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DNA Replication: Rules

• DNA replication is semiconservative: Each 
DNA strand serves as a template for the 
synthesis of a new strand, producing two new 
DNA molecules, each with one new strand and 
one old strand. 

• Replication begins at an origin and usually 
proceeds Bidirectionally: formation of 
replication forks

2



DNA Metabolism1012

DNA strand are defined in Fig. 8–7). Because the two 
DNA strands are antiparallel, the strand serving as the 
template is read from its 39 end toward its 59 end.
 If synthesis always proceeds in the 59S39 direction, 
how can both strands be synthesized simultaneously? If 
both strands were synthesized continuously while the 
replication fork moved, one strand would have to undergo 
39S59 synthesis. This problem was resolved by Reiji Oka-
zaki and colleagues in the 1960s. Okazaki found that one 
of the new DNA strands is synthesized in short pieces, 
now called Okazaki fragments. This work ultimately 
led to the conclusion that one strand is synthesized con-
tinuously and the other discontinuously (Fig. 25–4). 
The continuous strand, or leading strand, is the one in 
which 59S39 synthesis proceeds in the same direction as 

Replication Begins at an Origin and Usually Proceeds Bidirec-
tionally Following the confirmation of a semiconserva-
tive mechanism of replication, a host of questions arose. 
Are the parent DNA strands completely unwound 
before each is replicated? Does replication begin at ran-
dom places or at a unique point? After initiation at any 
point in the DNA, does replication proceed in one direc-
tion or both?
 An early indication that replication is a highly coordi-
nated process in which the parent strands are simultane-
ously unwound and replicated was provided by John 
Cairns, using autoradiography. He made E. coli DNA 
radioactive by growing cells in a medium containing thy-
midine labeled with tritium (3H). When the DNA was 
carefully isolated, spread, and overlaid with a photo-
graphic emulsion for several weeks, the radioactive thymi-
dine residues generated “tracks” of silver grains in the 
emulsion, producing an image of the DNA molecule. 
These tracks revealed that the intact chromosome of E. 
coli is a single huge circle, 1.7 mm long. Radioactive DNA 
isolated from cells during replication showed an extra 
loop (Fig. 25–3). Cairns concluded that the loop resulted 
from the formation of two radioactive daughter strands, 
each complementary to a parent strand. One or both ends 
of the loop are dynamic points, termed replication 
forks, where parent DNA is being unwound and the 
separated strands quickly replicated. Cairns’s results 
demonstrated that both DNA strands are replicated 
simultaneously, and variations on his experiment indicat-
ed that replication of bacterial chromosomes is bidirec-
tional: both ends of the loop have active replication forks.
 The determination of whether the replication loops 
originate at a unique point in the DNA required land-
marks along the DNA molecule. These were provided by 
a technique called denaturation mapping, developed 
by Ross Inman and colleagues. Using the 48,502 bp 
chromosome of bacteriophage !, Inman showed that 
DNA could be selectively denatured at sequences 
unusually rich in APT base pairs, generating a repro-
ducible pattern of single-strand bubbles (see Fig. 8–28). 
Isolated DNA containing replication loops can be par-
tially denatured in the same way. This allows the posi-
tion and progress of the replication forks to be mea-
sured and mapped, using the denatured regions as 
points of reference. The technique revealed that in this 
system the replication loops always initiate at a unique 
point, which was termed an origin. It also confirmed 
the earlier observation that replication is usually bidi-
rectional. For circular DNA molecules, the two replica-
tion forks meet at a point on the side of the circle oppo-
site to the origin. Specific origins of replication have 
since been identified and characterized in bacteria and 
lower eukaryotes.

DNA Synthesis Proceeds in a 59S39 Direction and Is Semidis-
continuous A new strand of DNA is always synthesized 
in the 59S39 direction, with the free 39 OH as the point 
at which the DNA is elongated (the 59 and 39 ends of a 

!
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FIGURE 25–3 Visualization of DNA replication. Stages in the replication 
of circular DNA molecules have been visualized by electron microscopy. 
Replication of a circular chromosome produces a structure resembling the 

Greek letter theta, " , as both strands are replicated simultaneously (new 
strands shown in light red). The electron micrographs show images of 
plasmid DNA being replicated from a single replication origin.
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• replication forks: where 
parent DNA is being unwound 
and the separated strands 
quickly replicated.

