carry the information for protein 
synthesis, as well as the transfer, ribosomal, and other RNA molecules that have 
structural or catalytic functions. All of these RNA molecules are synthesized by 
RNA polymerase enzymes, whi h make an RNA copy of a DNA sequence. In 
eucaryotes three kinds of RNA polymerase molecules synthesize different types 
of RNA, as described in Chapter 8. These RNA polymerases are thought to have 
derived during evolution from the single enzyme present in bacteria that medi­
ates all ba terial RNA synthesis. 

Th bacterial RN polymerase is a large multisubunit enzyme associated with 
several additional protein subunits that enter and leave the polymerase-DNA 
complex at different stages of transcription. Free RNA polymerase 'molecules 
collide randomly with the bacterial chromosome, sliding along it but sticking only 
w akly to mo t D A. Th polymerase binds very tightly, however, when it con-

5' 

3' 

5' 

3' 

INITIATION OF RNA CHAIN 
BY JOINING OF FIRST TWO 
RIBONUCLEOSIDE 
TRIPHOSPHATES 

5' 

3' 

RNA CHAIN ELONGATION 
IN 5'-to-3' DIRECTION 
BY ADDITION OF 
RIBONUCLEOSIDE 
TRI PHOSPHATES 
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3' 

5' 

3' 

RNA polymerase 

I 
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RNA strand 
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and DNA helix 
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5' 

short region of 
DNA/RNA helix 
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5' 

RMINATION AND 
LEASE OF POLYMERASE AND 
MPLETED RNA CHAIN 

,.:i]: 

Figure 6-2 The synthesis of an RNA 
molecule by RNA polymerase. The 
enzyme binds to the promoter 
sequence on the DNA and begins its 
synthesis at a tart site within the 
promoter. It completes its synthesis at 
a stop (termination) signal, 
whereupon both the polymerase and 
it completed RNA ha.in are released. 
During RNA chain elongation, 
polymerization rates average about 30 
nucleotides per second at 37°C. 
Therefore, an RNA chain of 5000 
nu leotide tak about 3 minutes to 
complete. 
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tacts a specific DNA sequence, called the promoter, that contains the start site 
for RNA synthesis and signals wher RNA synthesis should begin. The reactions 
that ensue are outlined in Figure 6-2. After bincling to the promoter, the RNA 
polymerase opens up a local region of the double helix to expose the nucleotides 
on a short stretch of DNA on each 'trand. One of the two exposed DNA strands 
act as a template for complementary base-pairing with incoming ribonucleo­
side triphosphate monomers, two of whlch are joined together by the polymerase 
to begin an RNA chain. The RNA polymerase molecule then moves stepwise 
along the D A, unwinding the D A helix just ahead to expose a new region of 
the template trand for complementary base-pairing. In this way the growing 
RNA chain is extended by one nucleotide at a time in the 5' -to-3' direction (Figure 
6-3). The chain elongation proce s continues until the enzyme encounters 
a cond p ial equen e in the DNA, the stop (termination) signal, where 
the polymerase halts and releases both the D A template and the newly made 
RNA chain. 

By convention, when a D A sequence associated with a gene is specified, it 
i the s quencc of the nontemplate strand that is given, a11d it is wrjtten in the 
5' -to-3' direction. Thi convention i adopted because the sequence of the 
nontemplate trand corresponds to the sequence of the RNA that is made. 

Nucleotide sequences that act as start sites and stop ignals for the bacterial 
RNA polymerase are ilJustrated in Figure 6--4. ucleotide sequences that are 
found in many examples of a particular type of region in D A (such as a pro­
moter) are called consensus sequences. In bacteria trong promoters (tho e as-
ociated with genes that produce large amounts of mRNA) have equences that 

RNA and Protein Synthesis 

Flgure 6-3 The chain elongation 
reaction catalyzed by an RNA 
polymerase enzyme. In each step an 
incoming ribonucleoside 
triphosphate is selected for its ability 
to ba e-pair with the exposed D A 
template strand; a ribonucleoside 
monophosphate is then added to the 
growing, 3' -OH end of the RNA chain 
(red arrow), and pyrophosphate is 
released (red atoms). The new RNA 
chain therefore grows by one 
nucleotide at a time in the 5'-to-3' 
direction, and it is complementary in 
sequence to the DNA template strand. 
The reaction is driven both by the 
favorable free-energy change that 
accompanies the release of 
pyrophosphate and by the 
subsequent hydrolysis of the 
pyrophosphate to inorganic 
phosphate (see Figure 2-30). 
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(A) START SIGNAL -35 -10 +1 
I I I 

5' -T A G T G TA T G AT A G A A G CA C TC T A C CT C A A TA G G T C C A C G - 3' 
3' -ATC AC AT A ACT GT ACT ATC T TC GT GAG AT GATA TA AG AG TT ATC CA G GT G C- 5' DNA 

/ 
start site A l 

TRANSCRIPTION 

DNA template strand 5•----•a· RNA 

AGGUCCACG 

(Bl STOP SIGNAL 

S-CCCACAGCCGCCAGTTCCGCTGGCGGCATTTTAACTTTCTTTAATGA-~ 
3' -GG G TGTC G G CG GT CAAG GCG ACC G CC G TAAAAT TGAAAGAAAT TACT- 5' 

DNA template strand 
/ l TRANSCRIPTION 

5' -CCC AC AG CC G C:CA GU UC CG 

RNA transcript l RAPID RNA FOLDING 

ucc 
U G 

111111 
111111 
111111 G folded 
111111 G RNA chain 
111111 c helps cause 

"-OH 3' 

111111 G chain termination 
CIIIIII 
Q IIIIIIC 

A A~--~ 
5'-CCCAC 

match the promoter consensus sequences closely (as in Figure 6--4A), whereas 
weak promoters (those associated with genes that produce relatively small 
amounts of mRNA) match these sequences less well. 

Only Selected Portions of a Chromosome Are Used to 
Produce RNA Molecules 2 

As an RNA polymerase molecule moves along the DNA, an RNA/DNA double 
helix is formed at the enzyme's active site. This helix is very short because the 
RNA just made is di placed, allowing the DNA/DNA helix immediately at the rear 
of the polymerase to rewind (Figure 6-5). As a result, each completed RNA chain 
is released from the DNA template as a free, single-stranded RNA molecule, typi­
cally between 70 and 10,000 nucleotides long. 

DNA helix 

rewinding 
site 

site for incoming 
ribonucleoside triphosphate 

unwinding 
site 

short region of 
DNNRNA helix 
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3' 

5' 

Figure 6-4 Start and stop signals for 
RNA synthesis by a bacterial RNA 
polymerase. Here, the lower strand of 
DNA is the template strand, whereas 
the upper sLiand corresponds in 
sequence to the RNA that is made 
(note the substitution of U in RNA for 
Tin DNA). (A) The polymerase begins 
transcribing at the start site. Two 
short sequences (shaded red), about 
-35 and-10 nucleotide from the 
start, determine where the 
polymerase binds; close relatives of 
these two hexanucleotide sequences, 
properly spaced from each other, 
specify the promoter for most E. coli 
genes. (B) A stop (termination) signal. 
The E. coli RNA polymerase stops 
when it synthesizes a nm of 
U residues (shaded blue) from a 
complementary run of A residues on 
the template strand, provided that it 
has just synthesized a self-comple­
mentary RNA nucleotide sequence 
(shaded green), which rapidly forms a 
hairpin helix that is crucial for 
stopping transcription. The sequence 
of nucleotides in the self-comple­
mentary region can vary widely. 

Figure 6-5 DNA unwinding and 
rewinding by RNA polymerase. A 
moving RNA polymerase molecule is 
continuously unwinding the DNA 
helix ahead of the polymerization site 
while rewinding the two DNA strands 
behind this site to displace the newly 
formed RNA chain. A short region of 
DNA/RNA helix is therefore formed 
only transiently, and the final RNA 
product is released as a single­
stranded copy of one of the two DNA 
trands. 
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In principle, any region of the DNA double helix could b copied into two 
different RNA molecules-one from each of the two DNA strand . rn r ality, only 
one DNA strand is used as a templat in each region. The R A made i equiva­
lent in nucleotide sequence to the oppo ite, nontemplate D A strand. Which of 
the two strands is copied varie along the length of a single D A molecule and 
is determined by the promoter of each gene. As illustrated in Figur 6-4, a pro­
moter is an oriented D A sequence that point the RNA polymera e in one di­
rection or the other, and this orientation d termines which D A trand i cop­
ied (Figure 6-6). The D A strand that is copied into R A can be either different 
or the ame for neighboring genes (Figure 6-7). 

Both bacterial and eucaryotic R A polymera es are large, complicated mol­
cule , with multiple subunits and a total mas of more than 500,000 dalton . 
ome bacterial viruses, in contrast, encode ingle-chain RNA polymerases of on -

fifth this mass that catalyze RNA synthe i at least as well as the host-cell enzyme. 
Pre umably, the multiple subunit composition of the cellular RNA polymerase 
is important for various regulatory aspects of cellular RNA synthesis that have not 
yet been well defined. 

This brief outline of DNA tran cription omits many details. Other complex 
tep usually must occur before an mRNA molecule is produced. Gene regulatory 

proteins, for example, help to determine which regions of D A are transcribed 
by the RNA polymerase and thereby play a major part in determining which pro­
teins are made by a cell. Moreover, although rnR TA molecules are produced di­
rectly by DNA transcription in procaryotes, in higher eucaryotic cells most RNA 
transcript are altered extensively-by a proce s called RNA splicing-before they 
leave the cell nucleus and enter the cytopla m a mR A molecules. All of these 
a pect of mRNA production are di cu ed in Chapter 8 and 9, where we con­
sider the cell nucleus and the control of gene expre ion, respectively. For now, 
let us as ume that functional mRNA molecules have been produced and proceed 
to examine how they direct protein synthesi . 

Transfer RNA Molecules Act as Adaptors That Translate 
Nucleotide Sequences into Protein Sequences 3 

All cells contain a set of transfer RNAs (tRNAs), each of which i a small RNA 
molecul (mo t have a length between 70 and 90 nucleotides). The tRNA , by 
binding at one end to a specific codon in the mRNA and at their other end to the 
amino acid specified by that codon, enable amino acid to Lin up according to 
the sequence of nucleotides in the mRNA. Each tR A is designed to carry only 
one of the 20 amino acid used for protein synthe is: a tRNA that carries glycine 
is designated tR A01Y and so on. Each of the 20 amino a id ha at least one type 
of tRNA as igned to it, and most have several tRNA . Befor an amino acid is in­
corporated into a protein chain, it is attached by its arboxyl end to the 3' end 
of an appropriate tRNA molecule. This attachment serve two purposes. First, and 
most important, it covalently links the amino acid to a tRNA containing the cor­
rect anticodon-the sequence of three nucleotides that is complementary to the 
three-nucleotide codon that specifies that amino acid on an mRNA molecule. 
Codon-anti.codon pairings enable each amino acid to be in erted into a growing 
protein chain according to the dictates of the sequence of nucleotide in the 
mRNA, thereby allowing the genetic code to be u ed to tran lat nucleotide se-

E. coli chromosome RNA transcripts .... 
5, gene a 

<)rt 
gene d gene e 

II 
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3' gene b gene c 

5000 nucleotide pairs 
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an RNA polymerase that moves from right to 
left makes RNA by using the top strand as a 
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an RNA polymerase that moves from left to 
right makes RNA by using the bottom strand 
as a template 

Figure 6--6 RNA polymerase 
orientation determines which DNA 
strand serves as template. The DNA 
strand serving as template must be 
traversed from its 3' end to its 5' end, 
as illustrated in Figure 6-3. Thus the 
direction of RNA polymerase 
movement determine which of the 
two DNA strands will serve as a 
template for the synthesis of R A, as 
hown here. Polymerase direction is, 

in turn, determined by the orientation 
of the promoter equence, where the 
R polymcra e initially bind . 

Figure 6-7 Direction of 
transcription along a short portion 
of a bacterial chromosome. ote that 
some genes are tran cribed from one 
DNA strand, while others are 
transcribed from the other DNA 
strand. Approximately 0.2% of the 
E. coli chromosome is depicted here. 
(Adapted from D.L. Daniels el al., 
Science 257:771-777, 1992.) 
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quences into protein sequences. This is the essential "adaptor'' function of th 
tRNA molecule: with one end attached to an amino acid and th other paired to 
a codon, the tRNA converts sequences of nucleotides into equence of amino 
acid . 

The second function of the amino acid attachment i to activate the amino 
acid by generating a high-energy linkage at its carboxyl end o that il can react 
with the amino group of the next amino acid in the protein sequence to form a 
peptide bond. The activation process is necessary for protein ynthesis because 
nonactivated amino acids cannot be added directly to a growing polypeptide 
chain. (In contrast, the reverse process, in which a peptide bond i hydrolyzed 
by the addition of water, is energetically favorable and can occur pontaneou ly.) 

The function of a tRNA molecule depends oo its precisely folded three-di­
mensional structure. A few tRNAs have been crystallized and their compl te 
tructures determined by x-ray diffraction analy es. Both intramolecular comple­

mentary base-pairings and unusual ba e interactions are required to fold a LR A 
molecule ( ee Figure 3-18). The nucleotide sequences of tRNA molecules from 
many type of organisms reveal that tR As can form the loops and ba e-paired 
stem of a "cloverleaf' structure (Figure 6-8), and all are thought to fold further 
to adopt the L- hap d conformation detected in crystallographic analyses. In the 
native structure the amino acid i attached to one end of the "L," while the an­
ti codon i local d at the other (Figure 6-9). 

The nucleotides in a ompleted nucleic acid chain (like the amino acids in 
proteins) can be covalently modified to modulate the biological activity of the 
nucleic acid molecul . uch po ttranscriptional modifications are especially 
common in tR A molecules, which contain a variety of modified nucleotides 
(Figure 6-10). ome of the modified nucleotides affect the conformation and 
base-pairing of the anticodon and thereby facilitate the recognition of the appro­
priate mRNA codon by the tR A molecule. 

Specific Enzymes Couple Each Amino Acid to Its 
Appropriate tRNA Molecule 4 

Only the tRNA molecule, and not it attached amino acid, determines where the 
amino acid is added during protein synthesis. Thi was established by an inge­
nious experiment in which an amino acid (cysteine) was chemically converted 
into a different amino acid (alanine) after it was already attached to its specific 
tRNA. When such "hybri.d" tRNA molecules were used for protein synthesis in a 
cell-free system, the wrong amino acid wa inserted at every point in the protein 
chain where that tRNA was us d. Thu the accuracy of protein synthesis is cru­
cially dependent on the accuracy of the mechanism that normally links each 
activated amino acid specifically to its orresponding tRNA molecules. 
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Figure 643 The "cloverleaf'' 
structure of tRNA. This is a view of 
the molecule hown in Figure 6-9 
after it ha been partially unfolded. 
There are many different tRNA 
molecuJ s, including at least one for 
each kind or amino acid. Although 
they differ in nucleotide qucnce, 
they all have the three stem loops 
shown plu an amino acid-accepting 
arm. The particular tHNA molecule 
shown binds phenylalanine and i 
therefore denoted tRNAPhe_ In all 
tRNA molecules the amino acid i 
attached to the A re idu or a CCA 
sequen'ce at the 3' end of the 
molecule. Complementary base­
pairings are hown by red bars. 

Figure 6--9 The folded structure of a 
typical tRNA molecule. Two views of 
the three-dimensional conformation 
determined by x-ray diffraction are 
shown. Note that the molecule is L­
shaped; one end is designed to accept 
the amino acid, while the other end 
contains the three nucleotides of the 
anticodon. Each loop is colored to 
match Figure 6-8. 
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How does a tRNA molecule b ome covalently linked to the one amino acid 
in 20 that is its appropriate partner? The mechanism depends on enzymes called 
aminoacyl-tRNA synthetases, which couple each amino acid to its appropriate 
set of tRNA molecules. There i a different synthetase enzyme for every amino 
acid (20 synthetases in all): one aua hes gly ine to aU IR Ac1y molecules, another 
attaches alanine to aU tRNAAJa molecules, and so on. The coupling reaction that 
creates an aminoacyl-tRNA molecule is catalyzed in two steps, as illustrated 
in Figure 6-11. The structure of the amino acid-RNA linkage is shown in Figure 
6-12. 

Although the tRNA molecules serve as the final adaptors in converting nucle­
otide sequences into amino acid sequences, the aminoacyl-tRNA synthetase 
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Figure 6-10 A few of the unusual 
nucleotide found in tRNA 
molecule . These nucleolide are 
produced by covalent modification of 
a normal nucleotide after it has been 
incorporated into an RNA chain. In 
most tRNA molecules about 10% of 
the nucleotides are modified (see 
Figure 6--8). 

Figure 6-1 I Amino acid activation. 
The two-step process in which an 
amino acid (with its side chain 
denoted by R) is activated for protein 
synthesis by an aminoacyl-tRNA 
synthetase enzyme is shown. As 
indicated, the energy of ATP 
hydrolysis is used to attach each 
amino acid to its tRNA molecule in a 
high-energy linkage. The amino acid 
is first activated through the linkage 
of its carboxyl group directly to an 
AMP moiety, forming an adenylated 
amino acid; the linkage of the AMP, 
normally an unfavorable reaction, is 
driven by the hydrolysis of the ATP 
molecule that donates the AMP. 
Without leaving the synthetase 
enzyme, the AMP-linked carboxyl 
group on the amino acid is then 
transferred to a hydroxyl group on the 
sugar at the 3' end of the tRNA 
molecule. Thi transfer join the 
amino acid by an activated ester 
linkage to the tRNA and forms the 
final aminoacyl-tR A molecule. The 
synthetase enzyme is not hown in 
th se diagrams. 

r--il 

I O O I I / 
I C I 
I H- I -R 
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amino acid 

Figure 6-J 2 The structure of the aminoacyl-tRNA linkage. 
The carboxyl end of rhc amino a id forms an ester bond to 
ribos . Becau e the hydroly. i of this ester bond is associated 
with a large favorable change in fr e energy, an amino acid 
held in this way is said to be activated. (A) chematic drawing 
of the structure. (Bl A tual structure corresponding to boxed 
region in (A). As in Figur 6-11, the "R-group" indicates the 
side chain of the amino acid (see Panel 2-5, pp. 56-57). 
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enzymes are adaptor of qual importance to the decoding proce s (Figur 6-13). 
Thu the genetic code is translat d by two et of adaptor that act equentiaJI , 

ach matching one rnol cular surface to another with great specificity; it i th ir 
c rnbined action that as ociat each qu nee of three nucleotides in the mRNA 
mol cule-that is, each codon-with it particular amino acid (Figure 6-14). 

Amino Acid Are Added to the Carboxyl-Terminal End of a 
Growing Polypeptide Chain 

The fundamental reaction of protein synthe i i the formation of a peptid bond 
b tw n the carboxyl group at the end of a growing polypeptide chain and a free 
amino group on an amino acid. Consequently, a protein i ynthe ized tepwi e 
from it amino-terminal end to its carboxyl-t rminal end. Throughout the entire 
procc th growing carboxyl end of the polypeptide chain remains activated by 
its coval- nt attachment to a tRNA molccul (a peptidyl-tRNA molecule). This 
high-energy ovalent linkage is disrupted in ea h cy le but is immediately re­
placed by the identical linkage on the mo t r cently add d amino acid (Figure 
6-15). In thi way each amino acid added carries with il the activation energy for 
the addition of the next amino acid rather than th energy for it own addition­
an exam pl of the "head growth" type of polymerizalion d cribed in Chapter 2 
( e Figur 2-36). 

The Genetic Code I Degenerate 5 

ln th cour e of pr tein ynthesis, the translation ma hinery move in the 5' -to-
3' dir ction along an mR A molecule and the mRNA quen e is read three 
nucleotid at a tim . A we have een, each amino acid i . pecifi d by the triplet 
of nu I otides (codon) in them.RNA molecule that pair with a quence of three 
complem ntary nucleotides at the anticodon tip of a particular tRN . Because 
only one of the many type of LRNA molecules in a ceU an ba e-pair with each 
codon, the codon d termine the pecific amino acid residue to be add d to the 
growing polyp ptide chain end (Figure 6-16). 

Since R A i c n tructed from four types of nucleotides, there are 64 po -
ible equ nee com po d of thre nucleotides (4 x 4 x 4). Thre of the 64 e­

quence do not cod for amino acids but instead specify th terminati n of a 
polypeptide chain; they are known as stop codons. Thai leav 61 codon to 
pecify only 20 different amin acid . For thi reason, mo I of the amino acids 

are repre ented by more than on codon (Figure 6-17) and th geneli cod is 

amino acid 
(tryptophanl 

aminoacyl 
tRNA synthetase 
specific for 
tryptophen 

1RNA specific for 
lryptophan (tRNA Trpl 

./ 

linkage of tryptophan 
10 tRNATrp 

NET RESULT: TRYPTOPHAN IS SELECTED BY ITS CODON 
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Figure 6-13 The re ogniUon of a 
tRN molecule by it aminoacyl­
tRNA synthelase. For this tRNA 
(tR AG1n), p cific nucl otidc in both 
th anticodon (bottom) and the 
amino acid-accepting arm allow the 
correct lR A to be recognized by the 
symheta e enzym (blue). ( oune y 
ofTom Leitz.) 

Figure 6-14 The genetic code Is 
tran lated by mean of two 
sequential "adaptors." The fir. t 
adaptor i the aminoacyl-tR ynth-
eta e enzym , whi h couple a par­
ticular amino acid lo its correspond­
ing tRNA; the econd adaptor is the 
tR A molecul , who e anticodon 
forms ba e pairs wiU1 th appropriate 
nucleotide sequence (codon) on the 
mRNA. An error in ilher tep will 
cause the wrong amino acid to be 
incorporated into a protein chain. 
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peptidyl tRNA attached to 
carboxyl end of the growing 
polypeptide chain 

aminoacyl 
tRNA 

tRNA molecule freed from 
its peptidyl linkage 

figure 6-15 The Incorporation of an amino acid into a protein. A poly­
peptide chain grow by th tepwise addition of amino acids to its carboxyl­
terminal end. The formation of ach p ptidc bond is energetically favorabl 
because the growing carboxyl tenninu has been activated by the covalent 
attachment of a tRNA mole nle. The peptidyl-tRNA linkage that activates 
the growing end i regcneral d in each cycle. The amino acid side chains 
have been abbreviated a R1, R2, R3, and Jti; as a reference point, all of the 
atoms in the second amino acid in the polypeptide chain are shaded gray. 

said to be degenerate. Two amino acids, methionine and tryptophan, have only 
on codon each, and they are the lea t abundant amino acids in protein . 

The degeneracy of the genetic code implie eith r that there i more than on 
tR A for each amino acid or that a single tR A molecule can base-pair with mar 
than on codon. In fact, both situation occur. For some amino adds there is 
more than one LRNA molecule, and ome tRNA mole ul s are constructed so that 
they require accurate base-pairing only at d1e first two positions of the codon and 
can tol rate a mi match (or wobble) at the third. hi wobble base-pairing ex­
plains why so many of the alternative codons for an amino acid differ only in their 
third nu leotide ( ee Figur 6-17). Th standard wobbl pairings make it possible 
to fit the 20 amino acids to 61 codons with as few as 31 kinds of tRNA molecules; 
in animal mitochondria a more extreme wobble allow protein ynthesi with 
only 22 tRNA (dis u ed in Chapter 14). 

The Events in Protein Synthesis Are Catalyzed 
on the Ribosome 6 

Th protein synthesi reactions just described requir a compl x caraJytic ma­
chinery to guide them. The growing end of th polyp ptide hain, for example, 
must be kept in regi ter with the mRNA molecule to en ure that each successive 
codon in the mRNA engages precisely with the anticodon of a tRNA molecule and 
doe not lip by one nucleotide, thereby changing the reading frame ( ee Figur 
3-17). Thi pr ci m vement and the other events in protein synthesi are cata­
lyzed by ribosomes, which are large complexes of RNA and protein mole ules. 
Eucaryotic and p.rocaryotic ribosomes are very similar in design and function. 
Both are com po ed of one larg and one small subunit that fit together to form 
a complex with a ma of everaJ million daltons (Figure 18). The mall ub­
unit binds the mRNA and tRNAs, while the large ubunit catalyzes peptide bond 
formation. 

Figure 6-16 D odlng an mRNA moJecule. Each amino acid added to tl1e 
growing end of a polyp ptide chain is selected by complementary ba -
pairing between the anti codon on its allached tR A molecule and the next 
codon on the mRNA chain. 
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AGG UUG 

GCA CGA GGA CUA CCA 
GCC CGC GGC AUA CUC CCC 
GCG CGG GAC AAC UGC GAA CAA GGG CAC AUC CUG AAA uuc CCG 
GCU CGU GAU AAU UGU GAG CAG GGU CAU AUU cuu AAG AUG uuu CCU 

Ala Arg Asp Asn Cys Glu Gin Gly His lie Leu Lys Met Phe Pro 

A R D N C E Q G H L K M F p 

More than half of the weight of a ribosome is R A, and there is increasing 
evidence that the ribosomal RNA (rRNA) molecules play a central pan in its cata­
lytic activities. Although the rRNA molecule in the small ribo omal subunit varies 
in iz depending on the organism, its complicated folded tructure i highly 
conserved (Figure 6-19); there are also close homologies between the rR A of 
the large ribosomal ubunits in different organisms. Ribo omes contain a large 
number of proteins (Figure 6-20), but many of these have been relatively poorly 
con erved in equence during evolution, and a surprising number eem not to 
be essential for ribo ome function. Therefore, it ha been suggested that the ri­
bo omal proteins mainly enhance the function of the rRNAs and that the RNA 
molecules rather than the protein molecules catalyze many of the reactions on 
the ribosome. 

A Ribosome Moves Stepwise Along the mRNA Chain 7 

A ribo ome contains three binding sites for RNA molecules: one for mRNA and 
two for tR As. On ite, called the peptidyl-tRNA-binding site, or P-site, holds 
the tRNA mol cule that is linked to the growing end of the polypeptide chain. 
Another ite, called the aminoacyl-tRNA-binding site, or A-site, holds the incom­
ing tRNA molecule charged with an amino acid. A tRNA molecule is held tightly 
at eith r ice only if its anticodon forms base pairs with a complementary codon 
on the mRNA mole u1 that i bound to the ribosome. The A- and P-sites are so 
close together that the two tRNA molecules are forced to form base pairs with 
adjacent codon in the mRNA molecule (Figure 6-21). 

small 
subunit 

+ 

large 
subunit 

25nm 

ribosome 

Figure 6-18 The ribosome. A thre -dimensional model of the bacterial 
ribosome as viewed from two angles. The po itions of many ribosomal 
proteins in this structure have been determined by u ing an lectron 
microscope to visualize the position wher pe ifi antibodies bind, as 
weU as by measuring the neutron scattering from ribo omes containing one 
or more deuterated proteins. (After J.A. Lake, Anm,. Rev. Biochem. 54:507-
530, 1985. © 1985 by Annual Reviews Inc.) 
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AGC 
AGU 
UCA ACA GUA 
ucc ACC GUC UAA 
UCG ACG UAC GUG UAG 
ucu ACU UGG UAU GUU UGA 

Ser Thr Trp Tyr Val stop 

s T w y V 

Figure 6-17 The genetic code. The 
tandard one-letter abbreviation for 

each amino acid is presented below 
it three-letter abbr vialion. Codons 
are written with the 5'-terrninal 
nucleotide on th left. ote that most 
amino acids are repre ented by more 
than one codon and U1al variation is 
common at the third nucleotide (see 
also igure 3-16). 

Figure 6-19 The structure of the 
rRNA in the small subunit. This 
model of E. coli 16S rRNA is indicative 
of the complex folding that underlies 
the catalytic activities of the RNAs in 
the ribosome. The 16S rRNA molecule 
contains 1540 nucleotides, and it is 
folded into three domains: 5' (blue), 
central (red), and 3' (green). (Adapted 
from . Stern, B. Weiser, and H.F. 
Noller,/. Mol. Biol. 204:447-481, 
1988.) 
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The process of polypeptide chain elongation on a ribosome can be thought 
of as a cycle with three discrete steps (Figure 6-22): 

1. In step 1, an aminoacyl-tRNA molecule becomes bound to a vacant ribo­
somal A-site (adjacent to an occupied P-site) by forming base pairs with the 
three mRNA nucleotides (codon) exposed at the A-site. 

2. In step 2, the carboxyl end of the polypeptide chain is uncoupled from the 
tRNA molecule in the P-site and joined by a peptide bond to the amino acid 
linked to the tRNA molecule in the A-site. This central reaction of protein 
synthesis (see Figure 6-15) is catalyzed by a peptidyl transferase enzyn1e. 
Recent experiments with ribosomes that have been experimentally stripped 
of proteins show that this catalysis is mediated not by a protein but by a 
specific region of the major rRNA molecule in the large subunit ( ee Figure 
3-23). 

3. fn step 3, the new peptidyl-tRNA in the A-site is translocated to the P-site 
as the ribosome moves exactly three nucleotides along the mRNA molecule. 
This step requires energy and is driven by a series of conformational 
changes induced in one of the ribosomal components by the hydrolysis of 
a GTP molecule. 
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Figure 6-20 A comparison of the 
structures of procaryotic and 
eucaryotic ribosomes. Ribosomal 
components are commonly 
designated by their "S values," which 
indjcate their rate of sedimentation in 
an ultracentrifuge. Despite the 
differences in the number and size of 
their rRNA and protein components, 
both types of ribosomes have nearly 
the same structure and they function 
in very similar ways. Although the 18S 
and 28S rRNAs of the eucaryotic 
ribosome contain many extra 
nucleotides not present in their 
bacterial counterparts, these 
nucleotides are present as multiple 
in ertions thar are thought to 
protrude a loops and leave the basic 
structure of each rRNA largely 
unchanged. 

Figure 6-21 The three major RNA­
binding ites on a ribosome. An 
empty ribosome is shown on the left 
and a loaded ribosome on the right. 
The representation of a ribosome 
us d here and in the next three 
figures is hjghly schematic; for a 
more accurate view, see Figures 6-18 
and 6-25. 
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Figure 6-22 The elongation phase of protein synthesis on a ribosome. 
The three- tep cycle shown is repeated over and over during the synthesis 
of a protein chain. An aminoacyl-tRNA mole ule binds LO lb A-site on the 
ribo ome in step I, a new peptide bond is formed in step 2, and the ribo• 
some move a distance of three nucleotide along the mRNA chain in step 
3, ejecting an old tRNA molecule and ''resetting'' the ribosome so that the 
next aminoacyl-tRNA molecule an bind. As indicated in Figure 6-21, the 
P-site is drawn on the left side of the ribosome, with the A-site on the ri~ht. 

As part of the translocation process of tep 3, the free tRNA molecule that was 
generated in the P-site during step 2 is relea ed from the ribosome to recnt r the 
cytoplasmic tRNA pool. Upon completion of step 3, lhe unoccupied A-site is free 
to accept a new tRNA molecule linked to the next amino add, which starts lhe 
cycle again. In a bacterium each cycle requires about 1120th of a second under 
optimal conditions, so that the complete synthe is of an average-sized protein 
of 400 amino acids is accomplished in about 20 second . Ribo ome move along 
an mRNA molecule in the 5'-to-3' direction, which is also the direction of RNA 
synthesis (see Figure 6-3). 

In most cells protein synthesis consumes more energy than any other bio­
synthetic process. At least four high-energy phosphate bonds are split to make 
each new peptide bond: two of these are required to charge each tRNA molecule 
with an amino acid (see Figure 6-1 I), and two more drive steps in the cycle of 
reactions occurring on the ribosome during synthesis itself-one for the 
aminoacyl-tRNA binding in step 1 (see Figure 6-31) and one for the ribosome 
translocation in step 3. 

A Protein Chain Is Released from the Ribosome 
When Any One of Three Stop Codons Is Reached 8 

Of the 64 possible codons in an mRNA molecule, 3 (UAA, UAG, and UGA) are stop 
codons, which terminate the translation process. Cytoplasmic proteins called 
release factors bind directly to any stop codon that reaches the A-site on the ri­
bosome. This binding alters the activity of the peptidyl transferase, causing it to 
catalyze the addition of a water molecule instead of an amino acid to the 
peptidyl-tRNA. This reaction frees the carboxyl end of the growing polypeptide 
chain from its attachment to a tRNA molecule, and since only this attachment 
normally holds the growing polypeptide to the ribosome, the completed protein 
chain is immediately released into the cytoplasm. The ribosome releases the 
mRNA and dissociate into its two separate subunits (Figure 6--23), which can 
assemble on another mR A molecule to begin a new round of protein synthe­
sis by the process to be described next. 

The Initiation Process Sets the Reading Frame 
for Protein Synthesis 9 

In prin iple, an R A equence can be translated in any one of three reading 
frames, each of which will specify a completely different polypeptide chain (see 
Figure 3-17). Which of the thr e frames is actually read is determined by the RNA 
sequence which determines how the ribosome as embles. During the initiation 
pha e of prot in synthesi , the two ubwlirs of lhe ribosome are brought together 
al Lhe exact spot on the mR A where the polypeptide chain is to begin. 

The initiation process i complicat d, involving a number of steps catalyzed 
by protein called initiation factors OFs), many of which are themselves com­
posed of several polypeptide chain , Because the proce is so complex, many of 
the detail of initiation are still uncertain. lt i clear, however, that each ribo ome 
is as embled onto an mR A hain in two teps: only after the mall ribosomal 
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Figure 6-23 The final phase of 
protein synthesis. The bindlng of 
release factor to a stop codon 
terminates translation. The 
completed polypeptide is released, 
and the ribosome dissociates into its 
two separate subunits. 
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·ubunit loaded with initiation factors finds th start codon (AUG, see below) does 
the large subunit bind. 

Before a ribosome can begin a new protein chain, i must bind an aminoacyl 
tRNA molecule in its P-site, where normally onJy peptidyl tRNA molecules are 
bound. (As explained previously, the peptidyl tRNA is translocated to the P-site 
during step 3 of the elongation reaction.) A peciaJ tR A molecuJe i required for 
this purpo e. Thi initiator tRNA provide the amino acid that tarts a protein 
chain, and it always carries methionine (aminoformyl methionine in bacteria). 
In eucaryotes the initiator tRNA molecule must be Loaded onto the mall ribo­
somal subunit before thi ubunit can bind to an mRNA molecule. An initiation 
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Figure 6-24 The inJtlation phase of 
protein synthesis in eucaryotes. Step 
1 and tep 2 refer to steps in the 
elongation reaction shown in Figure 
6-22. 
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factor called eucaryotic initiation factor 2 (eIF-2) is required to position the ini­
tiator tRNA on the small subunit. One molecule of eIF-2 becomes tightly bound 
to each irutiator tRNA molecule as soon as this tRNA acquires its methionine, and 
in some cells the overall rate of protein synthesis is controlled by this factor (see 
Figure 9-82). 

As described in more detail in the next section, the small ribosomal subunit 
helps its bound initiator tRNA molecule find a special AUG codon (the start 
codon) on an mRNA molecule. Once this has occurred, the several initiation fac­
tors that were previously associated with the small ribosomal subunit are dis­
charged to make way for the binding of a large ribosomal subunit to the small 
one. Because the initiator tRNA molecule is bound to the P-site of the ribosome, 
the synthesis of a protein chain can begin directly with the binding of a second 
aminoacyl-tRNA molecule to the A-site of the ribosome (Figure 6-24). Thus a 
complete functional ribosome is assembled, with the mRNA molecule threaded 
through it (Figure 6-25). Further steps in the elongation phase of protein synthe­
sis then proceed as described previously (see Figure 6-22). Because an initiator 
tRNA molecule has begun each polypeptide chain, all newly made proteins have 
a methlonine (or the aminofom1yl derivative of methionine in bacteria) as their 
amino-terminal residue. The methionine is often removed shortly after its incor­
poration by a specific arninopeptidase; this trimming process is important be­
cause the amino acid left at the amino terminus can determine fue protein's life­
time in the cell by its effects on a ubiquitin-dependent protein-degradation 
pathway (see Figure 5-39). 

Evidently the correct initiation site on the mRNA molecule must be selected 
by the small subunit acting in concert with initiation factors but in the absence 
of the large subunit. Thls requirement helps to explain why all ribosomes are 
formed from two separate subunits. We shall now consider how the correct start 
codon is selected. 

Only One Species of Polypeptide Chain ls Usually 
Synthesized from Each mRNA Molecule in Eucaryotes 10 

A messenger RNA molecule will typically contain many AUG sequences, each of 
which can code for methionine. In eucaryotes, however, only one of tllese AUG 
sequences will normally be recognized by the initiator tRNA and thereby serve 
as a start codon. How does the ribosome distinguish this start codon? 
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HO OH 

5' 
CH 1-®-®--0-CH2 
5' 
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Figure 6-25 A three-dimensional 
model of a functioning bacterial 
ribosome. The small (dark green) 
subunit and the large (light green) 
subunit form a complex through 
which the messenger RNA is 
threaded. Although the exact paths of 
the mRNA and the nascent 
polypeptide chain are unknown, the 
addition of amino acids occurs in the 
general region shown, with the tRNAs 
held in the pocket formed between 
the large and small subunit. (Modified 
from J.A. Lake, Annu. Rev. Biochem. 
54:507-530, 1985. © 1985 by Annual 
Reviews Inc.) 

Figure 6-26 The structure of the cap 
at the 5' end of eucaryotic mRNA 
molecules. Note the unusual 5'-to-5' 
linkage to the positively charged 
7-methylguanosine and the 
methylation of the 2' hydroxyl group 
on the first ribose sugar in th.e RNA. 
(The second sugar may or may not be 
methylated.) 
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Eucaryotic RNAs (except those that are synthesized in mitochondria and 
chloroplasts) are extensively modified in the nucleus immediately after their tran­
scription (discussed in Chapter 8). Two general modifications are the addition of 
a unique "cap" structure, composed of a 7-methyJguanosine residue linked to a 
triphosphate at the 5' end (Figure 6-26) and the addition of a run of about 200 
adenylic residues (" poly A") at the 3' end. What part the poly A plays in the trans­
lation process is uncertain (see Figure 9-87), but the 5' cap structure is essential 
for efficient protein synthesis. Experiments carried out with extracts of eucary­
otic cells have shown that the small ribosomal subunit first binds at the 5' end 
of an mRNA chain, aided by recognition of the 5' cap (see Figure 6-24). This sub­
unit then propels itself along the mRNA chain in a scanning mode, carrying its 
bound initiator tRNA in a search of an AUG start codon. The requirements for a 
start codon apparently are not very stringent, since the small subunit usually 
selects the first AUG it encounters; however, a few nucleotides in addition to the 
AUG are also important for tl;le selection process. For most eucaryotic RNAs, once 
a start codon near the 5' end has been selected, none of the many other AUG 
codons farther down the chain wiill serve as initiation sites. As a result, only a 
single species of polypeptide chain is usually synthesized from an mRNA mol­
ecule (for exceptions seep. 467). 

The mechanism for selecting a start codon in bacteria is different. Bacterial 
mRNAs have no 5' cap structure. Instead, they contain a specific ribosome-bind­
ing site sequence, up to six nucleotides long, which can occur at several places 
in the same mRNA molecule. These sequences are located four to seven nucleo­
tides upstream from an AUG, and they form base pairs with a specific region of 
the rRNA in a 1ibosorne to signal tbe initiation of protein synthesis at this nearby 
start codon. Bacterial ribosomes, 1Unlike eucaryotic ribosomes, bind directly to 
start codons in the interior of an mRNA molecule to irritiate protein synthesis. As 
a result, bacterial messenger RNAs are commonly polycistronic-that is, they en­
code multiple proteins that are separately translated from the same mRNA mol­
ecule. Eucaryotic mRNAs, in contr:ast, are typically monocistronic, with only one 
species of polypeptide chain being translated per messenger molecule (Figure 
6-27). 

The Binding of Many Ribosomes to an Individual mRNA 
Molecule Generates Polyribosomes 11 

The complete synthesis of a protein takes 20 to 60 seconds on average. But even 
during this very short period, multiple initiations usualJy take place on each 

RNA and Protein Synthesis 

Figure 6-27 A ct0mparison of the 
structures of prncaryotic and 
eucaryotic mess:enger RNA 
molecules. Alth(JUgh both mRNAs are 
synthesized with a triphosphate 
group at the 5' end, the eucaryotic 
RNA molecule immediately acquires a 
5' cap, which is part of the structure 
recognized by tb1e small ribosomal 
subunit. Protein synthesis therefore 
begins at a start codon near the 5' end 
of the mRNA (see Figure 6-24). In 
procaryotes, by i:ontrast, the 5' end 
has no special significance, and there 
can be multiple ribosome-binding 
sites (called Shine-Dalgarno 
sequences) in the interior of an m.RNA 
chain, each resulting in the synthesis 
of a different protein. 
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mRNA molecule being translated. A new ribo ome hops onto the 5' end of the 
mRNA molecule almost as soon as the preceding ribosome has translated enough 
of the amino acid sequence to be out of the way. Such mRNA molecules are thus 
found in the cell as polyribosomes, or polysomes, formed by several ribosomes 
spaced as close as 80 nucleotides apart along·a single messenger molecule (Fig­
ures 6-28 and 6-29). Polyribosornes are a common feature of cells. They can be 
isolated and separated from single ribosomes in the cytosol by ultracentrifuga­
tion after cell lysis (Figure 6-30). The mRNA purified from these polyribosornes 
can be used to determine if the protein encoded by a particular DNA s quence 
is being actively synthesized in the cells used to prepare the polyribo omes. These 
mRNA molecules can also serve as the starting material for the preparation of 
specialized cD A libraries (discussed in Chapter 7). 

In eucaryotes the nuclear envelope keeps transcription and protein ynthesis 
separate. But in procaryotes, RNA is accessible to ribosomes as soon as it is made. 
Thus, ribosomes will begin synthesizing a polypeptide chain at the 5' end of a na­
scent mRNA molecule and then follow behind the RNA polymerase as it com­
pletes an mRNA chain. 

The Overall Rate of Protein Synthesis in Eucaryotes 
Is Controlled by Initiation Factors 12 

As we discuss in Chapter 17, the cells in a multicellular organism proliferate only 
when they are stimulated to do so by specific growth factors. Although the 

Figure 6-29 Freeze-etch (A) and transmission (B) electron micrographs 
of typical polyrlboso.mes In a eucaryotlc cell. The cell cytoplasm is 
generally crowded wilh such polyribosomes. some free in the cytosol and 
some membrane-bound. (A, courtesy of John Heuser; B, courtesy of George 
Palade.) 
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Figure 6-28 A polyribosome. 
Schematic drawing showing how a 
series of ribosomes can simul- • 
laneously 1ranslate the same mR A 
molecule. 
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mechanisms by which growth factors act are incompletely understood, one of 
their major effects must be to increase the overall rate of protein synthesis, for 
ells must double their contents befor they divide. What determines the rate of 

protein synthesis? When eucaryotic cells in culture are starved of nutrients, there 
i a marked reduction in the rate of polypeptide chain initiation. This is the 
result of inactivation of the protein ynthesis initiation factor elF-2 (see Figure 
9-82). The initiation factors required for protein synthesis are much more numer­
ous and complex in eucaryotes than in procaryotes, even though they perform 
the same basic functions. Many of the extra components may be regulatory pro­
teins that respond to growth factors and help coordjnate cell growth and prolif­
eration in multicellular organism . Le complex controls are needed in bacte­
ria, which generally grow as fast a the nutrients in their environment allow. 

The Fidelity of Protein Synthesis Is Improved 
by Two Proofreading Mechanisms 13 

The error rate in protein synthesis can be estimated by monitoring the frequency 
of incorporation of an amino acid into a protein that normally lacks that amino 
acid. Error rates of about 1 amino acid misincorporated for every 101 amino acids 
polymerized are observed, whlch means that only about l in every 25 protein 
molecules of av rage size (400 amino acid ) should contain an error. The fidel­
ity of protein synthesis depends on the accuracy of the two adaptor mechani ms 
previously di cussed: the linking of each amino acid to its corresponding tRNA 
molecule and the base-pairing of the codons in mRNA to the anti.codon in tRNA 
(see Figure 6-14). Not surprisingly, cells have evolved "proofreading" mechanisms 
to reduce the number of errors in both these crucial steps of protein synthesis. 

Two fundamentally different proofreading mechanisms are used, each rep­
resentative of strategies used in other proces es in the cell. Both involve expen­
diture of free energy, since, as discussed in Chapter 2, a price must be paid for 
any increase in order in the cell. A relatively simple mechanism is used to improve 
the accuracy of amino acid attachment to tRNA. Many aminoacyl tRNA syn­
thetases have two active sites, one that carries out the loading reaction shown 
earlier (Figure 6-11) and one that recognize an incorrect amino acid attached 
to its tRNA molecule and removes it by hydrolysis. The correction process is 
energetically costly because to be effective it must remove an appreciable frac­
Lion of correctly attached amino acids as welJ. The same type of costly two-step 
proofreading process is used in DNA replication ( ee Figure 6-42). 

A more subtle "kinetic proofreading" mechanism is used to improve the fi­
delity of codon-anti odon pairing. Thus far we have given a simplified account 
of this pairing. In fact, once tRNA molecules have acquired an amino acid, they 
form a complex with an abundant protein called an elongation factor (EF), which 
binds tightly to both the amino acid end of a tRNA and to a molecule of GTP. It 
is this complex, and not free tR A, that pairs with the appropriate codon in an 
mRNA molecule. The bound elongation factor allow correct codon-rulticodon 
pairing to occur but prevents the amino acid from being incorporated into the 
growing polypeptide chain. The initial codon recognition, however, triggers the 
elongation factor to hydrolyze its bound GTP (to GDP and inorgank phosphate}, 
whereupon the factor dissociates from the ribosome without its tRNA, allowing 
pr tein synthesis to proceed. The elongation factor th reby introduces a short 
delay between codon-anticodon base-pairing and polypeptide chain elongation, 
which provides an opportunity for the bound tRNA molecule to exit from the 
ribosome. An incorrect tRNA molecule forms a smaller number of codon-anti­
codon hydrogen bonds than a correct one; it therefore binds more weakly to the 
ribosome and is more likely to dissociate during this period. Because the delay 
introduced by the elongation factor causes most incorrectly bound tRNA mol­
ecule to leave the ribosome without being used for protein synthesis, this fac­
tor increases the ratio of correct to incorrect amino acids incorporated into pro­
tein (Figure 6-31). 

RNA and Protein Synthesis 
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Figure ~30 The isolation of 
polyribosome . Polyribosomes are 
separated from single ribosomes (and 
their subunits) by seclimentation in a 
centrifuge. Thi method is based on 
the fact that large molecular 
aggregates move fa ter than small 
ones in a strong gravitational field. 
Generally, the sedimentation is done 
through a gradient of ucrose to 
stabilize the olution against 
convective mixing. Note that most of 
the growing polypeptide chains (red 
line) are associated with the 
polyribosomes. 
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Many Inhibitors of Procaryotic Protein Synthesis 
Are Useful as Antibiotics 14 

chain 
elongation 
(steps 2 
and 3) 

Many of the most effective antibiotics used in modern meclicine are compounds 
made by fungi that act by inhibiting bacterial protein synthesis. A number of 
these drug exploit lhe structural and functional ctifferences between procaryotic 
and eucaryotic ribo omes so as to interfere with the function of procaryotic ri­
bosomes preferentially. Thus some of these compoUJ1d can be taken in high 
doses without undue toxicity to humans. Becau e different antibiotics bind to dif­
ferent regions of bacterial ribosomes, they often inhibit different teps in the syn­
thetic proces . Some of the more common antibiotics of this kind are listed in 
Table 6-1 along wilh several other commonly used inhibitors of protein synthesis, 
some of which act on eucaryotic cells and therefore cannot be used as antibiotics. 

Table 6-1 Inhibitors of Protein or RNA Synthesis 

Inhibitor Specific Effect 

Acting Only on Procaryotes· 
Tetracycline blocks binding of aminoacyl-tRNA to A-site of ribosome 

treptomycin prevents the transition from initiation complex to chain­
elongating ribosome and also causes miscoding 

hlorampheni ol blocks the peptidyl transferase reaction on ribosomes (step 2 
in Figuxe 6-22) 

Erythromycin blocks the translocation reaclion on ribosomes (step 3 in 
Figure 6-22) 

Rifamycin blocks initiation of RNA chains by binding to RNA polymera e 
(prevents RNA synthesis) 

Acting on Procaryotes and Eucaryotes 
Puromycin causes the premature relea e of nascent polypeptide chains by 

its addition to growing chain end 
Actinomycin D binds to DNA and blocks the movement of RNA polymerase 

(prevents RNA synthesis) 
Acting On Ly on Eucaryotes 

Cycloheximide blocks the translocation reaction on ribosomes (step 3 in 
Figure 6-22) 

Anisomycin blocks the peptidyl transferase reaction on ribosomes (step 2 
in Figure 6-22) 

cx-Amanitin blocks mRNA syn.thesi by binding preferentially to RNA 
polymera ll 

"The ribosomes of eucaryolic mitochondria (and chloroplasts) often resemble those of 
procaryotes in their sensitivity to inhibitor . Therefore, some of the e antibiotics can have a 
deleterious effect on human mito hondria. 
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Figure 6-31 Kinetic proofreading 
selects for the correct tRNA molecule 
on the ribosome. This more detailed 
view of step l of the longation pha e 
of protein synthesis show how, in the 
initial binding event, an aminoacyl­
tRNA molecule that is lightly bound 
to an elongation factor pairs 
transiently with the codon at the A­
site. This pairing trigger GTP 
bydrolysi by the elongation factor, 
enabling the factor to dissociate from 
the aminoacyl-tRNA molecule. which 
can now participate in chain 
elongation (see Figure 6-22). A delay 
between aminoacyl tRNA binding and 
its availability for protein ynthe is is 
thereby inserted into the protein 
synthesis mechani m. As a result, 
only those tRNAs with the correct 
anticodon are likely to remain paired 
to the mRNA long enough to be 
added to the growing polypeptide 
chain. 