• The technique revealed that 
in this system the replication 
loops always initiate at a 
unique point, which was 
termed an origin. 
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• A new strand of DNA is always synthesized in the 
5’è3’ direction, with the free 3’-OH as the point 
at which the DNA is elongated (Leading Strand); 
Because the two DNA strands are antiparallel, the 
strand serving as the template is read from its 3’ 
end toward its 5’ end. 

• The strand on direction 3’è5’: is synthesized in 
short pieces called Okazaki fragment (from the 
scientist who discovered it). This strand is called 
Lagging strand.

DNA Replication: E. Coli
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• DNA is degraded by Nucleases (or DNAases):
ØExonucleases: degrade nucleic acids from one end 

of the molecule. Many operate in only the 5’è3’ or 
the 3’è5’direction, removing nucleotides only from 
the 5’or the 3’ end, respectively, of one strand of a 
double-stranded nucleic acid or of a single- stranded 
DNA. 

ØEndonucleases can begin to degrade at specific 
internal sites in a nucleic acid strand or molecule, 
reducing it to smaller and smaller fragments. 

• A few exonucleases and endonucleases degrade only 
single- stranded DNA. 

DNA Replication: E. Coli
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• DNA is synthesized by DNA polymerases
• The fundamental reaction is a phosphoryl

group transfer. The nucleophile is the 3’-
hydroxyl group of the nucleotide at the 3’ end 
of the growing strand. Nucleophilic attack 
occurs at the a phosphorus of the incoming 
deoxynucleoside 5’-triphosphate. Inorganic 
pyrophosphate is released in the reaction. 

DNA Replication: E. Coli
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the new base pair is positioned in the postinsertion 
site. These elements are located in a pocket that 
resembles the palm of a hand (Fig. 25–5c).
 After adding a nucleotide to a growing DNA strand, 
a DNA polymerase either dissociates or moves along the 
template and adds another nucleotide. Dissociation and 
reassociation of the polymerase can limit the overall 
polymerization rate—the process is generally faster 
when a polymerase adds more nucleotides without dis-
sociating from the template. The average number of 
nucleotides added before a polymerase dissociates 
defines its processivity. DNA polymerases vary greatly 
in processivity; some add just a few nucleotides before 
dissociating, others add many thousands.  Nucleotide 
Polymerization by DNA Polymerase

 Second, the polymerases require a primer. A 
primer is a strand segment (complementary to the 
template) with a free 39-hydroxyl group to which 
a nucleotide can be added; the free 39 end of the 
primer is called the primer terminus. In other 
words, part of the new strand must already be in 
place: all DNA polymerases can only add nucleotides 
to a preexisting strand. Many primers are oligonucle-
otides of RNA rather than DNA, and specialized 
enzymes synthesize primers when and where they are 
required.
 A DNA polymerase active site has two parts (Fig. 
25–5b). The incoming nucleotide is initially positioned 
in the insertion site. Once the phosphodiester bond is 
formed, the polymerase slides forward on the DNA and 

MECHANISM FIGURE 25–5 Elongation of a DNA chain. (a) The catalytic mecha-
nism for addition of a new nucleotide by DNA polymerase involves two Mg2! 
ions, coordinated to the phosphate groups of the incoming nucleotide triphos-
phate, the 39-hydroxyl group that will act as a nucleophile, and three Asp resi-
dues, two of which are highly conserved in all DNA polymerases. The Mg2! ion 
depicted at the top facilitates attack of the 39-hydroxyl group of the primer on 
the ! phosphate of the nucleotide triphosphate; the other Mg2! ion facilitates 
displacement of the pyrophosphate. Both ions stabilize the structure of the pen-
tacovalent transition state. RNA polymerases use a similar mechanism (see Fig. 
26–1a). (b) DNA polymerase I activity also requires a single unpaired strand to act 
as template and a primer strand to provide the free hydroxyl group at the 39 end, 
to which the new nucleotide unit is added. Each incoming nucleotide is selected 
in part by base-pairing to the appropriate nucleotide in the template strand. The 
reaction product has a new free 39 hydroxyl, allowing the addition of another nu-
cleotide. The newly formed base pair migrates to make the active site available to 
the next pair to be formed. (c) The core of most DNA polymerases is shaped like 
a human hand that wraps around the active site. The structure shown is the DNA 
polymerase I of Thermus aquaticus, bound to DNA (PDB ID 4KTQ). (d) A cartoon 
interpretation of the polymerase structure shows the insertion and postinsertion 
parts of the active site. The insertion site is where the nucleotide addition occurs, 
and the postinsertion site is where the newly formed base pair migrates after it 