The elongation factor, which is an 
abundant protein, is called EF-Tu in 
procaryotes and E -1 in eucaryotes. 
The dramatic change in the three­
dimensional structuxe of EF-Tu that is 
cau ed by GTP hydrolysis i 
illustrated in Figure 5-20. 
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Because they block specific steps in the processes that lead from DNA to 
protein, many of the compounds listed in Table 6-1 are useful for cell biologi­
cal studies. Among the most commonly used drugs in such experimental stud­
ies are chloramphenicol, cycloheximide, and puromycin, all ofwh.ich specifically 
inhibit protein synthesis. In a eucaryotic cell, for example, chloramphenicol in­
hibits protein synthesis on ribosomes only in mitochondria (and in chloroplasts 
in plants), presumably reflecting the procaryotic origins of these organelles (dis­
cussed in Chapter 14). Cydoheximide, on the other hand, affects only ribosomes 
in the cytosol. The difference in the sensitivity of protein synthesis to these two 
drugs provides a powerful way to determine in which cell compartment a par~ 
ticular protein is translated. Puromycin is especially interesting because it is a 
structural analogue of a tRNA molecule linked to an amino acid; the ribosome 
mistakes it for an authentic amino acid and covalently inC0!1JOrates it at the car­
boxyl terminus of the growing polypeptide chain, thereby causing the premature 
termination and release of the polypeptide (see Figure 3-23). As might be ex­
pected, puromycin inhibits protein synthesis in both proca1yotes and eucaryotes. 

How Did Protein Synthesis Evolve? 15 

The molecular processes underlying protein synthesis seem inexplicably complex. 
Although we can describe many of them, they do not make conceptual sense in 
the way that DNA transcription, DNA repair, and DNA replication do. As we have 
seen, protein synthesis in present-day organisms centers on the ribosome, which 
consists of proteins arranged around a core of rRNA molecules. Why should rRNA 
molecules exist at all, and how did they come to play such a dominant part in the 
structure and function of the ribosome? 

Before the discovery of rnRNA in the early 1960s, it was suspected that the 
large amount of RNA in ribosomes served a "messenger" function, carrying ge­
netic information from DNA to proteins. Now we know, however, that all of the 
ribosomes in a cell contain an identical set of rRNA molecules that have no such 
informational role. In bacterial ribosomes, rRNA molecules have been shown to 
have catalytic functions in protein synthesis. As mentioned earlier, the major 
rRNA of the large ribosomal subunit appears to be lhe peptidyl transferase; in ad­
dition, the rRNA of the small ribosomal subunit forms a short base-paired helix 
with the initiation site sequence on bacterial mRNA molecules, positioning the 
neighboring AUG start codon at the P-site. A variety of specific base-pair inter­
actions likewise form between tRNA molecules and bacterial rRNAs, although 
these interactions involve individual bases on the rRNA that are far apart in the 
nucleotide sequence, suggesting complex sets of interactions that depend on the 
tertiary structure of the rRNA. 

Protein synthesis also relies heavily on a large number of proteins that are 
bound to the rRNAs in a ribosome (see Figure 6-20). The complexity of a process 
with so many interacting components has made many biologists despair of ever 
understanding the pathway by which protein synthesis evolved. The discovery 
that RNA molecules can act as enzymes, however, has provided a new way of 
viewing the pathway. As discussed in Chapter 1, early biological reactions prob­
ably used RNA molecules rather than protein molecules as catalysts. In the ear­
liest cells tRNA molecules on their own may have formed catalytic surfaces that 
allowed them to bind and activate specific amino acids without requiring 
aminoacyl-tRNA synthetase enzymes. Likewise, rRNA molecules may have served 
by themselves as the entire "ribosome," folding up in complex ways to generate 
an intricate set of surfaces that both guided tRNA pairings with mRNA codons 
and catalyzed the polymerization of the tRNA-linked amino acids (see Figure 1-
7). Over the course of evolution individual proteins have been added to this 
machinery, each one making the process a little more accurate and efficient, or 
adding regulatory controls. In thls view the large amount of RNA in present-day 
ribosomes is a remnant of a very early stage in evolution, before proteins domi­
nated biological catalysis. 

RNA and Protein Synthesis 241 
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Summary 
Before the synthesis of a particular'protein cai'l begin, the corresponding mRNA 
molecule must be produced by DNA transcription. Then a small ribosomal subu11it 
binds to the mRNA molecule at a start codon (AUG) that is recognized by a unique 
initiator tRNA molecule. A large ribosomal subunit binds to complete the ribosome 
and initiate the elongation phase of protein synthesis. During this phase aminoacyl 
tRNAs, each bearing a specific amino acid, sequentially bind to the appropriate codon 
in mRNA by forming complementary base paiirs with the tRNA a11ticodo11. Each 
amino acid is added to the carboxyl-terminal end of the growing polypeptide by 
means of a cycle of three sequential steps: aminor,tcyl-tRNA bi11di11g, followed by pep­
tide bond formation, followed by ribosome trans location. The ribosome progresses 
from codon to codon in the 5'-to-3' direction alo,ig the mRNA molecule until one of 
three stop codons is reached. A release factor the11 binds to the stop codon, terminat­
ing translation and releasing the completed polypeptide from the ribosome. 

Eucaryotic and procaryotic ribosomes are highly homologous, despite substantial 
differences in the number and size of their rRNA and protein components. The pre­
dominant role of rRNA in ribosome structure r,tnd function is likely to reflect the 
ancient origi1i of protein synthesis, which is thought to have evolved in an environ­
ment dominated by RNA-mediated catalysis. 

DNA Repair 16 

The long-term survival of a species may be enhanced by genetic changes, bul the 
survival of the individual demands genetic stability. Maintaining genetic stability 
requires not only an extremely accurate mechanism for replicating the DNA 
before a cell divides, but also mechanisms for repairing the many accidental le­
sions that occur continually in DNA. Most such spontaneous changes in DNA are 
temporary because they are immediately couected by processes collectively 
called DNA repair. Only rarely do the cell's DNA maintenance processes fail and 
allow a permanent change in the DNA. Such a change is called a mutation, and 
it can destroy an organism if the change occurn in a vital position in the DNA se­
quence. 

Before examining the mechanisms of DNA repair, we briefly discuss the 
maintenance of DNA sequences from one generation to the next. 

DNA Sequences Are Maintained wilth Very High Fidelity 17 

The rate at which stable changes occur in DNA sequences (the mutation rate) can 
be estimated only indirectly. One way is to compare the amino acid sequence of 
the same protein in several species. The fraction of the amino acids that are dif­
ferent can then be compared with the estimated number of years since each pair 
of species diverged from a common ancestor, as determined from the fossil 
record. ln this way one can calculate the number of years that elapse, on aver­
age, before an inherited change in the amino acid sequence of a protein becomes 
fixed in the species. Because each such change will commonly reflect the alter­
ation of a single nucleotide in the DNA sequenlce of the gene encoding that pro­
tein, this value can be used lo estimate the average number of years required to 
produce a single, stable mutation in the gene. 

Such calculations always will substantially underestimate the actual muta­
tion rate because most mutations will spoil the function of the protein and vanish 
from the population through natural selection. But lhere is one family of proteins 
whose sequence does not seem to matter, and so the genes that encode them can 
accumulate mutations without being selected against. These proteins are the 
fibrlnopeptides-20-residue-long fragmenls that are discarded from the protein 
fibrinogen when it is activated to form fibrin during blood clotting. Since the 
function of fibrinopeptides apparently does not depend on their amino acid se-
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quence, they can tolerate almost any amino acid change. Sequence analysis of 
the fibrinopeptides indicates that an average-sized protein 400 amino acids long 
would be randomly alter d by an amino acid change roughly once every 200,000 
years. More recently, DNA equencing technology has made it possible to com­
par corre ponding nucleotide sequences in regions of the genome that do not 
cod for protein. Comparisons of such sequences in several mammalian pecies 
produce estimates of the mutation rate during evolution that are in excellent 
agreement with tho e obtained from the fibrinopeptide studies. 

The Observed Mutation Rates in Proliferating Cells 
Are Consistent with Evolutionary Estimates 18 

The mutation rate can be e timated mor dir ctly by observing the rate at which 
spontaneous genetic change arise in a large population of cells followed over a 
relatively short period of time. This can be done either by estimating the fre­
quency with which new mutants ari e in very large animal populations (in a 
colony of fruit .flies or mice, for example) or by creening for changes in specific 
proteins in cell growing in culture. Although they are only approximate, the 
numbers obtained in both cases ar consist nt with an error frequency of 1 base­
pair change in roughly 109 base pairs for each cell generation. Consequently, a 
single gene that encodes an average- ized protein (containing about 103 coding 
base pairs) would suffer a mutation once in about 106 cell generations. This num­
ber is at least roughly consistent with the evolutionary e timate described above, 
in which one mutation appears in an averag gene in the germ line every 200,000 
years. 

Most Mutations in Proteins Are Deleterious 
and Are Eliminated by Natural Selection 19 

When the number of amino acid differences in a particular protein is plotted for 
everal pairs of species against the time ince the species diverged, the re ult is 

a reasonably straight line. That is, the longer the period since divergence, the 
larger the number of differences. For convenience, the slope of this line can be 
expressed in terms of the "unit evolutionary time" for that protein, which is the 
average time required for 1 amino acid change to appear in a sequence of 100 
amino acid residues. When varfous proteins are compared, each hows a different 
bul characteristic rate of evolution (Figure 6-32). Since all DNA base pairs are 
thought to be subject to roughly the same rate of random mutation, these differ­
ent rates must reflect differences in the probability that an organi m with a ran­
dom mutation over the given protein will survive and propagate. Change in 
amino acid sequence are evidently much more harmful for ome proteins than 
for others. From Table 6-2 we can estimate that about 6 of every 7 random amino 
acid changes are harmful over the long term in hemoglobin, about 29 of every 
30 amino acid changes are harmful in cytochrome c, and virtually all amino 
acid changes are harmful in hi.stone H4. We assume that individuals who carried 
such harmful mutations have been eliminated from the population by natural 
selection. 

Low Mutation Rates Are Necessary for Life as We Know It 19 

ince most mutations are deleterious, no species can afford to allow them to 
accumulate at a high rate in its germ cells. We discuss later why the observed 
mutation frequency, low though it is, nevertheless, is thought to limit the number 
of es ential proteins that any organism can encode in its germ line to about 
60,000. By an extension of the same arguments, a mutation frequency tenfold 
higher would limit an organism to about 6000 essential proteins. In this case 
evolution would probably have stopped at an organism no more complex than 
a fruit fly. 
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Figure 6-32 Different proteins 
evolve at very different rates. A 
comparison of the rates of amino acid 
change found in hemoglobin, cyto­
chrome c, and the fibrinopeptides. 
Hemoglobin and cytochrome c have 
changed much more slowly during 
evolution than the fibrinopeptides. ln 
determining rates of change per year 
(as in Table 6-2), it i important to 
realize that two pecies that diverged 
from a common ancestor 100 million 
years ago are separated by 200 million 
year of evolutionary time. 
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Table 6-2 Observed Rates of Change of the Amlno Acid Sequences in Four 
Proteins over Evolutionary Time 

Protein 

Fibrinopeptide 
Hemoglobin 
Cytochrome c 
Histone H4 

Unit Evolutionary Time* 
(in million of years) 

0.7 
5 

2] 

500 

"The "unit evolutionary time" is d fined as the average lime required for one acceptable amino 

acid change to appear in the indicated protein for every IOO amino acids that it contains. 

While germ cells must be protected against high rates of mutation in order 

to maintain the species, the other cells of a multicellular organism (its somatic 

cells) must be protected from geneti change to safeguard the individual. Nucle­

otide chang in somatic cell can give rise to variant cells, some of which, 

through a process of natural election, grow rapidly at the expense of the rest of 

the organi m. fn the extreme case the uncontrolled cell proliferation known as 

cancer re ult , which is re ponsible for about 30% of the deaths that occur in Eu­

rope and orth America. These deaths are due largely to the accumulation of 

changes in the DNA quence of omatic cells (discussed in Chapter 24). A ten­

foJd increa e in the mutation frequency would presumably cause a disastrous 

increa e in the incidence of cancer by accelerating the rate at which somatic cell 

variants ari . Thu , both for the perpetuation of a species with 60,000 proteins 

(germ cell tability) and for the prevention of cancer resulting from mutations in 

somatic cells ( omatic celJ tability), eucaryotes depend on the remarkably high 

fidelity with which D A sequences are maintained. 

Low Mutation Rates Mean That Related Organisms 
Must Be Made from Essentially the Same Proteins 20 

Hwnans, as a genus distinct from the great apes, have exi ted for onJy a few 

miJlion years. Each human gene has therefore had the chance to accumulate 

relatively few nucleotide changes since our inception, and most of these have 

been e)jminated by natural selection. A comparison of human and monkeys, for 

example, shows that their cytochrome c molecules differ in about 1% and their 

hemoglobins in about 4% of their amino acid positions. Clearly, a great deal of 

our genetic heritage must have been formed long before Homo sapiens appeared, 

during the evolution of mammals (which started about 300 million years ago) and 

even earlier. Because the proteins of mammals as different as whales and hwnans 

are very similar, the evolutionary changes that have produced such striking mor­

phological differences must involve relatively few changes in the molecules from 

which we are made. Instead, it is thought that the morphological differences arise 

from differences in the temporal and patial pattern of gene expres ion during 

embryonic development, which then determine the size, shape, and other char­

acteristics of the adult. At the end of Chapter 8 we di cuss the mechanisms that 

are thought to underlie such evolutionary changes in gen expres ion. 

If Left Uncorrected, Spontaneous DNA Damage Would 
Rapidly Change DNA Sequences 21 

The physicist Erwin Schroedinger pointed out in 1945 that, whatever its chemical 

nature (at that time unknown), a gene mu t be extremely mall and composed 

244 Chapter 6 : Basic Genetic Mechani m 



Sarepta Exhibit 1040, page 80

CYTOSINE 
URACIL 

DEAMINATION 
by spontaneous 
hydrolysis (e.g., 
cytosine to uracil) 

1-k IN 

HJ_N~ 

! 

tautomeric 
1 

• H.,_ ~ .,...H 

_sh_ift___ 6 HJ_NAO 

DEPURINATION 
by spontaneous 
hydrolysis (e.g., 
removal of guanine) 

6 
I 

0=P-0-CH2 

b- o 

0 
I 

0-P-0-CH I 2 
o- 0 

DNA 
chain 

GUANINE 

GUANINE 

of few atoms. Otherwise the very large number of gen thought to be necessary 
to generate an organism would not fit in the cell nucleu . On the other hand, 
because it was so small, a gene would be expected to undergo significant changes 
as a result of spontaneous reactions induced by random thermal collisions with 
solvent molecules. This poses a seriou dilemma, in e genetic data imply that 
genes are composed of a remarkably tabl ubstance in which spontaneous 
changes (mutations) occur rarely. 

This dilemma is real. DNA doe und rgo major changes as a result of ther­
mal fluctuations. We now know, for example, that about 5000 purine bases (ad­
enine and guanine) are lost per day from the DNA of each human cell because 
of the thermal disruption of their N-glycosyl linkages to deoxyribose 
(depurination). Similarly, spontaneou deamination of cyto ine to uracil in DNA 
is estimated to occur at a rate of 100 bases per genome per day (Figrue 6-33). 
DNA bases are also ubject lo change by reactive metabolites (including reactive 
forms of oxygen) that can alter their ba e-pairing abilities and by ultraviolet light 
from the sun, which promotes a covalent linkage of two adjacent pyrimidine 
bases in D A (forming, for example, the thymine dimers shown in Figrue 6-34B). 
The e are only a£ w of many chang s that can occur in oru DNA (Figrue 6-34A). 
Most of them would be expected to lead either to deletion of one or more base 
pairs in the daughter NA chain after DNA replication or to a base-pair substi­
tution (each ➔ U deamination, for example, would eventually change a C-G 
ba e pair to a T-A ba e pair, ince U closely resembles T and forms a complemen­
tary base pair with A). As we have e n, a high rate of such random changes would 
have disastrous consequence for an organism. 

The Stability of Genes Depends on DNA Repair 22 

Despite th lhou ands of random changes created every day in the DNA of a 
human cell by heat energy and metabolic accidents, only a few stable changes 
(mutations) accwnulate in the DNA equence of an average cell in a year. We now 
know that fewer than on in a thousand accidental base changes in D A cause 
a mutation; the re tare eliminated with remarkable efficiency by DNA repair. 

DNA Repair 
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Figure 6-33 Deamination and 
depurination. These hydrolytic 
reactions are the two most frequent 
spontaneous chemical reactions 
known to create serious DNA damage 
in cells. Only a single example is 
shown for each type of reaction. (See 
also Figure 6-39.) 
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Figure 6-34 A summary of spontaneou alterations likely to require DNA 
repair. (A) The sites on each nucleotide that are known to be modified by 
spontaneous oxidative damage (red arrows), hydrolytic attack (blue arrows), 
and uncontrolled methylalion by the methyl group donor S-adenosyl­
methion:ine (green arrows) are indlcated, with the size of each arrow 
indicating the relative frequency of each event. The two most frequent 
types of hydrolytic events are illustrated in more detail in Figure 6-33. 
(B) The thymine dlmer, a type of damage introduced into DNA in cells that 
are exposed to ultraviolet irradiation (as in sunlight). A similar dimer will 
form between any two neighboring pyrimidine bases (C or T residues) in 
DNA. (A, after T. Lindahl, Nature 362:709-715, 1993. © 1993 Macmillan 
Magazines Ltd.) 

(B) 

There are a variety of repair mechanisms, each catalyzed by a different set of 
enzymes. Nearly all of these mechanisms depend on the existence of two cop­
ies of the genetic information, one in each strand of the D A double helix: if the 
sequence in one strand is accidentally changed, information is not lo t irretriev­
ably because a complementary copy of the altered strand remains in the se­
quence of nucleotides in the other strand. The basic pathway for D A repair is 
illustrated schematically in Figure 6-35. As indicated, it involves three step : 

1. The altered portion of a damaged DNA strand is re ognized and removed 
by enzymes called DNA repair nucleases, whkh hydrolyze the phospho­
diester bonds that join the damaged nucleotides to the rest of the DNA 
molecule, leaving a small gap in the DNA helix in this region. 

Figure 6-35 DNA repair. The three reps common to most types of repair 
are excision (step 1), resynthesis (step 2), and ligation (step 3). Jn step 1 the 
damage is excised; .in steps 2 and 3 the original DNA sequ nee is restored. 
DNA polymerase fills in the gap created by the excislon event , and DNA 
ligase seals the nick left in the repaired strand. Nick seaLing consists of the 
re-formation of a broken phosphodjester bond (see Figure 6-37). 
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2. Another enzym , DNA polymerase, binds to th 3' -OJ I end of the cut D A 
strand and fills in the gap by making a complementary copy of th infor­
mation tared in the "good" (template) trand. 

3. The break or "nick" in the damaged trand I ft when th D A polymera 
has filled in th gap is sealed b a third type of nzym , DNA ligase, which 
completes the restoration pro 

Both D A polymera e and D A Hga e have important g neral role in DNA 
metaboli m; both function in D r plicati n a well a in D A rep ir, fore -
ample. The reaction that the e two nzyme catalyze are illustrated in igure 
6-36 and 6-37, respectively. 

DNA Damage Can Be Remo ed by Mor Than 
One Pathway 23 

The details of the excision step in D A repair dep nd on the type of damage. 
Depurination, for example, which is by far the most fr quent lesion that occurs 
in D A, leaves a deoxyribose ugar with a mi sing ba ( e Figure 33). Thi· 
exposed ugar is rapidly recognized by the enzyme AP ndonuclease, whi h cut 
the D A phosphodiester backbone at the 5' side of the aJtered site. After excision 
of lne sugar phosphate re idue by a phosphodiesterase enzyme, an undamaged 
D A equence is re tored by DNA polymera e and D A Uga ( e Figur 35). 

5'1 l I 13' I I I I I I I 1 

rm ®-'.{p) !AMPj 

broken 
phosphodiester - TI _J_ 

bond s·® STEP 1 STEP 2 

3'1 I I 15' I I I I 1 I I I 

Flgur 6-37 The reaction catalyzed by D ligase. Thi enzyme seal a 
broken pho phodi r r bond. shown, D liga e u es a molecul or TP 
lo activat Lhe 5' end at the nick (step l) before forming the new bond (step 
2). In thi • wa the energetically unfavorable nick-sealing rea tion i driven 
by b ing coupled to th en rg tically favorable proces of ATP hydro! i . 
In Bloom's syndrome, an inherited human disea e, individuals are partially 
defective in D A Ligarion and consequently are deficient in D A repair; a a 
con equ nee, they hav a dramatically increa d incid nee or cane r. 

D A Repair 

repaired 
ONA helix 

Figure 6-36 The D A polymern e 
enzyme. (A) Th reaction catalyzed by 
D A polymerase. This enzyme 
catalyzes the stepwise addition of a 
deoxyribonucleotide to the 3' -OH end 
of a polynucleotide chain (the primer 
strand) that is paired to a econd, 
cemplate strand. The new DNA strand 
theref re grows in the 5'-to-3' 
direction. Because each incoming 
deoxyribonucleoside tripbosphal 
muse pair with the template strand in 
order to be r cognized by the 
polymerase, this strand determine 
which of the four possible 
deoxyribonucleotides (A, C, G, or Tl 
will be added. As in the case of R A 
polym rase, lbe reaction is driven by 
a large favorable free-energy change 
(se igure 6-3). (8) The structure of 
an £. coli DNA polymera e mole uJe 
has be n detenruned by x-ray 
cry tallography. This drawing 
illustrate how the polymera e i 
thought to fun Lion during the DNA 
synthe is involved in D repair. 
(B, adapted from L. . B e, 
V. D rby hire, and T .A. teitz. Science 
260:352-355, 1993. © 1993 the AAA .) 
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Figure 6-38 Comparl on of two major D A repair pathways. (A) Ba e excision repair. This pathway tarts with a DNA 
glycosylase. Here the enzyme uracil DNA glycosylase removes an accidentally deaminated cyto ine in DNA. After the 
action of this glycosylase (or another DNA glycosylase chat re ogn.ize a different kind of damage) the sugar phosphate 
with the missing base is cut out by the sequential action of AP endonuclease and a phosphodiesterase, the same 
enzymes that initiate the repair of depurinated site . The gap of a single nucleotide is then filled by DNA polymerase 
and DNA ligase. The net result is that the U that was created by accidental dearnination i restored to a C. The AP 
endonuclease derives its name from the fact that it recognizes any ite in the ONA helix. lb.at contain a deoxyribose 
sugar with a missing base; such sites can arise either by the loss of a purine (apurinic sites) or by the loss of a 
pyrimidine (apyriminic sites). (B) Nucleotide excision repair. Afrnr a multienzyme complex recognizes a bulky lesion 
such as a pyrimidine dimer (see Figure 6-34B), one cut i made on each side of the lesion, and an associated D A 
helicase then removes the entire portion of the damaged strand. The multienzyme complex in bacteria leaves the gap 
of 12 nucleotides shown; the gap produced in human DNA is more than twice this size. 

A related repair pathway, called base excision repair, involves a battery of 
enzymes called DNA glycosylases. Each DNA glyco ylase recognizes an altered 
base in DNA and catalyzes its hydrolytic removal. There are at least six types of 
these enzymes, including those that remove deaminated Cs, deaminated As, dif­
ferent types of alkylated or oxidized bases, bases with opened rings, and bases 
in which a carbon-carbon double bond has been accidentally converted to a car­
bon-carbon single bond. As an example of the general mechanism tJ,at operates 
in all cases, the removal of a deaminated by uracil DNA glycosylase is shown 
in Figure 6-38A. The DNA glycosyla e reaction produ e a deoxyribose sugar with 
a missing base. Because this sugar phosphate is the ame sub trate recognized 
by the AP endonuclease, the subsequent step in the repair process proceed in 
the same way as for depurinated sites. Th importance of removing accidentally 
deaminated D A base has been directly demon trated. ln mutant bacteria that 
lack the enzyme uracil DNA glycosyla e, the normally low pontaneous rate of 
change of a C-G to a T-A base pair i increa ed about twentyfold. 
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Cells have a separate nucleotide excision repair pathway capable of remov­
ing almost any type of DNA damage that creates a large change in the DNA 
double helix. Such "bulky lesions'' include those created by th covalent reaction 
of DNA bases with large hydrocarbons (such as the carcinogen benzopyrene), a 
well as the various pyrimidine dimers (T-T, T-C, and C-C) caused by sunlight. In 
these cases a large multienzyrne complex scans the DNA for a distortion in the 
double helix rather than for a specific base change. Once a bulky lesion is found, 
the phosphodiester backbone of the abnormal strand is cleaved on both sides of 
the distortion, and the portion of the strand containing th lesion (an oligonucle­
otide) is peeled away from the DNA double helix by a DNA helicase enzyme (dis­
cussed later). The gap produced in the DNA helix i then repaired in the usual 
manner by D A polymerase and DNA ligase (Figure 6-38B). 

The importance of these repair processes is indicated by the large investment 
that cells make in DNA repair enzymes. A cornprehen ive genetic analysis of a 
yeast suggests that these cells contain more than 50 different genes that code for 
D A repair functions. D A repair pathways are likely to be at least as complex 
in humans. Individuals with the genetic disease xeroderma pigmentosum, fm 
example, are defective in a nucleotide excision repair process that can be shown 
by genetic analysis to require at least seven different gene products. Such indi­
viduals develop severe skin lesions, including skin cancer, because of the accu­
muJation of pyrimidine dimer in cells that are e po ed to sunlight. 

Cells Can Produce DNA Repair Enzymes in Response 
to DNA Damage 24 

Cells have evolved a number of mechani ms to help them srnvive in a hazard­
ous world. Often an xtreme environm ntal insult activates a battery of genes 
whose products protect the cell from its effects. One such mechanism shared by 
all cells is the heat-shock response, which is evoked by the exposure of cells to 
unusually high temp ratures. The induced "heat-shock proteins" include some 
that are thought to help stabiliz and repair partialJy denatured cell proteins ( ee 
Figure 5-29). 

Many cells also have mechanisms that enable them to synthesize DNA repair 
enzymes as an emerg ncy response to severe DNA damage. The best-studied 
example is the SOS response in E. coli. In this bacterium any block to DNA rep­
lication caused by DNA damage produces a signal (thought to be an excess of 
single- trand d DNA) that induce an increase in the transcription of more than 
15 genes, many of which code for proteins that function in DNA repair. The signal 
fir t a tivates the E. coli RecA protein (discussed later), which then destroys a 
negatively acting gen r gulatory protein (a repressor) that normally suppresses 
the tran cription of the entire set of SOS response genes. Studies of mutant bac­
teria deficient in different parts of the response indicate that the newly synthe­
sized proteins hav two effects. First, as would be expected, the induction of new 
DNA repair enzymes increa es cell survival. When the mutants deficient in this 
part of the SO response are treated with a DNA-damaging agent such as ultra­
violet radiation, an unusually high proportion ofthern die. Second, several of the 
induced protein transiently increase the mutation rate by greatly increasing the 
number of error made in copying D A sequences. While this has little effect on 
hort-term survival, it is presumably advantageous in the long term because it 

produces a burst of genetic variability in the bacterial popuJation and hence in-
crea the chance that a mutant cell with increased fitness will arise. 

he DNA repair system activated in the SOS response is not the only induc­
ibl D A repair system known. Bacteria have another system that is a tivated 
specifically by the presence of methylated nucleotides in DNA, and there i al 
least on inducible DNA repair system in yeast cells. Some higher eucaryotic cells 
have been reported to adapt to D A damage in similar ways. 
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The Structure and Chemistry of the DNA Double Helix 
Make It Easy to Repair 25 

The D A doubt helix seem to be optimally constructed for repair. As discussed 
in Chapl r 1, RNA is thought to have evolved before DNA, and it seem likely that 
the genetic code wa initially carried in the foUI nucleotide A, C, , and U. This 
rai e the que tion of why the U in RNA has been replaced in DNA by T (which 
i 5-methyl U). We ha e een that pontaneous C deamination converts C to U 
but that this event i rendered harmless by uracil D glyco ylase ( e Figure 6-
38A). One can imagine how any repair enzyme d igned to recognize and excise 
uch accidents would b confused by the normaJ U nucleotid in a U-containing 

DNA molecule. Thus it i not surprising that U i not used in D A. 
Thi line of argument i strengthened by the ob ervation that every possible 

deamination event in D A yields an unnatural base, which can therefore be 
directly r cogniz d and removed by a specific D A glyco ylase_ Hypoxanthine, 
for example, i the simple t pUiine base capable of pairing specifically with C, but 
hypoxanthine is the direct deamination product of A. The addition of a second 
amino group to hypoxanthine produces G, which cannot be formed from A by 
spontan ou deamination and whose deamination product is likewise unique 
( igure 6-39A). 

pecial ituation occurs in vertebrate D A, where lected C nucleotide 
are methylated at specific CG sequence a ociated with inactive genes (discussed 
in Cha pl r 9)_ As illustrated in Figure 6-398, the accidental dearnination of the e 
methylated C nucleotides produce the natural nucleotide T, which forms a mis­
match d base pair with a G on the oppo it DNA trand. To help protect methy­
lated C nucleotides against such mutation , a p cial D A glycosyla e recognize 
a mi matched base pair involving Tin the equence TG and removes the T. Thi 
DNA repair mechanism must be relatively ineffective, however, as methylated C 
nucleotides are common sites for mutations in vertebrate D A Even though only 
about 3% of the C nucleotide in human D A are methylated, mutation in th e 
methylated nucleotide account for about one-third of the single-ha e mutation 
that have been observed in inherit d human diseases (see also Figure 9-71). 

Whereas the chemi try of th bas s en ure that dearnination will be de­
tected, accurate repair-and th fundamental answer to Schroedinger's di­
lemma-depends on th existen e of separate copies of the genetic information 
in the two strand of th double helix. Onl in the very unlikely event that both 
trand are damaged simultan ou ly at the ame base pair is the cell left with­

out one good copy to serve a a template for DNA repair. Even in tru ase mecha­
nism have evolved that are som times able to repair the damage. The e repair 
mechanisms require that a econd D A helix of the same equenc be pre ent 
in the cell, and they use genetic r ombination mechanism to transfer the mi -
ing information from one D A heli to another-a proce s ailed gene conver­
sion, which we di cuss later. 
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Figure 6-39 The deaminatlon of 
D A nucleotides. In each case the 
oxygen acorn added from the reaction 
with water is color d red. (A) The 
pontaneou deamination products of 

A and G ar recognizable a unnatural 
when they occur in D A and thus are 
readily r cognized and repaired. The 
deaminalion of C to U was illustrated 
in Figur 6-33, and T has no amino 
group to deaminale. (B) A few percent 
of the C nucleotide in vertebrate 
D As are methylat d to help control 
gene expre sion. When the e 
5-methyl C nucleotide are 
accidencally deaminaced, they form T. 
This T will b paired with a G on the 
oppo ite trand, forming a 
mismatched base pair. 
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Geneli information i stor d in single-stranded DNA or RNA mol cute only 
in ome v ry mall viru with genomes of a few thou and nu I otides. The 
type of repair proce ses that we have described cannot operate on such nucleic 
acids, and th chance of a nucleotide change occurring in th viru es is very 
high. It e m that onl organ[ m with tin genom n afford to encod their 
geneti informati n in a stru tur other than a D doubt helix. 

Summary 

The fidelity with which DNA sequences are mainta.i11ed i11 higher eucaryotes can be 
estimated from the rates at which changes have occurred iii rwnes e11tial protein and 
DNA sequences over evolutionary time. This fid lity is o high that a mammalio.n 
germ-line cell with a genome o/3 x 1()9 base pairs i subjected on average to only 
about 10 to 20 base-pairclumges per year. But imtwoidable chemical proce es dam­
age thousatlds of DNA nucleotides in a typical mammalian cell every day. Genetic 
information can be stored stably in DNA sequences only because a large variety of 
DNA repair enzymes continuously scan the DNA and replace the damaged tiucle­
otides. 

The process of DNA repair depends 011 the presence of a separate copy of the ge­
netic infonnation, in each strand of the D double hell-c. An accidental lesion on one 
strand can tl1erefore be cut out by a repair enzyme and a good strand resynthesized 
from the informatiotl in the undamaged strand. Most of the damage .to D J\ bases 
is excised by one of two major pathways. Ill ba e excision repair an altered base is 
removed by a DNA glycosylase enzyme, followed by excision of the resulting sugar 
phosphate. In nucleotide excision repair a small region of the strand surrounding tlie 
damage is removed from the D IA helix as a11 oligonucleotide. ln both cases the small 
gap left in the DNA helix is filled iri by the equential a tion of D ~ polymerase and 
DNA ligase. 

DNA Replication 26 

B ide maintaining the integrity ofD As quences by DNA repair, all orga:ni ms 
mu t duplicate their DNA accurat ly befor ev ry ell division. DNA replication 

ur at polymerization rat of about 500 nucleotid per second in bacteria 
and about 50 nucleotides per econd in mammal . Clearly, the proteins that cata­
lyze this process must be both accurat and fa t. peed and ac uracy are achiev d 
by mean of a multi nzyme c mplex that guid the proces and con ritute an 
elaborat "replication ma hine." 

Base-pairing Underlie D A Repli ation 
as well as DNA Repair 27 

DNA templatingis 111 pro ess in whi h the nu leotide 'equen ofa D A trand 
(or elected portion fa DNA trand) i copied by complementary ba e-pairing 
(A with Tor U, and with ) into a complementary nucleic acid sequence ( i-
ther D A or RNA). Th proc entail the recognition of each nucleotide in Lh 
D A strand by an unp lym riz d omplementary nucleotide and requires that 
the tw9 strands of the DNA helix be eparated, at least transi ntly, so that th 
hydrogen bond donor and ac plor group on each base be ome xpo d for 
ha e-pairing. The approprial incoming ingle nucl 1ide ar ther by lign d 
for their enzyme- atalyzed p lymerization into a new nucleic acid hain. In 1957 
the first such nucl otid polym rizing enzyme, D ½ polymeras , was discov red. 
The substrates for thi nzyme were found to be deoxyribonucl o id lripho -
phates, which ar polymeriz don a ingle-stranded D A templat . The tepwis 
mechanism of thi r a tion i the on previously illustrated in Figure 6-36 in 
connection with D A repair. The di covery of DNA polym r I d t th i ola-
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tion of RNA polymerase, which was correctly inferred to use ribonucleoside tri­
phosphate a its substrates. 

During DNA replication each of the two old DNA strand erves as a template 
for the formation of an entire new strand. Because each of the two daughters of 
a dividing cell inherits a new DNA double helix containing one old and one new 
strand (see Figure 3-13), DNA is said to be replicated 'semiconservatively'' by 
DNA polymerase. 

The DNA Replication Fork Is Asymmetrical 28 

Autoradiographic analyses carri d out in the early 1960 on whole replicating 
chromosomes labeled with a short pulse of the radioactive DNA precursor 3H­
thymidine revealed a localized region of replication that moves along the parental 
DNA double helix. Because of it Y-shaped structure, this active region is called 
a ONA replication fork. At a replication fork the D A of both new daught r 
strands is synthesized by a multienzyme complex that contains the DNA poly­
merase. 

Initially, the simplest mechani m of DNA replication appeared to be continu­
ous growth of both new trand , nucleotide by nucl otide, at the replication fork 
as it moves from one end of a D A molecule to the other. But because of the 
antiparallel orientation of the two DNA strands in the D A double helix ( ee 
Figure 3-10 and Panel 3-2, pp. 100-101), this m chani m would require on 
daughter strand to grow in the 5' -to-3' direction and the other in the 3' -to-5' 
direction. Such a replication fork would require two different D A polym ra e 
enzymes. One would polymerize in the 5'-to-3' direction (see Figure 6-36), where 
each incoming deoxyribonucleoside triphosphat carries the triphosphate 
activation needed for its own addition. The other would move in the 3'-to-5' 
direction and work by so-called "head growth,' in which the end of the growing 
D A chain carries the triphosphate activation required for the addition of 
each subsequent nucleotide. Although head-growth polymerization occurs else­
where in biochemistry (see Figure 2-36), it does not occur in D A synthesis; 
no 3'-to-5' DNA polymerase has ever been found (Figure 6-40). 

How, then, is 3'-to-5' DNA synthesis achieved? The answer was first suggested 
in the late 1960s by experiments in which highly radioactive 3H-thymidine was 
added to dividing bacteria for a few seconds so that only the most recently rep­
licated D A, just behind the replication fork, became radiolabeled. This selec­
tive labeling method revealed the transient exi tence of pieces of D A that were 
1000 to 2000 nucleotid s long, now commonly known as Okazaki fragments, at 
the bacterial growing fork. (Such replication intermediates were later found in 
eucaryotes, where they are only 100 to 200 nucleotides long.) The Okazaki frag­
ments were shown to be synthesized only in the 5' -to-3' chain direction and to 
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Figur 6-40 An lncorrect model for 
DNA replication. Although it might 
appear to be the simplest mechanism 
for DNA replication, the mechanism 
illustrated here is not the one that 
cells u e. ote that in this scheme 
both daughter DNA strands would 
grow continuously, using the energy 
of hydrolysis of the yellow phosphates 
to add the next nucleotide on each 
strand. This would require chain 
growth in both the 5'-to-3' direction 
(bottom) and the 3' -to-5' direction 
(top). No enzyme that catalyze 3'-to-
5' nucleotide polymerization has ever 
been found. 
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be joined together after their synthe i to create long D A chain by the same 
DNA Ligase enzyme that seal nick during DNA repair ( ee Figure 6-37). 

A repli ati n fork has an asymmetric tructure. The DNA daughter strand 
that is synlhesizcd continuou ly is known as the leading strand, and its synthe is 
lightly precede the synthe i of th daught r trand that is ynth ized discon­

tinuou ly, whi h i known as the lagging trand. Th ynthesi, of the Jagging 
trand i delayed because it mu t wait for tl1e leading strand to expose the tem­

plate trand on which each Okazaki fragment is yn he ized (Figure 6-41). Th 
synth si o· th lagging strand by a di. continuous, "ba k titching" mechanism 
m ans that only the 5' -to-3' type of D A polymera .is n ed d for DNA replica­
tion. 

The High Fidelity of D AR plication Requir s 
a Proofreading Mechanism ·29 

The fidelity of copying that i ob rved after D A repli alion has ccurred i uch 
that only about l error i mad in very 109 base-pair replications, as required 
Lo maintain the mammaJjan genom of 3 x 10 D A base pairs. This fidelity is 
much higher than expected, given that the standard complementary ba e pair 
ar not the only ones p ibl . With mall changes in helix g ometry, for exampl , 
two hydrogen bonds will form betw en G and T in DNA. ln addition, rare tau­
Lomeric forms of the four D A bases occur transiently in ratios of l part to I 04 

or 105. These forms will mispair without a change in helix g omecry: the rar tau­
Lomeri • form of C pair with A instead of G, for example. If the D A polymcra 
accepts a mispairing that occurs between an incoming deoxyribonucleosid 
Lripho phate and the D A L mplate, the wrong nucleotide can be incorporated 
into the new DNA chain, producing a mutation. h high fidelity of DNA repli­
cation depends on s veraJ "proofreading" mechani ms that act equ ntially to 
remov rror brought about in the e way . 

One important proofreading process depends on speciaJ properties of the 
D polymera e nzyrn . Unlike R A polymera e , D A polymera e do nol 
begin a new polynu 1 otide chain by linking two nucleoside tripho phates to­
g lher. They ab olutel require the 3'-OH end of a ba e-paired primer strand on 
which to add further nucleotides (see Figure 6-36). Moreover, DNA mol cule 
with a mismatched (not ba e-paired) nucl 01 id at the 3' -OH end of th primer 
strand ar not a ctive a templates. D A polym rase molecuJe are able to deal 

NA RepUcation 

Figure 6-41 The. tructure of a D A 
replication for . Because both 
daughter D A strands (colored) ar 
synthe ized in Lb 5'-to-3' direction, 
the D A ynthesized on the lagging 
strand mu t be made initially as a 
seri of hort DNA molecules, call d 
OkaUJki fragments. 
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with such mismatched DNAs by means of either a separate catalytic subunit or 
a covalently linked, separate catalytic site that clips off any unpaired re idues at 
the primer tenninu . Clipping by this 3'-to-5' proofreading exonuclease activity 
continues until enough nucleotides have been removed from the 3' end to regen­
erate a base-paired terminus that can prime DNA synthesis. In lhi way DNA 
polymerase functions as a "self-correcting" enzyme that removes its own poly­
merization errors as it moves along the DNA. Figure 6-42 illustrates how this 
proofreading process can correct a base-pairing error. 

The requirement for a perfectly base-paired terminu i ential to the self-
correcting properties of the D A polymerase. For uch an enzyme to start syn­
thesis in the complete absence of a primer without losing any of its discrimina­
tion between base-paired and unpaired growing 3'-OH termini is apparently not 
possible. By contrast, the RNA polymerase enzymes involv d in gene transcrip­
tion need not be self-correcting: errors in making RNA are not passed on to the 
next generation, and an occasional defective molecule ha no significance. RNA 
polymerase ar able to start new polynucleotide chains without a primer, and 
an error frequency of about J in 104 is found both in RNA synthesis and in the 
separate process of translating mRNA sequences into protein sequences. 

Only DNA Replication in the 5' -to-3' Direction 
Allows Efficient Error Correction 

The need for accuracy probably explains why DNA replication occurs only in 
the 5' -to-3' direction. If there were a D A polymerase that added deoxyribo­
nucleoside triphosphates in such a way as to cause chains to grow in the 
3' -to-5' chain direction, the growing 5'-chain end rather than the incoming mono­
nucleotide would carry the activating triphosphate. tn thjs case the mistakes 
in polymerization could not be simply hydrolyzed away, ince the bare 5' -chain 
end thus created would immediately terminate DNA synthesis. It is much easier, 
therefore, to correct a mismatched base that ha just been added to the 3' end 
than one that has just been added to the 5' end of a DNA chain. Although the type 
of mechanism fo.r DNA replication shown in Figure 6-41 seems at first sight 
much more complex than the incorrect mechanism depicted in Figure 6-40, 
it i much more accurate because it involves DNA ynthesis only in the 5'-to-3' 
dire tion. 

A Special Nucleotide Polymerizing Enzyme Synthesizes 
Short RNA Primer Molecules on the Lagging Strand 30 

For the leading strand a special primer i needed only at the start of replication; 
once a replication fork is established, the D A polymerase is continuously pre­
sented with a base-paired chain end on which to add new nucleotides. But th 
DNA polymerase on the lagging side of Lhe fork requires only about 4 seconds to 
complete each short DNA fragment, after which it must start synthesizing a com­
pletely new fragment at a site farther along the template strand (see Figure 6-41). 
A special mechanism is needed to produce the base-paired primer strand re­
quired by this DNA polymerase molecul . The mechanism involve an enzyme 
called DNA primase, which use ribonucleoside triphosphates to synthesize hort 
RNA primers (Figure 6-43). These prim r are about 10 nucleotides long in eu­
caryotes, and they are made at intervals on the lagging strand, where they are 
elongated by the D A polymerase to begin each Okazaki fragment. The synthesis 
of each Okazaki fragment ends when this DNA polymerase runs into the RNA 
primer attached to the 5' end of the previous fragment. To produce a continu­
ous DNA chain from the many D A fragments made on the lagging trand, a 
pecial DNA repair system acts quickly to era e the old R A primer and replace 

it with DNA. DNA ligase then joins the 3' end of the new DNA fragment to the 5' 
end of the previous one to complete the process (Figure 6-44). 
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DNA replication. 
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Why might an erasable RNA primer be preferred to a DNA primer that need 
not be erased? The argument that a self-correcting polymerase cannot start 
chains de novo al o implies its converse: an enzyme that starts chains de novo 
cannot be efficient at elf-correction. Thus any enzyme that primes the synthesis 
of Okazaki fragments will of necessity make a relatively inaccurate copy (at least 
l error in 105). Even if the copie retained in the final product constituted as little 
as 5% of the total genome (for example, 10 nucleotides per 200-nucleotide DNA 
fragment), the resulLing increase in overall mutation rate would be enormous. It 
therefore eems likely that the evolution of RNA rather than DNA for priming 
entailed a powerful advantage, since the ribonucleotides in the primer automati­
cally mark these sequences as "bad copy" to be removed. 

Special Proteins Help Open Up the DNA Double Helix 
in Front of the Replication Fork 31 

The D A double helix must be opened up ahead of the replication fork so that 
the incoming deoxyribonucleoside triphosphate can form base pairs with the 
template strand. The DNA double helix is very stable under normal conditions: 
the base pairs are locked in place so strongly that temperatures approaching that 
of boiling water are required to separate the two trands in a test tube. For this 
reason mo t D A polymerases can copy DNA only when the template strand has 
already been separated from its complementary strand. Additional proteins are 
needed to help open the double helix and thus provide the appropriate exposed 
DNA template for the DNA polymerase to copy. Two type of replication proteins 
contribute to this process-DNA helicase and single-strand D A-binding pro­
teins. 

DNA helicases were first isolated as protein that hydrolyze ATP when they 
are bound to single strands of DNA. As de cribed in Chapter 5, the hydrolysis of 
ATP can change the shape of a protein molecule in a cyclical manner that allows 
the protein to perform mechanical work. DNA helicases utilize this principle to 
move rapidly along a DNA single strand; where they encounter a region of double 
helix, they continue to move along their strand, thereby prying apart the helix 
(Figure 6-45). We have previously de cribed how a special DNA repair helicase 
functions in nucleotide excision repair (se Figure 6-38B). 

The unwinding of the template DNA helix at a replication fork could in prin­
ciple be catalyzed by two D A heli ases acting in concert-one running along 
the leading strand and one along the lagging strand. These two helicases would 
need to move in opposite directions along a D A single strand and therefore 
would have to be different enzyme . Both types of DNA helicase, in fact, do ex­
ist, although in bacteria the DNA helica e on the lagging strand play the pre­
dominant role, for reasons that will become clear shortly. 

Single-strand DNA-binding (SSB) proteins-also called helix-destabilizing 
proteins-bind to exposed DNA strands without covering the bases, which there­
fore remain available for templating. These proteins are unable to open a long 
DNA helix directly, but they aid helicases by stabilizing the unwound, single­
stranded conformation. In addition, their cooperative binding completely coats 
the regions of single-stranded D A on the lagging strand, thereby preventing for-

Figure 6-44 The synthesis of one of the many DNA fragments on the 
lagging strand. In eucaryotes the RNA primers are made at intervals spaced 
by about 200 nucleotides on the lagging strand, and each RNA primer i 10 
nucleotide long. This primer is erased by a special DNA repair enzyme that 
recognize an RNA strand in an RNA/DNA helix and excises it; thi leaves a 
gap that is filled in by DNA polymerase and DNA ligase, as we saw for the 
DNA repair proce s (see Figure 6-35). 
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Figure 6-43 RNA primer ynthesls. A 
schematic view of the reaction 
catalyzed by DNA prima e, the 
enzyme that synthesizes the short 
RNA primers made on the lagging 
strand. Unlike DNA polymerase, this 
enzyme can start a new 
polynucleotide chain by joining two 
nucleoside lriphosphates together. 
The primase stops after a short 
polynucleotide has been synthesized 
and makes the 3' end of this primer 
available for the DNA polymerase. 
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Figure 6-45 The assay used to test for DNA helicase enzyme . A hort DNA 
fragment is annealed to a long DNA single strand to form a region of D A 
double helix. The double helix is melted a the helicase run along lhe D A 
single strand, releasing the short DNA fragment in a reaction that requir 
the presence of both the helicase protein and ATP. The movement of th 
belicase is powered by its ATP hydrolysis (see Figure 5--22). 

mation of the short hairpin helices that would otherwise impede ynthesis by the 
DNA polymerase (Figure 6-46). 

A Moving DNA Polymerase Molecule Is Kept Tethered 
to the DNA by a Sliding Ring 32 

On their own, most DNA polymerase molecules will synthesize only a hart tring 
of nucleotide before falling off a DNA template. This ten~ency to leave a DNA 
molecule quickly allows the D A polymerase molecule that has ju t fmished 
synthesizing one Okazaki fragment on the lagging strand to be recycled quickly 
to begin the ynthe i of the next Okazaki fragment on the same strand. This 
rapid dissociation, however, would make it difficult for the polymerase to syn­
thesize long D A strands at a replication fork were it not for an accessory pro­
tein that functions as a regulated clamp. This clamp keeps the polymerase firmly 
on the D A wh n it is moving, but relea es it as soon as the polymerase stops. 

llow can a clamp prevent the polymerase from dissociating without at the 
a.me time impeding the polymerase's rapid movement along the DNA molecule? 

The three-climen ional structure of a clamp protein, determined by x-ray diffrac­
tion, indicate that it forms a large ring around the DNA helix. One side of the ring 
binds to the back of the DNA polymerase, and the whole ring slides freely as the 
polymerase moves along a D A strand (Figure 6-47). The assembly of the clamp 
around DNA r quires ATP hydrolysis by special accessory proteins that bind both 
to the clamp protein and to DNA; it is not known bow the clamp is disassembled 
to remove it from the DNA. 

The Proteins at a Replication Fork Cooperate 
to Form a Replication Machine 33 

Although we have discussed DNA replication as though it were carried out by a 
mixture of replication proteins that a t independenUy, in reality most oftbe pro­
teins are held together in a large multienzyme complex that moves rapidly along 
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Figure 6-46 The effect of single­
strand binding proteins on the 
structure of single-stranded DNA. 
Because each protein molecule 
prefers to bind next to a previously 
bound molecule (cooperative 
binding) long rows ofthis protein will 
form on a DNA single strand. This 
cooperative binding straightens out 
the DNA template and facilitates th,e 
DNA polymerization process. The 
"hairpin helices" shown in the bare 
single-stranded DNA result from a 
chance matching of short regions of 
complementary nucleotide sequence; 
they are similar to the short helices 
that typically form in RNA molecules. 
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the DNA. This complex can be likened to a tiny sewing machine composed of 
protein parts and powered by nucleo ide tripho phate hydrolyses. Although the 
replication compl~x has been best characterized in E. coli and several of its vi­
ruses, a very similar complex operates in eucaryotes (seep. 358). 