appears.  Nucleotide Polymerization by DNA Polymerase
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The Mg2+ facilitates the 
attack of the 3’-hydroxyl 
group of the primer on the 
a phosphate of the 
nucleotide triphosphate; 
the other Mg2+ ion 
facilitates displacement of 
the pyrophosphate. Both 
ions stabilize the structure 
of the pentacovalent
transition state. RNA 
polymerases use a similar 
mechanism. 
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26–1a). (b) DNA polymerase I activity also requires a single unpaired strand to act 
as template and a primer strand to provide the free hydroxyl group at the 39 end, 
to which the new nucleotide unit is added. Each incoming nucleotide is selected 
in part by base-pairing to the appropriate nucleotide in the template strand. The 
reaction product has a new free 39 hydroxyl, allowing the addition of another nu-
cleotide. The newly formed base pair migrates to make the active site available to 
the next pair to be formed. (c) The core of most DNA polymerases is shaped like 
a human hand that wraps around the active site. The structure shown is the DNA 
polymerase I of Thermus aquaticus, bound to DNA (PDB ID 4KTQ). (d) A cartoon 
interpretation of the polymerase structure shows the insertion and postinsertion 
parts of the active site. The insertion site is where the nucleotide addition occurs, 
and the postinsertion site is where the newly formed base pair migrates after it 

appears.  Nucleotide Polymerization by DNA Polymerase
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• the polymerases require a primer. A primer is a 
strand segment (complementary to the template) 
with a free 3’-hydroxyl group to which a 
nucleotide can be added; the free 3’ end of the 
primer is called the primer terminus. In other 
words, part of the new strand must already be in 
place: all DNA polymerases can only add 
nucleotides to a pre-existing strand. Many 
primers are oligonucleotides of RNA rather than 
DNA, and specialized enzymes synthesize primers 
when and where they are required. 

DNA Replication: E. Coli
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E. coli Has at Least Five DNA Polymerases
More than 90% of the DNA polymerase activity observed 
in E. coli extracts can be accounted for by DNA 
polymerase I. Soon after the isolation of this enzyme in 
1955, however, evidence began to accumulate that it is 
not suited for replication of the large E. coli chromo-
some. First, the rate at which it adds nucleotides (600 
nucleotides/min) is too slow (by a factor of 100 or more) 
to account for the rates at which the replication fork 
moves in the bacterial cell. Second, DNA polymerase I 
has a relatively low processivity. Third, genetic studies 
have demonstrated that many genes, and therefore 
many proteins, are involved in replication: DNA poly-
merase I clearly does not act alone. Fourth, and most 
important, in 1969 John Cairns isolated a bacterial 
strain with an altered gene for DNA polymerase I that 
produced an inactive enzyme. Although this strain was 
abnormally sensitive to agents that damaged DNA, it 
was nevertheless viable!
 A search for other DNA polymerases led to the dis-
covery of E. coli DNA polymerase II and DNA poly-
merase III in the early 1970s. DNA polymerase II is an 
enzyme involved in one type of DNA repair (Section 
25.3). DNA polymerase III is the principal replication 
enzyme in E. coli. The properties of these three DNA 
polymerases are compared in Table 25–1. DNA poly-
merases IV and V, identified in 1999, are involved in an 
unusual form of DNA repair (Section 25.2).

FIGURE 25–7 An example of error correction by the 39S59 exonuclease 
activity of DNA polymerase I. Structural analysis has located the exonu-
clease activity behind the polymerase activity as the enzyme is oriented in 
its movement along the DNA. A mismatched base (here, a C–T mismatch) 
impedes translocation of DNA polymerase I to the next site. The DNA 
bound to the enzyme slides backward into the exonuclease site, and the 
enzyme corrects the mistake with its 39S59 exonuclease activity. The en-
zyme then resumes its polymerase activity in the 59S39 direction.

 DNA polymerase
 I II III
Structural gene* polA polB polC (dnaE)

Subunits (number of different types) 1 7 $10

Mr 103,000 88,000† 791,500

39S59 Exonuclease (proofreading) Yes Yes Yes

59S39 Exonuclease Yes No No

Polymerization rate (nucleotides/s) 10–20 40 250–1,000

Processivity (nucleotides added 
 before polymerase dissociates) 3–200 1,500 $500,000

 *For enzymes with more than one subunit, the gene listed here encodes the subunit with polymerization activity. Note that 
dnaE is an earlier designation for the gene now referred to as polC.
†Polymerization subunit only. DNA polymerase II shares several subunits with DNA polymerase III, including the !, ", #, #9, 
$, and %  subunits (see Table 25–2).