The functions of the subunits of the replication machine are summarized in 
the two-dimensional diagram of the complete replication fork hown in Figure 
6-48. Two identical D A polymerase molecules work at the fork, one on the lead­
ing strand and one on the Jagging strand. The DNA helix is opened by a DNA 
polymerase molecule clamped on the leading strand, acting in concert with a 
DNA helicase molecule running along the lagging strand; helix opening is aided 
by cooperatively bound molecules of single-strand DNA-binding protein. While 
the D A polymerase molecule on the leading strand can operate in a continu­
ous fashion, the DNA polymerase molecule on the lagging strand must restart at 
hort intervals, using a short RNA primer made by a DNA primase molecule. 

The efficiency of replication is greatly increased by the close association of 
all these protein components. The primase molecule is linked directly to lhe DNA 
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Figure 6--47 The regulated sliding 
clamp that holds DNA polymerase on 
the DNA. (A} The structure of the 
sliding clamp from E. coli, with a DNA 
helix added to indicate how the 
pwtein fits around DNA. A similar 
protein is present in eucaryotic cells. 
(B) Schematic Hlustration of how the 
clamp is thought to hold a moving 
DNA polymerase molecule on the 
DNA. (A, from:X.-P. Kong et al., Cell 
69:425-437, 1992. © Cell Press.} 

Figure 6-48 The proteins at a DNA 
replication fork. The major types of 
proteins that act at a DNA replication 
fork are illustrated. showing their 
positions on the DNA. 
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helicase to form a unil on the lagging strand called a primosome. Powered by the 
DNA helica e, the prirno ome moves with the fork, synthesizing RNA primers as 
it goe . imilarly, the DNA polymerase molecule that synthesizes DNA on the 
Jagging trand move in concert with the rest of the proteins, synthesizing a suc­
cession of new kazaki fragments. To accommodate this arrangement, its DNA 
template strand is thought to be folded back i.n the manner shown i.n Figure 6-
49. The replication protein are thus linked together into a single large unit (total 
mass> 106 dallons) that moves rapidly along the DNA, enabling DNA to be syn­
thesized on both sides of the fork in a coordinated and efficient manner. 

This DNA replication machine leaves behind on the lagging strand a series 
of unsealed Okazaki fragments, which still contain the RNA that primed their 
synthesis at their 5' ends. This RNA must be removed and the fragments joined 
up by DNA repair enzymes that operate behind the replication fork (see Figure 
6-44). 

A Mismatch Proofreading System Removes Replication 
Errors That Escape from the Replication Machine 34 

Bacteria such as E. coli are capabl of dividing once every 30 minutes, so it is 
relatively easy to screen large populations to find rare mutants that are altered 
i.n a specific process. One intere ting class of mutants contains alterations in 
so-called mutator genes, which greatly increa the rate of spontaneous muta­
tion. Not surprisingly, one uch mutant encode a defective form of the 3' -to-5' 
proofreading exonuclease (discus ed earlier) that is a subunit of the DNA poly­
merase enzyme (see Figure 6-42). When thi protein i defective, the DNA poly-

Figure 6-50 A model for mismatch proofreadJng In eucaryote . The two 
proteins shown are present in both bacteria and euca.ryolic cells: Mut 
binds specifically to a mi matched ba e pair, while MutL cans the nearby 
DNA for a nick. Once a nick is found, MutL trigger tJ1e degradation of the 
nicked strand all the way back through the mi match. Becaus nicks ar 
largely confined to newly replicated trands in ucaryotes, replication 
errors are selectively removed. [n bacteria the mechanism i th same 
except that an additional protein in the omplex (Mu H) ni k 
unmethylated (and therefore newly replicated) GATC s quences and 
thereby begins the process that is illustrated here. We know th mechanism 
because these reactions have been reconstituted in a ell-fr yscem 
containing purified bacterial proteins and DNA. 
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Figure 6-49 A replication fork in 
three dimensions. This diagram 
how a current view of how the 

replication proteins are arranged at a 
replication fork when the fork is 
moving. The two-dimensional 
tructure of Figure 6-48 has been 
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merase no longer proofreads effectively, and many replication errors that would 
otherwise have been removed accumulate in the DNA. 

The tudy of other E. coli mutants that exhibit abnormally high mutation 
rates has uncovered another proofreadmg system that removes replication errors 
missed by the p.roofreading exonuclea e. This mismatch proofreading system 
(also called a mismatch repair system) differs from most DNA repair systems in 
that it doe not depend on the presence in the DNA of abnormal nucleotides that 
can be recognized and excised. Instead, it detects the distortion on the outside 
of the helix that results from th misfit between noncomplementary base pairs. 
But if the proofreading system simply recognized a mismatch in newly replicated 
DNA and randomly excised one of the two mismatched nucleotides, it would 
make the mistake of "correcting" the original templace strand to match the er­
ror exactly half the time and would not therefore lower the overall error rate. To 
be effective, the proofreading system must be able to distinguish and remove the 
mismatched nucleotide only on the new strand, where the replication error oc­
curred. 

The recognition system u ed by the mi match proofreading system in E. coli 
depends on the methylation of selected A residues in the D A Methyl groups are 
added to all A residues in the sequence GATC, but not until some time after the 
A has been incorporated into a newly syn the ized D A chain. Because only the 
new strands just behind a replication fork will contain GATC sequences that have 
not yet been methylated, the e new DNA strands can be distinguished from old 
ones. 

More recently, eucaryotic protein have been di covered that are homolo­
gous in their amino acid equence to everal of the bacterial protein that catalyze 
mismatch proofreading. As expected, when the gen that encode these proteins 
are deleted in a yeast cell, mutation rates can increa e by 100-fold or more. There 
must, however, be some important differences between the bacterial and eucary­
otic proofreading mechanisms, as the mechani m for distinguishing the newly 
synthesized strand from the parental template strand at the site of a mismatch 
cannot depend on DNA methyJation as in bacteria, since some eucaryotes, uch 
as yeasts and Drosophila, do not methylate any of their DNA. Newly synthe ized 
DNA strands are known to be preferentially nicked, and it ha been suggested that 
such nicks (single-strand breaks) provide the signal that directs mismatch proof­
reading to the appropriate strand in a eucaryotic cell (Figure 6-50). 

Replication Forks Initiate at Replication Origins 35 

In both bacteria and mammals replication forks originate at a structur called a 
replication bubble, a local region where the two strands of the parental DNA helix 
have been separated from each other to serve as templates for DNA synthesi 
(Figure 6--51). For bacteria, yeasts, and several viruses that grow in mammalian 
cells, replication bubbles have been shown to form at special D A equences 
called replication origins, which can be as long as 300 nucleotide . For rea on 
that are not clear, the replication origins in mammalian chromosomes have thus 
far been very difficult to characterize at the molecular level. 

For several well-defined replication origins, it has been possible to reproduce 
the fork initiation reaction in vitro. The in vitro studies reveal that fork initiation 
in bacteria and bacterial viruses starts in the manner indicated in Figure 6--52. 
initiator proteins bind in multiple copies to specific site at the replication ori­
gin, wrapping the DNA around them to form a large protein-D A complex. This 
complex then binds the DNA helicase and loads it onto an exposed DNA single 
strand in an adjacent region of helix. The D A primase also binds, forming the 
prirnosome, which move away from the origin and makes an RNA primer that 
tarts the fir t DNA chain. This quickly leads to assembly of the remaining pro­

tein to creale two r plication protein complexes moving away from the origin 
in opposite direction (see Figure 6--51); these continue to synthesize DNA un­
til all of the D A template down tream of each fork has been replicated. 

D Replication 

replication origin 
r7 
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LOCAL OPENING I 
OF DNA HELIX 

ANA PRIMER 
SYNTHESIS 

NEW DNA CHAIN 
STAATS LEADING- l 
STRAND SYNTHESIS 

RNA PRIMERS START I 
ADDITIONAL NEW 
DNA CHAINS 

fork 1 - fork 2 -
two complete replication forks are formed, 
one moving leftward with leading (top) 
and lagging (bottom) strands, and one 
moving rightward with leading (bottom) 
and lagging (rop) strands 

Figure 6-51 Replication fork 
initiation. The figure outlines the 
processe involved in the initiation of 
replication forks at replication origins. 
(See also Figure 6-52.} 
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replication origin 

polymerase 

parental 
DNA helix 

I BINDING OF INITIATOR 
PROTEIN TO 
REPLICATION ORIGIN 

j BINDING OF DNA 
HELICASETO 
INITIATOR PROTEIN 

j LOADING OF HELICASE 
ONTO DNA 

j HELICASE OPENS HELIX 
AND BINDS PAIMASE 
TO FORM PRIMOSOME 

j RNA PRIMER SYNTHESIS 
ENABLES DNA POLYMERASE 
TO START FIRST ONA CHAIN 

Replication fork initiation in ucaryotic chromo ome is di cussed in detail 
in Chapter 8. 

DNA Topoisomerases Prevent DNA Tangling 
During Replication 36 

When we draw th DNA helix (incorrectly) as a flat, ladderlike structure, we are 
ignoring th "winding prob! m" that arises during DNA replication. Every 10 base 
pairs replicated at the fork corre pond to on omplete tum about the axis of the 
parental doubt helix. Th r fore, for a r plication fork to mov , the entire chro­
mosome ahead of the fork would normally hav to rotate rapid! (Figure 6-53), 
which would r quir larg amount of n rgy for long chromosome . An alter­
native strategy is used during D A replication: a. wivel i • orm d in th D A helix 
by proteins known as D IJ\ topoi omer s. 

A DNA topoisom ra e an be viewed a a r ver ibl nuclease that adds it elf 
covalently to a D A pho phat , thereby breaking a ph phodie ter bond in a 
DNA strand. Because the covalent linka that join a topoi omera e to a D A 
phosphate retains the energy of th cleaved pho phodi ter bond, the cleavage 
reaction is reversibl ; re eaJing i rapid and doe not r quire additional energy 
input. The rejoining mechanism i cW] rent in Lhi resp ct from that of th en-
zyme D Jigase, di cu d pr viou ly ( e Figur 37). 

One type of to poi om rase (topoisomerase I) cau es a single-srrand break (or 
nick), which can allow the two tions of D A helix on eith r ide of th ni k 
to rotate freely relative to each other, using the pho phodiester bond in the trand 
opposite the nick as a wive! point (Figur 6-54). ny ten ion in the DNA helix 
will drive this rotation in the direction that reli v the t nsion. a r suJt, A 
repli ation can occur with the rotation of only a hort I ngth of heli -th 
just ahead of the fork. The analogous problem that ari es during A tran 
tion i ol ed in a imilar way. 

A econd type of D A topol ·omera e (lopoisomera e Ji) form a coval nl 
linkage to both strands of rhe D helix at the ame tim , making a lran i nt 
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Plgur 6-52 The protein that 
initiate D A replication. The major 
types of prutein involved in the 
formation of r plication forks at the E. 
coli and bacteriophage lambda 
repli a1ion origin are indicated. The 
m chani m hown was e tabli hed by 
in vitro tudie utilizing a mixture of 
highly purified protein . ub quent 
teps result in the initiation of three 

more D A chain (see Figure 6-51) by 
a parh~ ay that i not y L clear. For E. 
coli D r plication, lb major 
initiator protein i the dnaA protein; 
for both lambda and E. coli. the 
pr· • composed of the dnaB 
(D ) and dnaG (D A 

rapid rotation of 
the DNA helix 
needed here 

lgur 6-53 The "winding problem" 
that arl es during DNA replication. 
For a bacterial replication fork 
moving at 500 nucleotide per 
e ond, the parental DNA helix ahead 

of the fork must rota re at SO 
revolutions per cond . 
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type I DNA 

0 topoisomerase 
with ty~osi~e at 
the active site 
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DNA topoisomerase covalently 
attaches to a DNA phosphate, 
thereby breaking a phosphodiester 
linkage in one DNA strand 

the two ends of the DNA double 
helix can now rotate relative to 
each other. relieving accumulated 
strain 

the original phosphodiester bond 
energy is stored in the phosphotyrosine 
linkage, making the reaction reversible 

@spontaneous re-formation 
of the phosphodiester bond 

-0 regenerates both the DNA 
HO CH2 helix_ and the D~A 

topo1somerase in an 
unchanged form 

double-strand break in the helix. lthe e enzymes are activated by site on hro­
mosomes where two double helice cro s over each other. When the topo­
isomera bind to such a crossing site, it (1) breaks one double helix reversibly 
to create a DNA ''gate," (2) cau es cihe second, nearby double helix to pa s lhrough 
this break, and (3) reseals the bre.ak and dissociates from the DNA. In this way 
type II D A topoi omerases can efficiently separate two interlocked DNA circles 

DNA Replication 

Plgure 6-54 The reversible nicking 
reaction catalyzed by a euca.ryotic 
DNA topolsomerase J enzyme. As 
indicated, thes1~ enzyme form a 
transient coval1ent bond with DNA so 
as to aJlow free rotation about the 
covalent bond linked to the blue 
phosphate. 
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(Figure 6--55). The same reaction prevents the severe DNA tangling problems that 
would otherwise arise during DNA replication. For example, mutant yeast cells 
have been i olated that produce, in place of the normal topoisomerase II, aver­
sion that is inactive at 37°C. When the mutant yeast cells are warmed to this tem­
perature their chromosome remain intertwined at mitosis and are unable to 
eparate. The usefulne of topoisomerase II for untangling chromosomes can 

readily be appreciated by anyone who ha truggled to remove a tangle from a 
fishing line without the aid of cjs ors. 

DNA Replication Is Basically Similar in Eucaryotes 
and Procaryotes 37 

Much of what we know about D A replication comes from tudie of purified 
bacterial and bacteriophag rnulUenzyme system capable of DNA replication in 
vitro. The development of the e ystem in the 1970s wa greatly facilitated by 
the prior isolation of mutants in a. variety of replication genes; these mutant were 
exploited to identify and purify the corresponding replication proteins. 

Less is known about the detail d enzymology of DNA replication in eucary­
otes, largely be ause it is difficuJt to obtain replication-deficient mutant . N v­
erthele s, the ba ic mechani m of DNA replication, including both Lhe geom­
etry of the replication fork and the protein component of the multiprotein 
replication machine, are similar for procaryote and eucaryot s ( e Figure 8-35). 
The major differen e i that eucaryotic DNA is replicated not as bare DNA but 
as chromatin, in wWch the DNA 'is complexed with tightly bound proteins called 
histones. As described in Chapter 8, hi tone form di clike tructures around 
which the eucaryotic D Ai wound, creating a repeating structural unit al led 
a nucleosome. ucleosomes are spaced at interval of about 200 ba e pair along 
the DNA, which may b why new Okazaki fragment are synthe ized on the lag­
ging trand al interval of 100 to 200 nucleotides in eucaryote in tead of at in­
tervals of l 000 to 2000 nucleotides as in bacteria. Nucleosomes may al o act as 
barriers that slow down the movement of DN polymera e molecules, which 
could explain why eucaryotic reiplication forks move only one-tenth as fast as 
bacterial replication forks. 

Summary 

A self-correcting DNA polymerase catalyzes nucleotide polyrnerization in a 5'-to-3' 
direction, copying a DNA templater with remarkable fidelity. Since the two strands of 
a DNA double helix are antiparalir.el, this 5/-to-3' DNA synthesis can take place con­
tinuously on only one of the strands at a replication fork (the leading strand). On the 
lagging strand short DNA frag,11e11rts are made by a "backstitching" process. Because 
the self-correcting DNA polymera$e cannot start a new chain, these lagging-strand 
DNA fragments are primed by short RNA primer molecules that are subsequently 
erased and replaced with DNA. 

DNA replication requires the cooperation of many proteins, including (1) DNA 
polymerase and DNA primase to 1r:atalyze nucleosi.de triphosphate polymerization, 
(2) DNA helicllSes and single-strand binding proteins to help open up the DNA he­
lix so that it can be copied, (3) DNr.A ligase and an enzyme that degrades RNA prim­
ers to seal together the discontinuously synthesized lagging-strand DNA fragments, 
(4) DNA topoisomerases to help relieve helical winding and tangling problems, and 
(5) initiator proteins that bind to i,pecific DNA sequences at a replication origin and 
catalyze the formation of a repliantion fork at that site. At a replication origin a spe­
cialized protein-DNA structure is formed that subsequently loads a DNA helicase onto 
the DNA template; other proteins ,are then added to form the multienzyme "replica­
tio,i machine" that catalyzes DN.Al synthesis. 
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double helices that 
are Interlocked 

a type II DNA 
topoisomerase 
makes a reversible 
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to both DNA strands, 
interrupting the 
green double helix 
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protein gate 
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a second DNA helix pass 

()C) 
l 

DNA double 0 0 two circular 

j helices that 
are separated 

t--

0 
reversal of 
the covalent O attachment 

j ?f the topo• 
I 1somerase 

restores 
an intact 
double helix 

Figure 6-55 UNA topoisomerase II. 
An example of a DNA-helix-pas ing 
reaction catalyzed by a type II DNA 
topoisomera e. Unlike type I 
topoisomerases, these enzymes 
require ATP hydrolysis for their 
function, and some of the bacterial 
versions can iJ11troduce superhelical 
tension into DNA (seep. 438). Type U 
topoisomerases are largely confined 
to proliferating cells in eucaryotes; 
partly for that reason, they have been 
popular targets for anticancer drugs. 
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Genetic Recombination 38 

In the two prec ding ection \: e di cu ed the mechanism b which D 
quences in cell are maintained from generation to generation with v ry littl 

change. Although such geneti stability i crucial for the survival of indivjdual , 
in the longer term the urvival of organism may depend on genetic ariation, 
through whi h hey can adapt to a changing environment. Thu an imponant 
prop rty of the DNA in cells is its abiHty to undergo rearrang m nts that can vary 
the particular combination of gene pre nt in any individual genome, well as 
the timing and th lev I f expr ion of the e gen . The e D A rearrangemen 
ar cau ed by genetic recombination. Two broad cla ses of gene1ic recombina­
tion are commonly recognized-general recombination and ite· pecific r com­
bination. 

In general recombination, geneti exchange take place betw n any pair of 
homologou D A equence , u ually lo ated on two copies of th same chromo­
ome. On of I.he most important e ampl s i the exchang of s tion o ho­

mologous chroma om (homologu s) in the c ur o m io is. Thi " ro ing­
over" occur betw en tightly appo ed hromo ome early in the developm nt of 
gg. and sp rm (discu din hapt r 20), and it allows differ nt v r ion (alleles) 

of th ame gene to b t ted inn w combination with oth r gene , in r a ing 
the chanc that at lea t om memb rs o a mating p pulation will urviv in a 
hanging nvironment. Althou h m io i occLtr only in eucaryot , the advan-

tage of Lhi type of gene mixing is o great that mating and the r a ortment of 
gen s by g n ral recombination i al o \Vld pr ad in bact ria. 

D h mology i not required in site- pecific re ombinarion. Inst • d, ex-
hange oc ur at hart, peci 1 nucleotide equ nc (on eilher one or both 

of the two participating D A molecules) that ar recognized by a variety of ite­
pe ific re ombination enzyme . it - pe jfi r omb.inaLion there~ re ah r th 

relative p . ition of nucleotide sequence in genome . In om case the 
hange are cheduled and organiz d, a when an int grated bacL rial virus i 

induced to leave a chromosome of a bacterium under str (s Figure 6-80); 
in oth r they ar haphazard, as wh nth D A equence of a tran posable J­
em nt is inserted at a randomly sele ted ite in a chromo ome. 

As for D A replica ti n, mo t of what we know about the biochemi try of 
gen tic recombination has com from studies of pro aryotic organism , e p -
dally of E.coli and its viru e . 

Gen raJ Recombination I Guided by Ba e-pairing 
Int ractions Between Complementary Strand 
of Two Homologous DNA Molecule 39 

General recombination involves D A trand-excbange interm dial s that 
require some effort to und r tand. Although the exact pa hway followed is 
likely to be different in different organism , detailed genetic analy e ofviruse , 
bact ria, and fungi ugge t that the major outcome of general recombination is 
alway the same. (1) Two homologou D A molecule "eras over"; that i , their 
double helices break and the two broken end join to their oppo ite partners to 
re-form two intact double helice , ea h com po ed of part of the two initial DNA 
mole ules (Figure 6-56). (2) The ite of exchange (that is, where a red double heJix 
i joined to a green double helix in Figure 6-56) can occur anywhere in the ho­
mologous nucleotide equence of the two participating D A molecules. (3) At 
the sile of exchange, a strand of one D A molecule become base-paired to a 
trand of the second D A molecule to create a staggered joint (u ually called a 

heteroduplexjoint) between the two double heli e (Figure 6-57). The heterodu­
plex region can be thou and of ha e pair long; we hal.l explain later how it 

Genetic Recombination 

two homologous DNA double helices 

DNA molecules that have crossed over 

igure 6-56 G neral recombination. 
The breaking and Iejoining of two 
homologous D A double helices 
creates two D A molecule rhat have 
"crossed over." 
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forms. {4) o nucleotide equencc arc aJtered at the it of ex hange; the cleav­
ag and r joining event occur ·o pr ci I that not a single nucleotide i lo tor 
gained. D pite Lhis preci ion, g neral re ombination creates D molecule of 
novel sequence: the heteroduplex jo.int an ontain a small number of mi • 
matched ba e pairs, and. more important, th two D As that cross over ar usu­
ally not exactly the ame on either side of the joint. 

Them chanisrn of gen ral recombination n ure that two region of DNA 
double helix undergo an exchange rea tion only if they have extensiv equen e 
h mology. The formation of a heteroduplex joint requires that such homology 
b pre nt b cau e it involve a long region of compl mentary base-pairing be-
1.\veen a strand from one of the two original doubt h lice and a complemen­
tary u-and from the other. But how doe thi het roduplex joint arise, and how 
do the two homologou regions of DNA at tJ1 site of crossing-over recognize each 
oth r? A we hall ee, recognition takes place by mean of a direct base-pairing 
interaction. he formation of base pair b tween complementary strands from 
Lh two DNA molecule then guides the general recombination process, allow-
ing it L o cur only between long regions of mat hing D equence. 

GeneraJ Recombination Can Be InHiated at a Nick 
in One trand of a D A Double Helix 40 

Each of the tvvo strands in a D A molecule is J1 lically wound around the other. 
a re uh, e ten ive base-pair interactions can occur betw en two homologous 

D A double helice only if a nick i first mad in a trand of on of them, free­
ing that trand for the unwinding and rewinding events required to form a het­
eroduplex with anoth r D A molecuJe. For th am reason, any exchange of 
strand between two D A double helices requires at least two nicks, one in a 
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DNA molecules that have crossed over 
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heteroduplex joint where strands 
from two different DNA helices 
have base-paired 

lgur • &-"7 beteroduplex joint. 
This structure unites two D A 
molecul where they hav era sed 
ov r. Such a joint i often thousands 
of nucleotides long. 

Figure 6-58 On way to start a 
recombination event. The RecBCD 
protein is an enzyme required for 
general genetic recombination in£. 
coli. The protein enters th D A from 
one end of the double helix. and then 
uses energy derived from the 
hydrolysis of bound ATP mole ule Lo 
propel itself in one direction along th 
D A at a rate of about 300 
nucieotid per ccond. pedal 
recognition site (a D A equeace of 
eight nucleotides cattered 
throughout the E. coli chromo ome) 
is cut in the traveling loop of DNA 
reated by the RecBCD protein, and 

thereafter a single-stranded whisker i 
displaced from the helix., as shown. 
Thi whisker is thought to iniliate 
g neli re ombination by pairing 
,vith a homologous helix., as in Pigur 

59. 
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trand of ach interacting double helix. Finally, to produce the heteroduplexj int 
illu. I rated in Figure 6-57, each of th four lrand present mu t be cut to allow 
ach to be joined to a different partner. In gen raJ recombination, these nicking 

and resealing events are coordlnated o that the occUI only when two D A 
h li e har an extensive regi n of mat hing D A equence. 

Th r is evidence from a number of ource that a ingl nick in only one 
strand of a D molecule is sufficient to initiate general recombination. Chemical 
agent or types of irradiation that introdu ingl trand nicks. for example, 
will trigg r a gen ti recombination event. Mor ov r, one of the special proteins 
r quir d for gen ral recombination in £. coli-the RecBCD protein-has been 
hown to make ingle strand nicks in DNA mole ·ulcs. The R cBCD protein is also 

a O A helica e, h drolyzing ATP and trav ling along a DNA helix transiently 
exposing its trands. By combining it nucl ase and h Hca e activities, the 
RecB D protein wiIJ create a ingle-stranded ''whi k r" on the D A daub.le 
helix (Pigur 6-58). Figure 6-59 shows how such a whi ker could initiate a 
bas -pairing interaction between two complemenLary tretche of D A double 
helix. 