TABLE 25–1 Comparison of Three DNA Polymerases of E. coli
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• DNA replicase system or replisome: 20 or more 
different enzymes and proteins, each performing
a specific task during DNA replication. 

ØHelicases: separation of the two parent strands
ØToposisomerases
ØDNA binding proteins
ØPrimases: synthesis of primers
ØDNA Ligases: closing the nick remained after

primer removing by polymerases

DNA Replication: E. Coli
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Replication of the E. coli Chromosome 
Proceeds in Stages
The synthesis of a DNA molecule can be divided into 
three stages: initiation, elongation, and termination, 
distinguished both by the reactions taking place and 
by the enzymes required. As you will find here and in 
the next two chapters, synthesis of the major informa-
tion-containing biological polymers—DNAs, RNAs, and 
proteins—can be understood in terms of these same 
three stages, with the stages of each pathway having 
unique characteristics. The events described below 
reflect information derived primarily from in vitro exper-
iments using purified E. coli proteins, although the prin-
ciples are highly conserved in all replication systems.

Initiation The E. coli replication origin, oriC, consists of 
245 bp and contains DNA sequence elements that are 
highly conserved among bacterial replication origins. 
The general arrangement of the conserved sequences is 
illustrated in Figure 25–10. Two types of sequences 

are of special interest: five repeats of a 9 bp sequence 
(R sites) that serve as binding sites for the key initiator 
protein DnaA, and a region rich in APT base pairs 
called the DNA unwinding element (DUE). There 
are three additional DnaA-binding sites (I sites), and 
binding sites for the proteins IHF (integration host fac-
tor) and FIS (factor for inversion stimulation). These 
two proteins were discovered as required components 
of certain recombination reactions described later in 
this chapter, and their names reflect those roles. Another 
DNA-binding protein, HU (a histonelike bacterial protein 
originally dubbed factor U), also participates but does 
not have a specific binding site.
 At least 10 different enzymes or proteins (summa-
rized in Table 25–3) participate in the initiation phase of 
replication. They open the DNA helix at the origin and 
establish a prepriming complex for subsequent reac-
tions. The crucial component in the initiation process is 
the DnaA protein, a member of the AAA1 ATPase 
protein family (ATPases associated with diverse cellu-
lar activities). Many AAA1 ATPases, including DnaA, 

Tandem array of
three 13-bp sequences,

consensus sequence
GATCTNTTNTTTT

Binding sites for DnaA protein,
five 9-bp sequences,
consensus sequence
TT(A/T)TNCACC

DUE R1 IHF R5 I1 I2 R2 FIS R3 I3 R4

FIGURE 25–10 Arrangement of sequences in the E. coli replication origin, 
oriC. Consensus sequences (p. 104) for key repeated elements are shown. 
N represents any of the four nucleotides. The horizontal arrows indicate 
the orientations of the nucleotide sequences (left-to-right arrow denotes 

sequence in top strand; right-to-left, bottom strand). FIS and IHF are bind-
ing sites for proteins described in the text. R sites are bound by DnaA. I 
sites are additional DnaA-binding sites (with different sequences), bound 
by DnaA only when the protein is complexed with ATP.

  Number of 
Protein Mr subunits Function
DnaA protein  52,000 1  Recognizes ori sequence; opens duplex at specific 

 sites in origin

DnaB protein (helicase) 300,000 6* Unwinds DNA

DnaC protein 174,000 6* Required for DnaB binding at origin

HU  19,000 2 Histonelike protein; DNA-binding protein; stimulates 
    initiation

FIS  22,500 2* DNA-binding protein; stimulates initiation

IHF  22,000 2 DNA-binding protein; stimulates initiation

Primase (DnaG protein)  60,000 1 Synthesizes RNA primers

Single-stranded DNA-binding 
 protein (SSB)  75,600 4* Binds single-stranded DNA

DNA gyrase (DNA topoisomerase II) 400,000 4 Relieves torsional strain generated by DNA unwinding

Dam methylase  32,000 1 Methylates (59)GATC sequences at oriC

*Subunits in these cases are identical.