DNA Hybridization Reactions Provide a Simple Model 
for the Base-pairing Step in General Recombination 1 

In it simplest form, Lhe type of base-pairing intern tion cenlral to gen ral recom­
bination can be mimi keel in a te t tube by allowing a D A doubt helix to re­
form from its eparated ing.le trand . This proce . call d DNA renaturation or 
hybridization occurs when a rare random collision juxtapos s complementary 
nucleotide equenc son tv,r matching D A single trands, all wing the forma­
tion of a hort tret h of double helix between them. Thfa relatively low helix 
nucleation step is followed by a very rapid ''zippering" step as th region of 
double helix is ext nd d to maximize the number of ba e-pairing interactions 
{Figure 6-60). 

ormation of a new double helix in this way requires Lhat th ann aling 
strands be in an open, unfolded conformation. For thl reason in uitro hybrid­
ization reaction are arried out at high temperature or in the pre ence of an 
organic solvent uch a formamide; these condition "melt out" th shore hair­
pin helices formed where ba -pairing interaction occur within a ingl strand 
that folds back on itself. Bacl rial ell could not urvive such harsh conditions 
and instead use a ingl - trand binding protein, the S B protein, to open their 
helices. This protein is ential for D 'A replication as well as for gen ral r com­
bination in E. coli; it bind tightly and cooperatively to the sugar-phosphate back­
bone of all ingle- tranded r gion of D A, holding them in an ext nded confor­
mation ,,vith their bases expo ed ( Figure 6-46). In this extended conformation 
a D A single strand can ba -pair efficiently with either a nucleo ide tripho -
phate molecule On DNA r pli at ion) r a complementary se Uon of another DNA 

cnetic Recombination 

Fi ure 6-59 The initial trand 
exchange in general recombination. 

r1ick in a single D A trand free the 
strand, which then invndc a 
homologous DNA double helix LO 

form a hort pairing region with one 
of the strands in the econd h we. 
Only two DNA molecules that are 
comp I em ntary in nucleotide 
sequ nee can base-pair in this way 
and thereby initiate a gencraJ 
recombination event. All of the steps 
hown here can be catalyzed by 

known enzyme ( ee Figures 6-58 and 
6-62). 
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f rm,. (4) No nucleotide equen are alt red at the ite of exchang ; th 
age nnd rejoining events occur o pred ely that not a single nucleotide i lo tor 
gain d. Despite tlus pre i ion, general recombination create D mol cul 
nov l quen : the helerodupl x j int can contain a small number of mi -
match d base pairs, and, more important. the two D that cros over are u u­
ally not exactly the same on either ide of the joint. 

The mechanism of general recombination n urcs that two r gions of D A 
doubl h lix undergo an exchanger action only if they have extensive sequ nc 
horn logy. he formation of a heteroduplex joint requir that such homology 
be pr nt becau e it involves a long region of omplementary base-pairing be­
tween a strand from one of the two original doubl helic and a omplem n­
tary trand from the other. But how doc this het rodupl joint aii.se, and how 
do the two homologous region of D A at th ite f crossing-over recognize each 
other? As we shall see, recognition talc place by means of a direct base-pairing 
intera lion. The formation of ba e pafr betwe n comp! mentary strand from 
the lw DNA mot cul then guides th g neral r ombination process, allm -
ing ii 10 occur only b tween long regions of maLching D sequence. 

Gen al R ombination Can Be Initiat d at a Nick 
in On Strand of a DNA Double Helix 0 

Each f the two trand in a D A molecul i h lically \ ound around the other. 
As a re ult, xt n ive ba e-pair interactions can o cur between two homologous 
D doubl helices only if a nick is fir t made in a trand of one of them, free­
ing that trand or th unwinding and r winding vent r q 1ir d to form a het­
erodupl x with another DNA molecule. or the same reason, any exchange of 
trand betw n two D A double helices require at lea t two nick , one in a 
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heteroduplex joint where strands 
from two different DNA helices 
have base-paired 

lgur 57 A het r dupl Joint. 
This structure unite two D A 
molecul where they have crossed 
over. Su h a joint i often thousand 
of nucleotide long. 

lgure ~58 One way to start a 
recomblnaUon ev nt. Th R BCD 
protein is an enzym required for 
general genetic recombination in E. 
coli. Th protein ent r the NA from 
one end of lhe double helix and then 
uses energy derived from the 
hydrolysi of bound ATP mol cule to 
propel it elf in one direcLion along the 
D A at a rate of about 300 
nucleotides per cond. A p ial 
recognitlon ite (a D I equence of 
eight nucleotide cattered 
throughout the E. coli chromosome) 
i cut in the traveling loop of D 
created by the RecBCD protein, and 
thereafter a sing! - trand d whi ker is 
displaced from the helix, a hown. 
This whisker is thought to irtltiate 
g netic recombination by pairing 
with a homologous h Jix, a in Figure 
6-59. 
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trand of each interacting double helix. Finally, to produce the heteroduplexjoint 
iJlustrated in Figure 6-57, each of the four trands present must be cut lo allow 
each to be joined to a different pa.rtn r. In general recombination, these nicking 
and resealing events are coordinated so that th y occur only when t\vo D A 
helice hare an extensive region of matching D A sequence. 

h r i evidence from a number of ources that a single nick in only one 
trand of a D A molecule is sufficient to initiate g neral recombination. Chemical 

ag nt or types of irradiation that introduce ingle strand nicks, for example, 
will trigger a genetic recombination event. Moreover, one of the special proteins 
required for general recombination in E. coli-the RecBCD protein-has been 
hown to make single strand nicks in D A molecules. The Rec BCD protein is also 

a D A helicase, hydrolyzing ATP and traveling along a DNA helix transiently 
expo ing it strand . By combining its nuclease and helicase activities, the 
RecBCD protein will create a single-stranded "whisker" on the DNA double 
helix (Pigure 6-58). Figure 6-59 shows how such a whisker could initiate a 
base-pairing interaction between two complementary stretches of DNA double 
helix. 

DNA Hybridization Reactions Provide a Simple Model 
for the Base-pairing Step in General Recombination 41 

In it simple t ~ rm, the type of base-pairing interaction central to general recom­
bination can b mimicked in a test tube by allowing a D A double helix to re­
form from it eparated single trands. This proce s, called DNA renaturation or 
hybridization, occurs when a rare random coILision juxtaposes complementary 
nucleotide equ n es on two matching DNA single strand , aJJowing the forma­
tion of a short tr tch of double helix between them. This relatively slow helix 
nucleation step is followed by a very rapid "zippering" step as the region of 
double helix is ext nded to maximize the number of base-pairing interactions 
(Figure 6-60). 

Formation of a new double helix in this way r quires that the annealing 
strands be in an open, unfolded conformation. For this reason in vitro hybrid­
ization reaction are carried out at high temperature or in the pre ence of an 
organic solvent such as formamlde; these conditions "melt out" the hort hair­
pin helices formed where ba e-pairing interaction occur within a ingl trand 
that folds back on it If. Bacterial cells could not survive uch har h condition 
and instead use a single- trand binding protein, the SSB protein, to open their 
helices. Thi protein is es ential for D A replication as well as for g neral recom­
bination in E.coli: it bind tightly and cooperatively to the sugar-pho phate back­
bone of all single- trand d region of D A, holding them in an extended onfor­
mation with their bas s expo d ( e Figure 6-46). In this extended conformation 
a D A single trand can base-pair efficiently with either a nucleoside Lriphos­
phate molecule (in DNA replication) or a complementary section of another DNA 

Genetic Recombination 

Figure 6-59 The initial trand 
exchange in generaJ recombination. 
A ruck in a single DNA strand free the 
strand, which then invade a 
homologous D A double helix to 
form a short pairing region with one 
of the strands in the second helix. 
Only two DNA molecules that are 
complementary in nucleotide 
s quence can base-pair in this way 
and thereby iniliate a general 
r combi11ation event. All of the steps 
shown here can be catalyzed by 
known enzyme (see Figures 6-58 and 
6-62). 
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single strand {in g netic recombination). When hybridization reactions are car­
ried oul in vitro under condition that mimic those inside a cell, the B protein 
sp eds up the r te of D A helix nucleation and thereby the overall rate of trand 
annealing by a fa tor of mor than 1000. 

Th RecA Protein Enables a D A Single Strand to Pair with 
a Homologous Region of DNA Double Helix in E. coli 42 

General r ombination i more complex than the simple hybridization reaction 
ju t described. In th our of general recombination, a ingle DNA strand from 
one D A double helix mu t invad another double helix (see Figure 6-59). In 
E. coli his require the RecA protein, produced by the recA gene, ·which was iden­
tified in 1965 a b ing e s ntial for r combination between chromosomes. Long 
sought by biochemi. t , thi clu ive gene product was finally purified to homo­
geneity in 1976, a feat that allowed it detailed cbaract rization (Figure 6-61). Like 
a ingle- trand binding ( SB) protein, the RccA protein binds tightly and in large 
cooperative clu ter to ingle- tranded D A to form a nucleoprotein filament. 
This filament ha s veral distin tive properLi . The R cA prot in has mor than 
one D A-bjnding site, for example, and il can therefore hold a single strand and 
a double helix together. Th • ite allow the R cA protein to catalyze a multi­
step reaction (called synapsis) between a DNA double heli and a homologous 
region of single- tranded DNA The rucial st pin synap is occur when a region 
of homology i identified by an initial ba e-pairing between complementary 
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figure 6-60 D A hybridization. DNA 
double h He r -fom1 from their 
eparated trand In a reaction that 

depends on Lhe random coUision of 
n.vo complem ntary trancl (see 
p. 300). Mo t uch olll ion arc not 
productive, as shown at the left, but a 
f w re ult in a hort region where 
complementary base palr have 
formed (helix nucleation). A rapid 
zipp ring th n leads to the formation 
of a complete double h U . A DNA 
strand can use thi trial-and-error 
process to find its omplementary 
partner in th mid to million of 
non.matching D uand . Trlal-and­
error recognition of a complem ntary 
partner D .A sequence appear to 
initiate all general r combination 
event . 

Figure 6-6 l The tructure of the 
Re . protein. A string of three RecA 
monomers iJ; hown, with th 
position of each ATP in red. The white 
spheres how the putative positi n of 
Lhe single-strand D A in the filament. 
with three nucleotides (each shown as 
a sphere} bound p r monomer. (From 
R.M. Story, 1.T. Weber, and T.A teitz, 

attire 2.56:318-325, 1992. © 1992 
Macmillan Magazines Ltd.) 
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nu J otide sequences. The nuclea1tion tep in this case appears to involve a tbree-
tranded structure, in which the D A ingJ trand form nonconventional base 

pairs in the major groove of th DNA doubl h lix (Figure 6-62). Thi begins the 
pairing shown previou ly in Figur 6-59 and o initiates the exchange of 1.ra11ds 

between two recombining D A double heli . tudie in vitro ugge t that the 
E. coli SSB protein cooperates with th RecA protein to facilitate the e reaction . 

Once synapsis has occurred, a hort heteroduplex region where the strand 
from two different D A molecule have begun to pair i enlarged through pro­
tein-directed bran h migration, whi h an al o be catalyz d by the R cA protein. 
Branch migration can take place at any point where two i.ngl D A strand \.vi.th 
the same sequence are attempting to pair with the arne cornpJ mentary strand; 
an unpaired region of one of the ingle trand will di pla a paired region of 
the other ingle trand, moving th branch point without changing th total 
number ofD A base pairs. pontaneous bran h migration proceeds equally in 
both directions, and so it ma.le li1ttle progre nd i unlikely to complete recom­
bination efficiently (Figure EH53A). Becau e th Re protein atalyzes unidirec­
tional branch migration, H readily produces a region of heteroduplex that is thou-
ands of base pairs long (Figure i--63B). 

The catalysi of branch migration dep nd on a further property of the RecA 
protein. In addition to having two D A-binding ite , the RecA protein i a D A­
dependent ATPa e with an additional ite for binding and hydrolyzing A P. The 
protein associate much more tightly with DNA wh n it has ATP bound than 
when it has ADP bound. Moreover, new RecA molecul with ATP bound are 
preferentially added at one end of the RecA protein filam nl, and the ATP is then 
hydrolyzed to ADP. The RecA protein filament thal form on DNA may th refor 
share many of the dynamic assembly properties di played by the cytoskeletal 
ftlaments formed from actin or tubulin (discussed in Chapter 16); an ability of the 
protein to "treadmill" unidirectionally along a DNA strand, for exampl , ould 
driv the branch migration reaction shown in Figure 6-63B. 
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lgure 6-62 I> ynapsl catalyzed 
by the RecA prnlein. /,i 1Jitro 
experiment· bow thats veraJ types 
of complcxe are form d berween a 
DNA single u·and cov red with R 
protein (red) and a DNA doubl h lix 
(green). Fir t :i, non-ba ·e-paired 
complc i formed, which i 
converted to a three- tranded 
structure a oon as a region of 
homologou .quence i found. Thi 
complex i pr umably un table 
because it inv()lve an unu ual form 
of DNA, and lt pin out a D 
hereroduplex (one trand green and 
the other tranid red) plu a displaced 
single strand from th original helix 
(green); thu the tructur hown in 
thi diagram migrates to the left, 
reeUng in the ' input D A "while 
producing the "output D As." The 
net re ult is a D A strand exchange 
identical to thatt diagrammed earlier 
in Figure 6--59. {Adapted from S.C. 
We t, Annu. Rw. Biochem. 61:603-
640, l 992. © AranuaJ Reviews Inc.) 

Figur 6--63 TW'o types of D A 
branch mJgratkrn ob erved In 
experiments tn vitro. {A) 
Sponianeou branch migration is a 
back-and-forth, random-walk type of 
pro c , and ii therefore makes lilll 
progre over long di tances. {B) 
R -protein-dire tcd branch 
migratiun proceed at a uniform rate 
in one direction .. and it may be driven 
by the polarl7.ed a emhly of the RecA 
proc in filamen on a DNA single 
s1rand, which oc ur in lhe dir ctlon 
indicated. In addition, p ial D A 
helicase that alalyz protein-
direcr d branch migration even 
more ffici nrly ,are involv din 
recombination. 
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General Genetic Recombination U ually Involve 
a Cross-Strand Exchange 43 

Exchanging a ingle strand b ewe n two d uble heLice i pre urned to be the 
low and difficult step in a g n ral r combination vent ( ee Figure 6-59). After 

chi initial exchange, extending the region of pairing and establi hing further 
trand exchang • between th two clo ely appo ed helic i thought to proceed 

rapidJy. During the vent a limit d amount of nucleotide excision and local 
ONA r ynthe i oft n occur , re mbling ome of the event in D A repair. 
Bccau of th large numb r of po ibiliti , different organism are likely to 
follow different pathways at lhis stage. In mo t ases, however, an important 
intermediate tructure, the cro s- trand exchange, will be formed by the two 
participating D Ah Ii es. One of th simplest way in which this structure can 
form i hown in Figure 6-64. 

In th cro - trand exchang (al o call d a Holliday junction) the two ho-
mologou D Ah Ii that irtiliaUy paired are held together by mutual exchang 
of two of lh four trand pr nt, one originating from each of the h !ices. o 
di ruption of ba -pairing i n e saiy to maintain this structure, which has two 
important pr perli -(1) th point of exchange between the two homologou 
D double helices (where the two u-ands cro in Figure 6-64) can migrat 
rapidly back and forth along the helice by a double branch migration; (2) the 
cro - trand e hang contain two pair of strands: one pair of cro sing su-and 
and on pair of noncr ing trand . The tructure can isomerize, how ver, by 
undergoing a rie of rotational mov ment . o that the two original noncros ing 
trand b com cro ing trand and vice ver a (Figure 6-65). 

In order to reg n rate two eparate D A helice and Lhu terminate th 
pamng proc , the two cro ing trands must be cut. ff the cro ing trands ar 
ut before i om rization, th two original D A helices eparate from each other 

n arly unalter d, with only a very short piece of single-stranded D A exchang d. 
1 f the cro ing trand are ut after i omerization, howev r, one ection of ea h 
original D h lix i joined to a section of the oth r D A helix; in oth r word , 
th two T) A helice have crossed over (see Figure 6-65). 

Th isom rization of the cross- trand exchange hould occur pontan ou ly 
at some rat , but it may also be enzymatically driven or othenvi e regulated 
by ell . om kind of control probably operate during meio is, when th two 
ONA double h Ii e that pair are constrained in an elaborate structure called th 
ynaptonemal complex (discu ed in Chapter 20). 

Gene Conversion Results from Combining Gen ral 
Recombination and Limited DNA Syn the i 44 

II i a fundamental law of genetics that each parent male an equal gen ti con­
tribution to the offspring, one corn pl te t of gene being inh rited from th 
ather and on from the mother. Thus, when a diploid c IJ und rg m 1os1s to 

produc four haploid cells (discu ed in Chapter 20), exactly half of the genes in 
the e ells hou1d be maternal (g ne that the diploid c II inh rited from it 
moth r) and the other half paternal (gene that th diploid cell inherited from 
it father). ln a complex animal, su h a a human, it i not po ibl to che k thi 
prediction directly. But in other organi m , uch a fungi, wher it i possibl to 
recover and analyze all four of the daughter cell produc d from a ingl eU by 
meiosi , one finds case in which the tandard genetic rule hav appar ntly b n 
violated. Occa ionaUy, for example, meio i yield three copie of the maternal 
version of a gene (allele) and only one copy of the paternal allele, indicating that 
one of the two copie of the paternal allele ha been hanged to a copy of th ma­
ternal allele. Thi phenomenon i known a gene conver ion. It often oc ur in 
as ociation ,-vith general geneti recombination event , and it i thought to be im-
portant in the volution of rtain g ( e Figur 8-74). Gen conv rsion i 
believed to be a traightfon-vard con of the me ban.ism of gen ral re-
combination and D A repair. 
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two homologous 
DNA helices 

l STRAND NICKING 
AND EXCHANGE 

l STRAND NICKING 
AND EXCHANGE 

I LIGATE NICKED 
♦ STRANDS 

two DNA molecules 
joined by a cross-strand 
exchange 

Figure 6-6-1 Th formation of a 
cro -strand exchange. There are 
many po ible pathways that can lead 
from a ingle-strand exchange ( ee 
Figure 6-59) to a cross- trand 
exchange, but only one i hown. 
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Figure 6-65 The isomerization of a cross- trand exchange. Without 
isomerization, cutting the two crossing scrands would terminate the 
exchange and crossing over would not occur. With i om rization ( rep B 
and C), cutting the two crossing strand creates two DNA molecule that 
have crossed over (bottom). Isomerization is therefore thought LO b 
required for the breaking and rejoining of two homologous DNA double 
helices that result from general genetic recombination. Step A was 
illustrated previously (see Figure 6-64). 

During meiosis heteroduplexjoints are formed at the sites of crossing-over 
between homologous maternal and paternal chromosomes. If the maternal and 
paternal DNA sequences are slightly different, the heteroduplex joint may include 
some mismatched base pairs. The resulting mismatch in the double helix may 
then be corrected by the D A repair machinery, which either can era e nucle­
otides on the paternal strand and replace them with nucl otide that match the 
maternal strand or vice ver a. The consequenc of chis mi match repair will be 
a gene conversion. Gene conversion can al o take place by a number of other 
mechanisms, but they all require some type of general recombination event that 

site in gene X where red 
and green alleles differ 

nick 
~ I ~ 

················ ................. £.... .. ....... DNA helix 

3' 5' 3' 5' 

,.............................................. DNA helix 

DNA polymerase displaces strand on 
red helix; this strand then pairs 
with green helix 

l step, 

...................... ::.. .................... . 

.. .. .. . ........... f ,c;;; , .......... . 
DNA polymerase stops, excess single-stranded l 
DNA is degraded by nucleases, and all step 2 
remaining nicks are ligated 

..... -.. ......................................... . 

.................. ........................... . 
normal DNA replication results in 
three red alleles of gene X and 
one green allele of gene X 

l step 3 

NET RESULT: ONE GREEN ALLELE OF GENE X HAS BEEN 
CONVERTED TO A RED ALLELE 

Figure 6-66 One general recombination pathway that can cause gene 
conversion. The process begins when a nick is formed in one of the strands 
in the red DNA helix. In step I DNA polymerase begins the synthesis of an 
extra copy of a strand in the red helix, displacing the original copy as a 
ingle strand. This single strand then pairs with the homologous region of 

the green helix in the manner shown in Figure 6-59. In step 2 the short 
region of unpaired green strand produced in step l is degraded, completing 
the transfer of nucleotide sequences. The result is normally een in the next 
cell cycle, after DNA replication has eparated the two nonmatching 
strands (step 3). As described in the text, the repair of mi marched base 
pairs in a heteroduplex joint also causes gene conversion. 

Genetic Recombination 

two homologous 
chromosomes 

CUT BOTH CROSSING 
DNA STRANDS 

chromosomes that 
have crossed over 
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bring two copies of a closely related D A sequence together. Because an extra 
copy of one of the two D A quence i generated, a limited amount of D A 
synlh i must al o be involved. enetic rudies how that u ually nly small sec­
tions of D A undergo gene conversion, and in many ca e only part of a gene is 
changed. 

Gene conver ion can al o o cur in mitotic cells, but it does o more rarely. 
As in meioti cells, om gene conver ion in mitotic cells probably result from 
a mismatch repair proc ss operating on heter duplex D A. Another likely 
mechani m in both meiotic and mitotic cell i illu trated in Figure 6-66. 

Mi match Proofreading Can Pr vent Promi cuou 
Genetic Recombination Betwe n Two Poorly Ma ched DNA 
Sequence 45 

pr viously di cuss d, general recombination is trigger d wh never two DNA 
trand of complementary sequ nee pair to form a heteroduplex joint b 1ween 

two double h lice ( ee Figure 4). E p riment carri d out in vitro with pu­
rified RecA protein how that pairing can occur efficiently even when th e­
quences of th two D A trands d not match w ll-wh n, for exampl , only fotrr 
out of very fiv nucleotides on averag an form ba e pair . How, then, do v r­
tebrate c II avoid promi uou g ncral recombination between th many thou-
ands of co pie of closely relat d D A s quenc that arc repeal d in their gc­

nom ( ee p. 395)? 
Although ch an w r i noc known, rudi with ba teria and y a ts dem n-

trat that the ·ame mi match proofr ading sy tern that remov replication 
error (see Figure 6-50) has th additional role of interrupting g netic recombi­
nation e ent benv en imperfe tly mat h d D A equence . 1t ha Ion, be n 
known, for exampl , that homologou gene in two closely relat d bact ria, 
Escherichia coli and , almonella typhimurium, generally will not r combine, even 
though their nucleotide quen are 80% identi al; when the mi match proof­
reading yst mis inaclivat d by mutation, howev r, there i a J 000-fold incr ase 
in th frequency of u h inter pecie recombination ev nl . It i th ught, then, 
that th mismatch proofreading tern normally rccogniz the mis paired ba es 
in an irutial !rand exchange and prevents the ub equent teps required to break 
and rejoin the two pair d D A helice . This mechani m prote cs the bact rial 
genome from the sequ nee changes that would otherwi b cau ed by r com-

/ similar, but not identical, repeated sequences~ 

l 
«==)= 

I 
MISMATCH DETECTION 
ABORTS PAIRING AND 

PREVENTS RECOMBINATION ! STRAND EXCHANGE 

e== _j 

C 

l RECOMBINATION OCCURS IF 
PROOFREADING FAILS 

+ 
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Figure 6-67 Proofreading prevents 
general recomblnatlon from 
de tabillz.lng genome that contain 
repeated sequences. Studies with 
bacterial and yea t cells suggest I.hat 
1he mismatch proofreading sy tern 
diagrammed previously in Figure 6-
50 has the additional function shown 
here. 
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bination with foreign D A molecules that occasionally enter the ceU. In verte­
brate cells, which contain many closely related D A sequences, the same type 
of proofreading is thought to help prevent promiscuous recombination events 
that would othernrise scramble the genome (Figure 6-67). 

Site-specific Recombination Enzymes Move Special 
DNA Sequences into and out of Genomes 46 

Site-specific genetic recombination, unlike general recombination, is guided by 
a recombination enzyme that recognizes specific nucleotide sequences present 
on one or both of the recombining DNA molecules. Ba e-pairing between Lhe 
recombining DNA molecules need not be involved, and even when it is, the het­
eroduplex joint that is formed is only a few base pairs long. By separating and 
joining double-stranded D A molecules at pecific site , thi type of recombi­
nation enables various type of mobile DNA equence lo move about within and 
between chromosomes. 

Site-specific recombination was first discovered as the means by which a 
bacterial virus, bacteriophage lambda, move it genome into and out of the 
E. coli chrnmosome. In it integrated slate the viru i hidden in the bacterial 
chromosome and replicated a part of the ho t's DNA. When the virus enters a 
cell, a virus-encoded enzyme called lambda integrase is synthe ized. This enzyme 
catalyzes a recombination proce that begin when everal molecule of the 
integrase protein bind tightly to a specific D A sequence on the circular bacte­
riophage chromosome. The resulting D A-protein complex can now bind to a 
related but different specifi DNA sequence on the bacterial chroma ome, bring­
ing the bacterial and bacteriophage chromo ome clo e together. The integra e 
then catalyzes the required D A cutting and resealing reactions using a short re­
gion of sequence homology to form a tiny heteroduplex joint at the point of union 
(Figure 6-68). The integra e re emble a D A topoi omera e in that it forms a 
reversible covalent linkage to D A wherever it breaks a D A chain. 