TABLE 25–3 Proteins Required to Initiate Replication at the  E. coli Origin
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Replication Mechanism in E. Coli
Initiation_1: oriC (245 bp) binding for DnaA + 
region called DUE (DNA unwinding element). 
• 8 DnaA + IHF+ FIS: form an helical complex in 

oriC.
• DnaB+ SSB: formation of the replication forks.DNA Metabolism1020

holoenzyme is linked through the ! subunits; additional 
DnaB interactions are described below. As replication 
begins and the DNA strands are separated at the fork, 
many molecules of single-stranded DNA–binding protein 
(SSB) bind to and stabilize the separated strands, and 
DNA gyrase (DNA topoisomerase II) relieves the topo-
logical stress induced ahead of the fork by the unwinding 
reaction.
 Initiation is the only phase of DNA replication that 
is known to be regulated, and it is regulated such that 
replication occurs only once in each cell cycle. The 
mechanism of regulation is not yet entirely understood, 
but genetic and biochemical studies have provided 
insights into several separate regulatory mechanisms.
 Once DNA polymerase III has been loaded onto the 
DNA, along with the " subunits (signaling completion of 
the initiation phase), the protein Hda binds to the " 
subunits and interacts with DnaA to stimulate hydrolysis 
of its bound ATP. Hda is yet another AAA1 ATPase 
closely related to DnaA (its name is derived from homol-
ogous to DnaA). This ATP hydrolysis leads to disassem-
bly of the DnaA complex at the origin. Slow release of 
ADP by DnaA and rebinding of ATP cycles the protein 
between its inactive (with bound ADP) and active (with 
bound ATP) forms on a time scale of 20 to 40 minutes.
 The timing of replication initiation is affected by 
DNA methylation and interactions with the bacterial 
plasma membrane. The oriC DNA is methylated by the 
Dam methylase (Table 25–3), which methylates the N 6 
position of adenine within the palindromic sequence 
(59)GATC. (Dam is not a biochemical expletive; it 
stands for DNA adenine methylation.) The oriC region 
of E. coli is highly enriched in GATC sequences—it 
has 11 of them in its 245 bp, whereas the average 
frequency of GATC in the E. coli chromosome as a 
whole is 1 in 256 bp.
 Immediately after replication, the DNA is hemimethyl-
ated: the parent strands have methylated oriC sequences 

form oligomers and hydrolyze ATP relatively slowly. 
This ATP hydrolysis acts as a switch mediating inter-
conversion of the protein between two states. In the 
case of DnaA, the ATP-bound form is active and the 
ADP-bound form is inactive.
 Eight DnaA protein molecules, all in the ATP-bound 
state, assemble to form a helical complex encompassing 
the R and I sites in oriC (Fig. 25–11). DnaA has a 
higher affinity for the R sites than I sites, and binds R 
sites equally well in its ATP- or ADP-bound form. The I 
sites, which bind only the ATP-bound DnaA, allow dis-
crimination between the active and inactive forms of 
DnaA. The tight right-handed wrapping of the DNA 
around this complex introduces an effective positive 
supercoil (see Chapter 24). The associated strain in the 
nearby DNA leads to denaturation in the APT-rich 
DUE region. The complex formed at the replication 
origin also includes several DNA-binding proteins—HU, 
IHF, and FIS—that facilitate DNA bending.
 The DnaC protein, another AAA1 ATPase, then 
loads the DnaB protein onto the separated DNA strands 
in the denatured region. A hexamer of DnaC, each sub-
unit bound to ATP, forms a tight complex with the 
hexameric, ring-shaped DnaB helicase. This DnaC-
DnaB interaction opens the DnaB ring, the process 
being aided by a further interaction between DnaB and 
DnaA. Two of the ring-shaped DnaB hexamers are 
loaded in the DUE, one onto each DNA strand. The ATP 
bound to DnaC is hydrolyzed, releasing the DnaC and 
leaving the DnaB bound to the DNA.
 Loading of the DnaB helicase is the key step in rep-
lication initiation. As a replicative helicase, DnaB 
migrates along the single-stranded DNA in the 59S39 
direction, unwinding the DNA as it travels. The DnaB 
helicases loaded onto the two DNA strands thus travel in 
opposite directions, creating two potential replication 
forks. All other proteins at the replication fork are linked 
directly or indirectly to DnaB. The DNA polymerase III 

FIGURE 25–11 Model for initiation of replication at the E. coli origin, oriC. 
Eight DnaA protein molecules, each with a bound ATP, bind at the R and I 
sites in the origin (see Fig. 25–10). The DNA is wrapped around this complex, 
which forms a right-handed helical structure. The APT-rich DUE region is 
denatured as a result of the strain imparted by the adjacent DnaA binding. 