The same type of site-specific recombination mechanism can also be carried 
out in· reverse by the lambda bacteriophage, enabling it to exit from it integra­
tLon site in the E. coli chromosome in order lo multiply rapidly within the bac-

Genetic Recombination 

= 

= 

circular chromosome of 
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Figure 6-68 The insertion of 
bacteriophage lambda DNA Into the 
bacterial chromosome. In this 
example of site-specific 
recombination, the lambda integrase 
enzyme binds to a specific 
''attachment site" DNA sequence on 
each chromosome, where it makes 
cuts that bracket a short homologous 
D A equence; the integrase thereby 
switches the partner strands and 
reseals them so as to form a 
heteroduplex joint 7 base pairs long. 
Each of the four strand-breaking and 
strand-joining reactions required 
resembles that made by a DNA 
topoisomerase, inasmuch a the 
energy of a cleaved phosphodiester 
bond is stored in a transient covalent 
linkage between the DNA and the 
enzyme (see Figure 6--64). 

271 



Sarepta Exhibit 1040, page 109

transcription unit promoterless 
gene of interest TEMPORARY 

ACTIVATION 
sites recognized by OF RECOMBINATION 

■•••aq:::::ir=ec=o=m=b=in::at::io=n=e=n:qzme!lll•a••&B••=E=cNZVME: marker gene 

chromosome 
promoter stop site 

marker gene lost 
a:."' from chromosome 

gene of 1nrerest 

chromosome 
with active 

t 

marker protein 
gene of interest 

(Al 

BRIEF TEMPERATURE 

INCREASE DURING • @ EMBRYONIC ~ CELL 

_D_E_V_EL_O_P_M_E_NT __ 

0

_=sloaal rall PROLIFERATION 

loses marker gene 
and expresses gene 
of interest 18) 

each cell in a clone of cells 
that has lost the marker gene 
will express gene of interest 

terial cell. This excision reaction is atalyzed by a complex of the integrase en­
zyme with a second bacteriophage pr lein, which is produced by the virus only 
when its host cell is stressed. If the sites recognized by such a recombination 
enzyme are flipped, the DNA between them will be inverted rather than excised 
(see Figure 9-57). 

Many other enzyme that catalyz site-specific recombination resemble 
lambda integrase in requiring a short region of identical DNA sequence on the 
two regions of DNA helix to be joined. Because of this requirement, each enzyme 
in this class is fastidiou with re pect to the DNA sequences that it recombines, 
and it can be expected to catalyze on particular DNA joining event that is useful 
to the virus plasmid, tran posable elem nt, or cell that contains it. These en­
zymes can be exploited a tool in transgenic animals to study the influence of 
specific gene on cell behavior, a illu trated in Figure 6-69. 

Site-specific recombinacion enzymes that break and rejoin two DNA double 
helice at specific sequ nces on each D A molecule often do so in a reversible 
way: as for lambda bacteriophage, th same enzyme ystem that joins two DNA 
molecules can take them apart again, precisely restoring the equence of the two 
original DNA molecules. This typ of recombination is therefore called conser­
vative site-specific recombination to distinguish it from the mechanistically di -
tinct transpositional site-specific recombination that we discuss next. 

Transpositional Recombination Can Insert a Mobile 
Genetic Element into Any DNA Sequence 47 

Many mobile DNA sequen es, including many viruses and transposable ele­
ments, encode integrase that insert their DNA into a chromosom by a mecha­
nism that is different from that used by bacteriophage lambda. Like the lambda 
integrase, each of the e enzymes recognizes a specific DNA sequence in the par­
ticular mobil genetic el ment whose recombination it catalyz . Unlike the 
lambda enzyme, how ver, the e integrases do not require a specific DNA se­
quence in the "targ t" chromosome and they do not form a heteroduplex joint. 
Instead, they introduce cut into both ends of the linear DNA equen e f the 
mobile genetic element and then catalyze a direct attack by the DNA end on 
the target D A molecule, breaking two closely spaced phosphodi ster bond in 
the target mol cule. Because of the way that these breaks are made, two hort 
single- tranded gap are left in the recombinant DNA mol cule, one at ach end 
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protelnfJom 
gene of lntere 

Figure 6-69 Using a site-specific 
recombination enzyme to turn on a 
gene in a group of cells in a 
transgenic animal. (A) The DNA 
molecule shown has been engineered 
so that the gene of intere t is 
transcribed only wh n a ite-specific 
recombination enzyme i activated. 
which both remove th marker gene 
and bring the promocer nex:t Lo the 
gene of inter L. The recombination 
enzyme i encoded by a econd D A 
molecule (not hown) that is 
engineered so that the enzyme is 
made only when the temperature is 
increased. Both DNA molecules are 
introduced int Lh chromosome of 
the amc Lran genie animal. When 
Lhe temperature of thi animal is 
transiently increas d, there is a brief 
burst f syn the is of Lh 
recombination enzyme, which causes 
a DNA r arrangement in an 
occa ional cell such that the marker 
g n is rcmov d and the gene of 
intere t i imultaneously activated. 
(B) The traLegy can be used to tum 
on a gene of interest permanently in 
mall clone of cells in a developing 

animal. The clone can be identified 
by th ir loss of the marker gene 
product. which, for example, could 
cau e a change in the pigmentation of 
the cells. This technique therefore 
allows one to tudy the effect of 
exp re sing any gene of interest in a 
group of cells in an intact animal. 
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of the mobile element; these are filled in by DNA polymerase to complete the 
recombination process. As illustrated in Figure 6-70, this mechanism reates a 
short duplication of the adjacent tairget DNA sequence; such flanking duplication 
are the hallmark of a transpositional site-specific recombination event. 

An integra e enzyme of this type was first purified in active form from bac­
teriophage Mu. Like the bacteriophage lambda integrase, it carries out all of its 
cutting and rejoining reactions without requiring an energy source (such a ATP). 
Very similar enzymes are present im organisms as diverse as bacteria, fruit flies, 
and humans-all of which contain mobile genetic elements, as we discus next. 

Summary 

Genetic recombinatio11 mechanisms all-0w large sections of DNA double helix to moue 

from one chromosome to another. There are two broad classes of recombination 

events. In general recombination thie initial reactions rely on exte11sive base-pairing 

interactio11s between strands of the two D ½ double helices that will recombine. As 

a result, ge11eral recombination occurs only between two homologous DNA nwlecules, 

and although it moves sections of DNA back and forth between chromosomes, it does 

not normally change the arrangemeflt of the genes in a chromosome. Site-specific 

recombination, on the other hand, alters the relative positions of nucleotide se­

quences in chromosomes because the pairing reactions depend on a protein-medi­

ated recognition. of the two DNA sequences that will recombine, and extensive se­

quence homology is not required. Two site-specific recombination mechanisms are 

common: (1) conservative site-spec/fie recombination, which produces a very short 

heteroduplex and therefore requires: some DNA sequence that is the same on the two 

DNA molecules, and (2) transpositicmal site-specific re ombinatio,i, which produces 

no lzeteroduplex and usually does n,ot require a specific sequence on the target DNA. 

Viruses, Plasmids, and Transposable 
Genetic Elements 48 

ln our de cription of the basic gemetic mechanisms, we have o far focused on 
their selective advantage for the c,eU. We aw that the short-t rm survival of the 
ell depends on the maintenance o,f genetic information by D A repair, while the 

multiplication of the cell require-s rapid and accurate D A replication. On a 
longer time scale the appearance of geneli variants. on which evolution of the 
pecies depends, is greatly facilita1ted by the reassorrment of genes and the oc­

casional rearrangement of DNA sequences cau ed by genetic recombination. We 
shall now examine a group of genetic elements that eem to act as parasites, 

Viruses, Plasmids, and Transposable Genetic lements 
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Figure 6-70 Transpositional site­
specific recombination. (Al Outline 
of Lhe trand-breaking and -rejoining 
events that lead to integration of the 
linear double-stJranded DNA of a 
retrovirus (red) ;into an animal cell 
chromosome (b.rue). ln an inilial 
endonuclease step the integrase 
enzyme makes at cut in one strand at 
each end of the viral DNA sequence, 
exposing a protruding 3' -OH group. 
Each of these 3' •·OH ends then 
directly attacks a phosphodiester 
bond on opposi1te strands of a 
randomly selected site on a target 
chromosome. Tlhis inserts the viral 
D A sequence into the target 
chromosome, leaving short gap on 
each side that are filled in by DNA 
repair processes:. Becaus of 1he gap 
filling, this rype of mechanism leaves 
hort repeats of target D A sequ nee 

[3 to 12 nucleotides in length (black), 
depending on the integra e enzyme! 
on either side of the integrated D A 
egmem. (B) An atom.ic-lev I view of 

the attack by one DNA chain end in 
(A) on a phosphodjester bond of the 
target DNA (blue). This mechanism 
resembles that used in R A splicing, 
and is distincLly different from the 
topoisomerase-.like activity of 
lambda integra~:e. (Adapted from 
K. Mizuuchi, }. Biol. Chem. 267:21273-
21276, 1992.) 
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subverting the genetic mechanisms of the cell for their own b nefit. Th e g neti 
lement ar int re ting in their own right. In addition, be au e they mu th avily 
plait the metabolj m of the host cell in order to multiply. th y 

rful tool for inv stigating the normal cell machinery. 
Many DNA sequence can replicate indep ndently of the rest of th g name. 

Such sequences have widely different degrees of independen e from th ir host 
cell . 0 these, viru • chromosome are the most ind pendent becau they have 
a pr tein coat that allows them to move freely from cell to c ll. To arying de­
gree , th virnses arc do ely related to plasmids and transpo able element , whi h 
ar DNA equen e that lack a coat and are therefor more ho t-cell-depend nt 
and onfln d to r plicate within a single cell and its progeny. More primitive still 
are som DNA equence that are uspecced of being mobile becau e they ar 
repeat d many times in a cell's chromosome. They mov or multiply o rarely, 
howev r, that it i not clear if th hould be considered a eparate genetic el-
m nts at all. 

We b gin ur di cu sion with viru e , which a:re the be t understood of Lhe 
mobile geneti lement . Th n we de cribe the properties of plasmid and tra:n -
po able element , ome of\ hich bear a remarkable resemblance to viruses and 
may in fa t have been their ancestor . Th many repetitiv D A equence in 
ertebrate chromo ome are di u sed in hapter 8. 

Viruses Are Mobile Genetic Elements 49 

Viru e w re fir t de crib d a dis e- au ing agents that ca:n multiply only in 
ell and that by virtu of th ir tiny size pa s through ultrafine filters that hold 

back even the malle t bacteria. Before the advent of the electron microscop , 
their nature wa b ur , although it wa u pect d that th y might be naked 
g ne that had omehow acquired th ability to move from one cell to another. 
The us of ultraceotrifug s in th 1930s mad it pas ible to separate viruses from 
host cell ompon nt , and by the arty J 940 the generalization emerged that aJJ 
viruses contain nucleic a ids. The idea that viruses and genes carry out similar 
function wa onfirm d b tudie on ba teriophage , which are bacterial vi­
ruses. In 1952 it was hown for the bacteriophage T4 that only the phage DNA, 
and not the phage protei_n, nters th bact rial host cell and initiates the repli­
cation events that l ad t th produ tion of everaJ hundred progeny viru es in 
every infected cell. 

These ob ervations led to the notion of virus s a genetic elements enclosed 
by a pro ctive coat that nable • th m to mov from one cell to another. Vim 
multiplication p r se is ften lethal to Lhe II in which it oc ur ; in many ca es 
the infected cell br aks op n (Lyses) and thereby allow the progeny viruses ac­
cess to nearby cells. Many of the clinical manifestations of viral infection reflect 
this cytolytic effect of the viru . Both th Id ore· arm d by herpe imp! x 
virus and the lesion cau ed by smallpox, for xample, reflect the killing of the 
epithelial c Us in a local ar a of the skin. 

As we hall ce, the type of nu lei acid in a virus, the tructur of its coat, 
its mode of entry into th ho t c ll, a:nd it me hani m of r pli ation once in ide 
all vary from on Lype of virus to anolher. 

The Outer Coat of a Viru May B a Protein apsid 
or a Membrane Env lop 0 

Initially, it was thought that the out r coat of a viru might be con tru t d from 
a ingle type of protein molecule. Viral in~ ction wer belie d to tan with th 
di sociation of the viral chromosome (it nu lei acid) from it prot in oat, fol­
lowed by replication of th chroma ome lnsid the ho t cell, to form many iden­
Li al copie . After the ynthe is of n w copi f th viru -sp ifi o t prol in 
from virally encod d me senger RNA mol cul s, formation of the progeny viru 
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(Al 

(B) 

particle would occur by the pontan ou a mbly oft.he e coat protein mol­
ecuJes around the progeny viral clhromo omes (Figur 6-71). 

It is now known that the e id as vastly over implify the diver ity ofviru, life 
cycle . The protein heU tl1at urround the nuclei a id of most viru es (the 
capsid), for example, contain more than one typ of polypeptide chain, often 
arranged in veral layer (Figure :>-72). In many viru e , moreover, the protein 
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Figure 6- 72 The capsids of ome 
vlruse , all shown at the same scale. 
(A) Tomato buslhy stunt virus; (B) 
poliovirus; (CJ simian virus 40 (SV40); 
(D) satellite tobacco necrosis virus. 
The structures of all o( these capsids 
have been determined by x-ray 
cry taJlography ,and are known in 
atomic detail. ( 'ourtesy of Robert 
Grant, Lephan Crainic, and James M. 
I !ogle.) 

·lgure 6--73 AcquisltJon of a viral 
envelope. (Al Electron micrograph of 
a thin cction of :an animal cell from 
whi h ev ral opies of an enveloped 
vims ( emlild fore t viru ) are 
budding. (Bl ch,.matic vi w of the 
nvelop a mbly and budding 

process. Whereas the lipid bilayer that 
surrounds the cap id i para itized 
directly from the plasma membrane 
of u,e host cell, the only proteins in 
this Lipid bil yer tire those enc ded by 
the viral g nom . (A, courtesy of 
M. OI n and . Griffiths.) 

275 



Sarepta Exhibit 1040, page 113

Figure 6-74 The coats of viruses. These electron micrographs of negatively 
stained virus particles are all at the same scale. (A) Bacteriophage T4, a large 
DNA-containing virus that infects £. coli. The DNA is stored in the 
bacteriophage head and injected into the bacterium through the cylindrical 
tail. (B) Potato virus X, a filamentous plant virus that contains an RNA 
genome. (CJ Adenovirus, a DNA-containing virus that can infect hwnan 
cells. The protein capsid forms the outer surface of this vims. (D) Influenza 
virus, a large RNA-containing animal virus whose protein capsid is further 
enclosed in a lipid-bilayer-based envelope containing protruding spikes of 
viral glycoprotein. (A, courtesy of James Paulson; B, courtesy of Graham 
Hills; C, courtesy of Mei Lie Wong; D, courtesy ofR.C. Williams and H.W. 
Fisher.) 

capsid is further enclosed by a Lipid bilayer membrane that contains proteins. 
Many of these enveloped viruses acquire their envelope in the process of budding 
from the plasma membrane (Figure 6-73). This budding process allows the vi­
rus particles to leave the cell without disrupting the plasma membrane and, 
cherefore, without killing the ce_ll. Electron micro graphs that emphasize Lhe dif­
ferences among viral coats are presented in Figure 6-74. 

Viral Genomes Come in a Variety of Forms and Can Be 
Either RNA or DNA 51 

AB discussed earlier, the DNA double helix has the advantages of stability and easy 
repair. If one polynucleotide chain is accidentally damaged, its complementary 
chain permits the damage to be readily corrected. This concern with repair, how­
ever, need not bother small viral chromosomes that contain only several thou­
sand nucleotides. The chance of accidental damage is very small compared with 
the risk to a cell genome containing millions of nucleotides. 

The genetic information of a virus can, therefore, be carried in a variety of 
unusual forms, including RNA instead of DNA. A viral chromosome may be a 
single-stranded RNA chain, a double-stranded RNA helix, a circular single-

single-stranded RNA 
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double-stranded RNA 

double-stranded DNA with 
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C======Oo 
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single-stranded 

circular DNA 
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double-stranded 
circular DNA 

double-stranded DNA 

double-stranded DNA 
with covalently linked 

terminal protein • • 
Figure 6-75 Schematic drawings of several types of viral genomes. The smallest 
viruses contain only a few genes and can have an RNA or a DNA genome; the largest 
viruses contain hundreds of genes and have a double-stranded DNA genome. Some 
examples of these types of viruse are as follows: single-stranded RNA-tobacco mosaic 
virus, bacteriophage Rl 7, poliovirus; double-stranded RNA-reovirus; single-stranded 
DNA-parvovirus; single-stmnded circular DNA-Ml3 and q,Xl 74 bacteriophages; 
double-stranded circular DNA-SV40 and polyomaviruses; double-stranded DNA-T4 
bacteriophage, herpes virus; double-stranded DNA with covalently linked terminal 
protein-adenovirus; double-stranded DNA with covalently sealed ends-poxvirus. The 
peculiar ends (as well as the circular forms) overcome the difficulty of replicating the 
last few nucleotides at the end ofa DNA chain (see pp. 338 and 364). 
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stranded DNA chain, or a linear single-stranded DNA chain. Moreover, although 
some viral chromosomes are simple linear DNA double helices, circular DNA 
double helices and more complex linear DNA double helices are also common. 
Several viruses have protein molecules covalently attached to the 5' ends of their 
DNA strands, for example, and the DNA double helices from the very large pox­
viruses have their opposite strands at each end covalently joined through 
phosphodiester linkages (Figure 6-75). 

A Viral Chromosome Codes for Enzymes Involved 
in the Replication of Its Nucleic Acid 52 

Each type of viral genome requires unique enzymatic tricks for its replication and 
thus must encode not only the viral coat protein but also one or more of the 
enzymes needed to replicate the viral nucleic acid. The amount of information 
that a virus brings into a cell to ensure its own selective replication varies greatly. 
The DNA of the relatively large bacteriophage T4, for example, contains about 300 
genes, including at least 30 genes that ensure the rapid replication of the T4 chro­
mosome in its E.coli host cell (Figure 6--76). T4 DNA replication has the unusual 
feature that 5-hydroxymethyl-C is incorporated in place of C in its DNA. The 
unusual base composition of the T4 DNA makes it readily distinguishable from 
host DNA and selectively protects it from nucleases encoded in the T4 genome 
that thus degrade only the E. coli chromosome. Still otl1er proteins alter host cell 
RNA polymerase molecules so that they are unable to transcribe E. coli DNA and 
instead transcribe different sets of bacteriophage genes at different stages of in­
fection, according to the needs of the phage. 

Smaller DNA viruses, such as the monkey virus SV40 and tl1e tiny bacterio­
phage Ml3, carry much less genetic information. They rely heavily on host-cell 
enzymes to carry out their DNA synthesis, parasitizing most oftlrn host-cell DNA 
replication proteins. Most DNA viruses, however, code for proteins that selectively 
initiate the syniliesis of their own DNA, recognizing a particular nucleotide se­
quence in ilie virus iliat serves as a replication origi,n. This is important because 
a virus must override the cellular control signals that would otherwise cause the 
viral DNA to replicate in pace with the host celJ DNA, doubling only once in each 
celJ cycle. We do not yet understand very much about how eucaryotic cells regu­
late their own DNA synthesis, and the mechanisms used by viruses to escape 
from this regulation-which are much more accessible to study-provide insights 
into the host mechanisms. 

RNA viruses have particularly specialized requirements for replication, since 
to reproduce their genomes they must copy RNA molecules, which means po­
lymerizing nucleoside triphosphates on an RNA template. Cells normally do not 
have enzymes to carry out iliis reaction, so even the smallest RNA viruses must 
encode their own RNA-dependent polymerase enzymes in order to replicate. We 
now Look in more detail at the replication mechanisms of the various types of vi­
ruses. 

Both RNA Viruses and DNA Viruses Replicate Through 
the Formation of Complementary Strands 53 

Like DNA replication, the replication of ilie genomes of RNA viruses occurs 
ilirough the formation of complementary strands. For most RNA viruses this 
process is catalyzed by specific RNA-dependent RNA polymerase enzymes (rep­
licases). These enzymes are encoded by the viral RNA chromosome and are of­
ten incorporated into the progeny virus particles, so that upon entry of the virus 
into a ceJI, they can immediately begin replicating the viral RNA. Replicases are 
always packaged into the capsid of ilie so-called negative-strand RNA viruses, 
such as influenza or vesicular stomatitis virus. Negative-strand viruses are so 
called because the infecting single strand does not code for protein; instead its 
complementary strand carries the coding sequences. Thus tl1e infecting strand 
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Figure 6-76 The T4 bacteriophage 
chromosome, showing the positions 
of the more than 30 genes involved 
in T4 DNA replication. The genome 
of bacteriophage T4 consists of 
169,000 nucleotide pairs and encodes 
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remains impotent without a preformed replicase. In contrast, the viral RNA of 
positive-strand RNA viruses, such as poliovirus, can serve as mRNA and produce 
a replicase once it enters the cell; therefore the naked genome itself is infectious. 

The synthesis of viral RNA always begins at the 3' end of the RNA template, 
starting with the synthesis of the 5' end of the new viral RNA molecule and pro­
gressing in the 5'-to-3' direction until the 5' end of the template is reached. There 
are no error-correcting mechanisms for viral RNA synthesis, and error rate are 
similar to those in DNA transcription (about l error in 104 nucleotides synthe-
ized). This is not a serious deficiency as long as the RNA chromosome is rela­

tively short; for this reason the genomes of all RNA viruses are small relative to 
those of the large DNA viruses. 

All DNA viruses begin their replication at a replication origin, where special 
initiator proteins bind and then attract the replication enzymes of the host cell 
(see Figure 8-34). There are many different replication pathways, however. The 
complexity of these diverse replication schemes reflects, in part, the problem of 
replicating the ends of a simple linear DNA molecule, given a D A polymerase 
enzyme that cannot begin synthesis without a primer (see pp. 253-254). DNA 
viruses have solved this problem in a variety of ways: some have circular DNA 
genomes and thus no end ; others have linear DNA genomes that repeat their 
terminal sequences or end in loops; while still others have special terminal pro­
teins that erve to prime the DNA polymerase directly (see Figure 6-75). 

Viruses Exploit the Intracellular Traffic Machinery 
of their Host Cells 54 

All viruses have only a limited amount of nucleic acid in their genome, and so 
they must para itize host-cell pathways for most of the steps in their reproduc­
tion. In fact, because viral products are usually synthesized in large amounts 
during infection, and because during its life cycle the virus follows a sequential 
route through the compartments of the host cell, virus-infected cells have served 
a important models for tracing the pathways of intracellular transport and for 
studying how essential biosynthetic reactions are compartmentalized in eucary­
otic cells. 

Enveloped animal vimses, in which the genome is enclosed in a lipid-bilayer 
membrane, have exploited the compartmentalization of the cell to an especially 
fine degree. To follow the life cycle of an enveloped virus is to take a tour through 
the cell. A well-studied example is Semliki forest virus, which consists of a single­
stranded RNA genome surrounded by a capsid formed by a regularly arranged 
icosahedral (20-faced) shell compo ed of many copies of one protein (called C 
protein). The nucleocapsid (genome+ capsid) is surrounded by a closely apposed 
lipid bilayer that contains only three type of polypeptide chains, each encoded 
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Figure 6-77 The structure of Semliki 
forest virus. Schematic drawings of a 
cross-section (A) and an exploded 
three-dimensional view (8) of the 
virus. (Cl A three-dimensional 
reconstruction of the surface of the 
virus derived from cryoelectron 
micrographs of w1stained specimens. 
The virus has a total mas of 46 
million daltons. (8, adapted from 
S.C. Harrison, Curr. Opin. Struct. Biol. 
2:293-299, 1992. Current Science; 
C, courtesy of Stephen Fuller.) 
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by the viral RNA. These envelope proteins form heterotrimers that span the lipid 
bilayer and interact with the C protein of the nucleocapsid, linking the membrane 
and nucleocapsid together (Figure 6-----77). The glycosylated portions of the enve­
lope proteins are always on the outside of the lipid bilayer, and each trimer forms 
a "spike" that can be seen in electron micrographs projecting outward from the 
surface of the virus (Figure 6-77C). 

Infection is initiated when an envelope protein on the virus binds to a nor­
mal cell protein that serves as its receptor on the host-cell plasma membrane. The 
virus then uses the cell's normal endocytic pathway to enter the cell by recep­
tor-mediated endocytosis and is delivered to early endo om s (di cus ed in 
Chapter 13). But instead of being transferred from endosome to lysosome , the 
virus scapes from the endosome by virtue of the special propertie of one of it 
envelope proteins. At the acidic pH of the endosome, this protein cause th viral 
envelope to fu e with the endosome membrane, re.lea ing the bare nudeocapsid 
into the cytosol. The nucleocapsid is ''uncoated" in the cytosol. releasing the viral 
RNA, wh.ich is then translated by bost-ceU ribosomes to produce a viru -encoded 
RNA polymera e. This in turn makes many copies of viral RNA, ome of which 
serve as mRNA molecules to direct the synthesis of the structural proteins of the 
virus-the cap id C protein and the three envelope proteins. 

The newly synthesized capsid and envelope protein follow separat path­
way through th cytoplasm. The envelope proteins, like the plasma membrane 
proteins of the ho t 11, are synthesized by ribosomes that are bound to the 
rough ER; in ontrast, the capsid protein, like the cytosolic proteins of the c U, 
i synthesized by ribosomes that are not membrane botmd. The newly synthe­
sized ap id protein binds to the recently replicated viral RNA to form n w 
nucleocapsid . The envelope proceins, in contrast. are inserted into the mem­
brane of the ER, where they are glycosylated, transported to the Golgi apparatus, 
and th n delivered to the plasma membrane (Figure 6-78). 
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Figure 6-78 The life cycle of the 
Semliki forest virus. The virus 
parasitizes the host cell for most of its 
biosyntheses. 
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The viraJ nucleocap ids and envelope proteins finally meet at the plasma 
membrane. As a result of a specific interaction with a cluster of envelope proteins, 
the nucleocap id form a bud whose envelope contains the envelope proteins 
embedded in ho t-c ll lipid . Finally, the bud pinches off and a free virus is re­
leased on the outside of the cell. The clustering of envelop proteins as they as­
semble around th nucleocapsid during viral budding excludes the host plasma 
membrane protein from the final virus particle. 

Different Enveloped Viruses Bud from Different 
Cellular Membranes 55 

Viral envelope proteins are all transmembrane proteins that are ynthesized in 
the ER. Like other ER proteins, they carry sorting signals that direct them to a 
particular cell membrane (discussed in Chapter 13). Their final location deter­
mines the site of viral budding. Epithelial cell lines, for exampl , can form polar­
ized cell sheet when they are cultured on an appropriate surface, such as a col­
lagen-coated porous filter. When viruses infect such polarized celJs, which 
maintain distinct domains of apical and basolateraJ plasma membrane, some of 
them (such a iniluenza virus) bud exclusively from the apical plasma membrane, 
whereas others (such as Semliki forest virus and ve icular stomatitis virus) bud 
only from the basolateral plasma membrane (Figure 6-79). This polarity of bud­
ding reflects the presence on the envelope prot ins of distinct apical or 
basolateral sorting signals, which direct the protein to only one cell-surface 
domain; the proteins in turn cause the virus to a sembl in that domain. 

Other viruses have envelope proteins with different kinds of sorting signals. 
Herpe virus, for example, is a D A virus that replicate in th nucleus, where its 
nucleocapsid a sembles, and then acquires an envelope by budding through the 
inner nuclear membrane into the ER lumeni the envelope proteins therefore must 
be specilically transported from the ER membrane to the inner nuclear mem­
brane, probably via Lhe lipid bilayer that surround the nuclear pores. Flavivirus, 
in contra t, buds directly into the ER lumen, and bunyavirus buds into the Golgi 
apparatus, indicating that their envelope prot ins carry signals for retention in 
the ER and Golgi membranes, respectively. After budding, the enveloped herpes 
viru , flavivirus, and bunyaviru particles become soluble in the ER and Golgi 
lumen, and they move outward toward I he cell urface exactly as if they were 

Figure 6-79 wo enveloped viruses 
that bud from different domains of 
the plasma membrane. Electron 
micrographs howing that one type of 
enveloped viru bud from the apical 
plasma membrane while another type 
buds from the basolateral plasma 
membrane of the same epithelial cell 
line grown in cullure. These cells 
grow with their basal swface attached 
Lo the culture di h. The boxed area in 
each sch matic drawing corresponds 
to the indicated electron micrograph. 
(Micrograph courtesy of 
E. Rodriguez-Boulan and D.D. 
abatini.J 

influenza virus buds only from 
the apical plasma membrane 

vesicular stomatitis virus buds only 
from the basolateral plasma membrane 
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secreted proteins; in the trans Golgi network they are incorporated into tran port 
ve ides and secreted from the cell by the constitutive ecretory pathway (dis­
cussed in Chapter 13). 

Viral Chromosomes Can Integrate 
into Host Chromosomes 56 

The end result of the entry of a viral chromosome into a cell is not always its 
immediate multiplication to produce large number of progeny. Many viruses 
enter a latent state, in which their genomes are present but inactive in the cell 
and no prngeny are produced. Viral latency was discovered when it was found 
that exposure to ultraviolet light induced many apparently uninfected bacteria 
to produce progeny bacteriophages. Subsequent experiments showed that these 
ly ogenic bacteria carry in their chromosomes a dormant but complete viral chro­
mosome. Such integrated viral chromosomes are called proviruses. 

Bacteriophages that can integrate their DNA into bacterial chromosomes am 
known a temperate bacteriophages. The prototypic example is the bacterioph­
age lambda, discussed earlier. When lambda infects a suitable E. coli host cell, 
it normally multiplies to produce several hundred progeny particles, which are 
relea ed when the bacterial ceH lyses; this is called a lytic infection. More rarely, 
the free ends of the linear infecting D A molecules join to form a DNA circle that 
becomes integrated into the circular host E. coli chromosome by a site-specific 
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Figure 6-80 The life cycle of 
bacteriophage lambda. The lambda 
genome contains about 50,000 
nucleotide pairs and encodes about 
50 proteins. Its double-stranded DNA 
can exist in either linear or circular 
forms. As shown, the bacteriophage 
can multiply by either a lytic or a 
lysogenic pathway in the E. coli 
bacterium. When the bacteriophage is 
growing in the lysogenic state, 
damage to the cell causes the 
integrated viral DNA (provirus) to exit 
from the host chromosome and shift 
to lytic growth. The entrance and exit 
of the DNA from the chromosome are 
site-specific genetic recombination 
events catalyzed by the lambda 
integrase protein (see Figure !Hl8). 
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recombination event. The resulting lysogeni bacterium, carrying the proviral 
lambda chromosome, multiples normally until it is ubjecced to an environmen­
tal insult, such as exposure to ultraviolet light or ionizing radiation. The result­
ing cell debilitation induces the integrated proviru to leave the host chromosome 
and begin a normal cycle of viral rep Ii ation. In this way the integrated provirus 
need not perish with its damaged host cell but has a chance to escape to other 
E. coli cells (Figure 6-80). 

The Continuous Synthesis of Some Viral Proteins 
Can Make Cells Cancerous 57 

Animal cells, Like bacteria, can offer viruses an alternative to lytic growth. Permis­
sive cells permit DNA viruses to multiply lytically and kill the cell. Nonpermissive 
cells may aJlow the DNA virus to enter buL not to replicate lytically; in a small 
percentage of uch cells the viral chromosome either becomes integrated into the 
host cell genome, where it j replicated along with the host chromosomes, or 
forms a plasmid-a circular DNA molecule-that replicates in a controlled fash­
ion without killing the cell. Such nonpermissive infections sometimes result in 
a genetic change in the host cell, causing it to proliferate in an ill-controlled way 
and thus transforming it into its cancerous equivalent. In this case the DNA vi­
m i called a DNA rumor vims and the process is called virus-mediated neoplas­
tic transformation. The most extensively studied DNA tumor viruses are two 
papovaviru es, V40 and polyoma. Their transfonning ability has been traced to 
several viral proteins that cooperate to stimulate quiescent cells to proliferate­
that i , they driv Lhe cells from G0 into S phase. In permissive cells the shift to 
S phase (the phase of the cell cycle where DNA is synthesized) provides the vi­
m with all of the host-cell replication enzymes required for viral D A synthe-
is. When a provirus happen to make these viral proteins in a nonpermissive cell, 

they can override some of the normal growth control mechanisms in th cell and 
its progeny. By this means some D A tumor viruses that infect humans are 
known to contribute to the development of some types of human cancers (al­
though the great majority of human cancers are thought not to involve tumor 
viru e ). 

RNA Tumor Viruses Are Retroviruses 58 

For one group of RNA viruses, the so-called RNA tumor viruses, the infection of 
a permissive cell often leads simultaneously to a nonlethal release of progeny 
virus from the cell surface by budding and a permanent genetic change in the 
infected cell that makes it cancerous. How RNA virus infection could lead to a 
permanent genetic alteration was unclear until the discovery of the enzyme 
reverse rranscriptase, which transcribes the infecting RNA chains of thes viruses 
into complementary DNA molecules that integrate into Lhe host cell genome. 
RNA tumor viruses-which include the first well-known tumor virus, the Rous 
sarcoma virus-are members of a large class of viruses known as retroviruses. 
These viruses are so named because as part of their normal life cycle they reverse 
the normal process in which DNA is transcribed into RNA. 

The enzyme reverse transcriptase is an unusual DNA polymerase that uses 
either RNA or DNA as a template (Figure 6-81); it is encoded by the retrovirus 
RNA and is packaged inside each viral capsid during th production of new vi­
ru particles. When the single-stranded RNA of lhe retrovirus enters a cell, the 
reverse transcriptase brought in with the capsid first makes a DNA copy of the 
RNA strand to form a D A-RNA hybrid helix, which is then us d by the same 
enzyme to make a double helix with Lwo DNA strands. The two ends of the lin­
ear viral DNA molecule are recognized by a virus-encoded integrase that cata­
lyzes the insertion of the viral D A into virtually any site on a hos -cell chromo­
some (see Figure 6-70). The ne t step in Lhe infectiou proces i transcription 
of the integrated viral DNA by host-cell RNA p lym ras , pr ducing large nwn-
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bers of viral RNA molecules identical to the original infecting genome. Finally, 
these RNA molecules are translated to produce the capsid, envelope, and reverse 
transcriptase proteins that are assembled with the RNA into new enveloped vi­
rus particles, which bud from the plasma membrane (Figurn 6-82). 

Both RNA and DNA tumor viruses transform cell becau e the permanent 
presence of the viral DNA in the cell cause the synthe i of new proteins that 
alter the control of ho t-cell proliferation. The genes that code for such proteins 
are called oncogenes. Unlike DNA tumor viruses, whose oncogenes typically en­
code normal viral proteins essential for viral multiplication, the oncogenes carried 
by RNA tumor viruses are modified ver ions of normal host-cell genes that are 
not required for viral replication. Since only a limited amount of R A can be 
packed into the capsid of a retrovirus, lhe acquired oncogene sequences often 
replace an essential part of the retroviral genome. In Chapters 15 and 24 we dis­
cuss how viral oncogene have provided importanL clues to the causes and na­
ture of cancer, as well as to the normal mechanisms that control cell growth and 
division in multicellular animals. We also discuss how the random integration of 
viral DNA into genomes can alter normal genes and thereby affect cell behavior 
(see Figure 24-24). 

INTEGRATION 
OF DNA COPY 
INTO HOST 

Figure 6-a I Reverse transcriptase. 
(A) The rhree-dimensional structure 
of the enzyme fromHIV-1 (the AIDS 
virus). determined by x-ray 
cry tallography; (B) a schematic view 
of a model for its activity on an R A 
template. Note that the polymerase 
domain (yellow) has a covalently 
attached RNA e domain (red) that 
degrades an RNA strand in an 
RNA/DNA helix. This activity helps 
lhe polymerase convert the initial 
hybrid helix into a DNA double helix. 
(A, courtesy of Tom Steitz; B, adapted 
from L.A. Kohlstaedt et al., Science 
256: 1783-1790, 1992. © 1992 the 
AAAS.) 

Figure 6-82 The life cycle of a 
retrovirus. The retrovirus genome 
consists of an RNA molecule of about 
8300 nucleotides; two such molecules 
are packaged into each viral particle. 
The enzyme reverse transcriptase first 
makes a DNA copy of the viral RNA 
molecule and then a second DNA 
strand, generating a double-stranded 
D A copy of the RNA genome. The 
integration of this DNA double helix 
into the host chromosome, catalyzed 
by the viral integra e. i required for 
the synthesis of new viral RNA 
molecule by the host-cell RNA 
polymerase. 
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The Virus That Causes AIDS I a Retroviru 59 

In 1982 physicians fir t became aware of a new sexually tran mitted disea that 
wa as ociated with an unusual form of cancer (Kaposi' sarcoma) and a varie 
of unusual infection . Because both of these problem r n ct a ver <lefici ncy 
in the immune ystem-specifically in helper T lymphocyte -the di ea wa 
named acquired immune deficiency syndrome (AIDS). By culturing lympho yte 
from patients with an early tage of the di ea e, a retrovirus wa i olated that i 
now known to be lhe cau ative agent of AJDS, which ha bccom a rapidly 
pr ading epid mic that threatens to kill million of people worldwide. 

The retrovirus, called human immunodeficiency virus (HIV), ent r helper T 
lympho yte by fir t binding to a functionally important plasma membrane pro­
tein call d CD4 (di us cd in Chapter 23). There are cwo feature of HIV that 
make it e pecially deadJy. Fir t, it eventuall kills the helper T cells that it infect 
rather than living in symbio is with them, as do most other r troviru e , and 
helper T cell are vitally important in defending us against infection. econd, the 
proviru tend to per ist in a latent tate in the chromo omes of an infected ell 
without producing viru until it i activated by an unknown rare vent; thi ability 
to hid greatly omplicate any attempt to treat the infection with antiviral drugs. 

Much current r earch on AIDS i aimed at understanding the life cycle of 
HIV. The complete nucleotide equence of the viral R A has been determined. 
Thi ha mad it po sible to identify and study each of the proteins that it en­
code . Th three-dimensional tructur of its reverse transcripta e (see Figure 6-
81) i b ing u ed to help de ign new drug that inhibit the enzyme. The nine 
genes of this retroviru ar displayed on the HIV genetic map in Figure 6-83. 

Some Transpo able Elements Are Close Relatives 
of Retroviruse 60 

Because many vim e can mov into and out of their ho t chromo omes, any 
large genom i likely to contain a number of differ nt proviruses. Most genomes 
are also likely to hou ea variety of mobile DNA equences that do not form vi­
ral particles and cannot I ave the cell. uch transposabJe elements range in 
length from a£ w hundred to ten of thou ands of ba pairs, and they are u ually 
pre ent in mulliple copie p r cell. On can onsider these elements as tiny para­
sites hidden in chromosome . Each tran posable element is occasionally acti­
vated to move to another DNA ile in the amc c II by a proce called transpo­
sition, catalyz d by it own ite- p ifi recombination enzyme. These integrases, 
also referred to a transpo ases, ar often encoded in the D :A of the element it­
self. Since most tran po able lements mov only very rarely (once in 105 ceU 
generations for many element in bact rial, it i often difficult to di tinguish them 
from nonmobile parts of the chroma om . lt i not known what suddenly trig­
gers their movement. 

Transposition can oc ur by a variety of me bani m . On larg family of 
transposable elements u e a mechani m that is indi tingui hable from part of 
a retrovirus life cycle. These el ment , called retrotran posons. ar present in 
organisms as diver ea yeasts, flie . and mammal . On of the b t-under tood 
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Figure 6-83 A map of th H1V 
genome. The genome con i t of 
about 9000 nucleotides and contains 
nine gene , who e location ar 
shown in green and red. hre of lhe 
genes (green) are common to all 
retroviru e : gag encod ap id 
proteins, em, encodes envelop 
proteins, and pol encode both the 
reverse tran cripta e (see Figur 6-81) 
and the integrase ( ee Figurn 6-70) 
proteins. The HIV genome is 
unu ually complex, since it contains 
ix small genes (in red) in addition to 

the three (in green) that are normally 
required for the r troviru life ycle. 
At least ome of these small genes 
encode proteins that regulate viral 
gene expres ion, and it is ccmpling to 
sp culate that it is lhis extra 
complexity that make I rrv so deadly. 
A indicated by the red lines, RNA 
pll ing ( ee Figur 8-7) i required co 

produce the Rev and Tat proteins. 
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retrotr o • o- Tyl element of yea ts. he first step in it tran -
it° t tio h ntir tr nspo able el ment, producing an 

f tha ore than 5000 nucleoti.des long. This transcript 
o c ·ipt me that makes a double-stranded D A copy 

of th a R ybrid intermediate, precisely mimicking 
the a . a ion iru (s e Figure 6-82). Th analogy con-
tinue as the rnol an integra e to integrate into a randomly 

lected site on the chromo ugh the resemblance to a retrovirus i 
triking, unlik a retr viru , mem doe not have a functional protein 

coat and ther fore can only I in a ingle ell and its progeny. 

Other Transposable Elements Transfer Themselves 
Directly from One Site in the Genome to Another 61 

Unlike r trotran po on , many tran po able elem nts rarely 
chromosome; the tra11 posase that catalyz their movem nt can act on th D 
of the element while it is till integrated in th h st g name. The transposa e 
bind to a shorts qu nee that i r p at din r r orl ntation at each end of 
the element, thereby holding th two end lo. cogeth r wh'ile catalyzing the 
ubsequent recombination event. Th mecbani m i dos l relat d to that used 

by the retrov:iru integra e ( ee Figure 6-70). or ome tran p bl elements th 
Iran po ition mechani m differs nly in that th lin ar D A mol ule Lo be in-
tegrated must be cut out of a much long r I A molecule, leaving a br ale in th 
vacated chroma orne (Figure 6-8 ). Thi break is ubsequently re ealed, but in 
the process Lh DNA sequen ften alter d, r uhing in a mutation at the old 
chromo omal si.te. 

Other tran posable elements r plicat when th y mov . Jn th best- tudied 
ample, a covalent connection is fir l mad betw n th ran posable element 

and a random]y elect d target ice; this conn Ii n then ltigg a localiz d yn­
thesis of D A that re ult in one copy of the r plicatcd transposabl I ment 
b ing inserted at a new chromosomal ir , while th oth r opy remains at the 
old on (Figure 6...,SS). The mechanism i clo el related to the nonr plicativc 
mechani m just described, and it tarts in nearly the am way; indc d, ome 
Lranspo able element can mo e by either pathwa . 

In addition to moving thems Ives, all type oftran po abl lement o ca-
ionally move or rearrange neighboring DNA equences of the host genom . They 

fr qu ntly cau e deletions o adjacent nucl otide quen , fi r ampl , r carry 
th m to another ite. he pre ence of transposable el m nt make th arran.g -
meat of th D A sequences in chromosom much les • stable than pr viou ly 
thought, and it is likely that they have been r pon ibl for many imponant v • 
lutionary changes in genomes (dis ussed in Chapter 8). 

Are the transposable elements also of evolutionary importance a the mo t 
,1ncient ance tors of viruses? Although the precursor of retroviru wer alma t 
certainJ retrolranspo on , aJI pre nt-day tran po able elemen rely h avily n 
D • A-ba d reaction mechani ms. But very early ceU are thought to have had 

STARTING ONAs 

shon nvenedrepeatsequenc 

3' 
target chromosome B 

lru , Plasmid , and ran p abl Geneti Element! 

Flgiire 6-84 The direct movement of 
a transposable element from one 
chromo omal lte to another. 
Tran po able elements of this type 
can be recognized by the "inverted 
repeat DNA sequences" (orange) al 
their ends. Eiq>eriments how that 
th sc quen e , which an be as 
hon a 20 nucleotides, are all tbal is 

neces ary for the D A between them 
to e transpo ed by the particular 
lran posase enzyme associated with 
th element. The mechanism shown 
h re i clo ly relat d to that u ed by 
a r troviru co inc grate it double­
stranded D into a chroma ome 
(compar \\,ilh Figure 6-70). Although 
the gap left in donor chromo om i 
re en.led, the process often alter the 

quencc. ·au ing a mutation at 
rh donor ite (noc hown). 
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RNA rather than D A genomes, owe mu t look LO R A-ba d mechani m for 
the ultimate origin of viru e . 

Most Viruses Probably Evolved from Plasmids 62 

Even the largest viru e depend h avily on their ho t cell for biosynthesi ; no 
known vims makes its own ribo ome or g nera1e the ATP it require , for ex­
ample. !early, ther for , cell mu t have volved before virus . Th precur or 
of the fir t vlru es w re pr bably mall nucleic acid fragment that d veloped the 
ability to multiply independ ntly of the chroma. mes of their host cells. uch 
independ ntly r plicating element , ailed plasmid , can replicate indefinitely 
outside the ho t hromo om . Pia mids occur in both ONA and RNA form , and, 
like vim s, they ontain a pedal nucleotide sequence that erve as an origin 
of replication. Unlike viru e , however, they cannot make a protein coat and 
therefor cannot move from cell to ell in lhi way. 

he first RNA pla mid may have res mbled th uiroids found in some plant 
c LI . These mall RNA circl , onl 300 to 400 nucleotide long, are replicated 
d pite th fact that th y do not code for any pr tein. Having no protein coat, 
viroid xist a n k d H A mole ule and pass from plant to plant only when the 
surface of both donor and recipient cells are damaged so that there is no mem­
brane barrier for the viroid to pa . Under th pre ure of natural election, uch 
i11depend ntly r pli ating element ould be expe ted to acquire nucleotide 
s quence from the ho t ell that would facilitate their own multiplication, in-
luding quenc that cod for protein . ome pre ent-day pla mids are inde d 

quite ompl x. encoding pr tein and RNA molecules that regulate their repli­
cation, a well a proteins that control their partitioning into daughter ceU . The 
larg t known pl mid are double- tranded D A circle more than 100,000 ba 
pair I ng. 

The first viru probably appear d when an R A pla mid acquired a g n 
oding for a cap id protein. But a capsid can enclo e only a limited amount of 

nucleic a id; therefore a virus is limited in the number of genes ii can contain. 
F r ed to make optimal u e of their limited genome , ·ome small viruse evolved 
overlapping genes, in whi h part of the nucleotide equenc encoding one pro­
tein is u ed (in the same or a diffi rent reading frame) co en ode a e ond pro-
tein. Other viru evolved larger capsids and consequently could accommodat 
mor genes. 

With th ir unique ability to transfer nu lei a id equ nces aero peci 
barrier , viru have almo t certainly played an important part in the evolution 
of the organisms they infect. Many recombine fre uently with th ir ho t-cell 
genome and with one another. In this way they can pick up mall pi of ho t 
hromosome al random and carry them to different cells or organisms. Moreover, 

integral d copie of viral DNA (proviruse ) have be ome a normal part of the 
genome of most organisms. Example of su h provirus induct th lambda 
family o bacteriophage and the a-called endog nous retroviru e found in 
num rou copie in vertebrate genome . The int grated viral D A an become 
altered o that it cannot produc a comp! t viru but an till n od protein , 
ome of which may be useful to Lhe host cell. Th r fore, viruses, like exual r -

pr ductlon, can peed up evolution by promoting the mixing of gen pools. 
The proce sin which D A sequences ar Iran ~ rred b lw n differ nl host­

cell genomes by means of a viru i ailed DNA transduction, and ev ral viru s 
that tran duce D with parti ularl high fr qu n ie ar ommonly u d by 
re archer to mo e gen from n cell to anoth r. Viru • and th ir lo e r la­
tives-plasmid and transposabl lements-hav al o been imp rtant to cell 
biology in many other ways. Becau e of their relativ simplicity, for ample, 
tudie o their reprodu lion hav progre s d un uall rapidly and h ve illumi­

nated many of the basic genetic mechanism in c II . Jn addition, both viru t! 

and plasmids have been crucial elem nt in tl1c de elopm nl of th r ombinant 
D A technologie l.haL will be d cribed in hapt r 7. 
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Figur 6-85 The replicative 
movement ofa tran po able elemenl 
wi:thln a chromo om . The element 
hown replicate during 
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from i original site. The two inverted 
rep at D A sequence that 
commonly flank the two end of 
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orange. At the start of transposition 
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a a template for D A synthe i , 
which begin by the addition of 
nu leotide lo the 3' ends of 
chromosomal DNA sequence . Many 
d tails are known, but the proc ss is 
too complex to be illustrated here. 
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Summary 
Vir1tSes are infectious particles tha.t consist of a DNA or an RNA molecule (the viral 
genome) packaged in a protein capsid, which in the enveloped vinlSes is surrounded 
by a lipid-bilayer-based membran,e. Both the structure of the viral genome and its 
mode of replication vary widely among uintses. A virus can multiply only inside a 
host cell, whose genetic mechanisms it subverts for its own reproduction. A common 
outcome of a viral infection is the ,lysis of the infected cell a11d release of infectious 
viral particles. In some cases, howeirJer, the viral chromosome instead integrates into 
a host-cell chromosome, where it is replicated as a prouirus along with the host ge­
nome. Many viruses are thought to have evolved from plasmids, which are self-rep­
licating DNA or RNA molecules that lack the ability to wrap themselves in a protein 
coat. 

Transposable elements are DM4 sequences that differ from viruses in being able 
to multiply only in their host cell and its progeny; like plasmids, they cannot exist 
stably outside of cells. Unlike plasmids, they normally replicate only as an integral 
part of a chromosome. Some transjr,osable elements, however, are closely related to 
retroviruses and can moue from place to place in the genome by the reverse transcrip­
tion of an RNA intermediate. Although both uintSes and transposable elements can 
be viewed as parasites, many of the DNA sequence rearrangements they cause are 
important for the evolution of cells a11d organisms. 
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