Formation of the helical DnaA complex is facilitated by the proteins HU, 
IHF, and FIS, which are not shown here because their detailed structural 
roles have not yet been defined. Hexamers of the DnaB protein bind 
to each strand, with the aid of DnaC protein. The DnaB helicase activity 
further unwinds the DNA in preparation for priming and DNA synthesis.
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Initiation_2
• DNA polymerase III is loaded onto the DNA 

(ATP hydrolysis on DnaA which is released 
from the OriC and vice versa)

• Dam Methylase: methylate sequence (5’)-
GATC and subsequently interaction with 
bacteria plasma membrane

Replication Mechanism in E. Coli
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Elongation leading strand:
• synthesis by primase (DnaG protein) of a short 

(10 to 60 nucleotide) RNA primer at the 
replication origin. DnaG interacts with DnaB
helicase to carry out this reaction, and the primer 
is synthesized in the direction opposite to that in 
which the DnaB helicase is moving. 

• Deoxyribonucleotides are added to this primer by 
a DNA polymerase III complex linked to the DnaB
helicase tethered to the opposite DNA strand. 
Leading strand synthesis then proceeds 
continuously, keeping pace with the unwinding of 
DNA at the replication fork. 

Replication Mechanism in E. Coli
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Elongation lagging strand: 
• an RNA primer is synthesized by primase and, 

as in leading strand synthesis, DNA poly-
merase III binds to the RNA primer and adds 
deoxyribonucleotides in direction 5’è3’;

• the entire complex responsible for 
coordinated DNA synthesis at a replication 
fork is known as the replisome. 
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subunits (the core polymerase) to synthesize the 
leading strand continuously, while the other set of 
core subunits cycles from one Okazaki fragment to the 
next on the looped lagging strand. DnaB helicase, 
bound in front of DNA polymerase III, unwinds the 
DNA at the replication fork (Fig. 25–13a) as it travels 
along the lagging strand template in the 59S39 direc-
tion. DnaG primase occasionally associates with DnaB 
helicase and synthesizes a short RNA primer (Fig. 
25–13b). A new ! sliding clamp is then positioned at 
the primer by the clamp-loading complex of DNA 

polymerase III (Fig. 25–13c). When synthesis of an 
Okazaki fragment has been completed, replication 
halts, and the core subunits of DNA polymerase III 
dissociate from their ! sliding clamp (and from the 
completed Okazaki fragment) and associate with the 
new clamp (Fig. 25–13d, e). This initiates synthesis of 
a new Okazaki fragment. As noted earlier, the entire 
complex responsible for coordinated DNA synthesis at 
a replication fork is known as the replisome. The pro-
teins acting at the replication fork are summarized in 
Table 25–4.

FIGURE 25–13 DNA synthesis on the leading and lagging strands. 
Events at the replication fork are coordinated by a single DNA poly-
merase III dimer, in an integrated complex with DnaB helicase. This fig-
ure shows the replication process already underway (parts (a) through 
(e) are discussed in the text). The lagging strand is looped so that DNA 
synthesis proceeds steadily on both the leading and lagging strand tem-
plates at the same time. Red arrows indicate the 39 end of the two new 
strands and the direction of DNA synthesis. The heavy black arrows 
show the direction of movement of the parent DNA through the com-
plex. An Okazaki fragment is being synthesized on the lagging strand. 
The subunit colors and the functions of the clamp-loading complex are 

explained in Figure 25–14.  DNA Synthesis
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subunits (the core polymerase) to synthesize the 
leading strand continuously, while the other set of 
core subunits cycles from one Okazaki fragment to the 
next on the looped lagging strand. DnaB helicase, 
bound in front of DNA polymerase III, unwinds the 
DNA at the replication fork (Fig. 25–13a) as it travels 
along the lagging strand template in the 59S39 direc-
tion. DnaG primase occasionally associates with DnaB 
helicase and synthesizes a short RNA primer (Fig. 
25–13b). A new ! sliding clamp is then positioned at 
the primer by the clamp-loading complex of DNA 

polymerase III (Fig. 25–13c). When synthesis of an 
Okazaki fragment has been completed, replication 
halts, and the core subunits of DNA polymerase III 
dissociate from their ! sliding clamp (and from the 
completed Okazaki fragment) and associate with the 
new clamp (Fig. 25–13d, e). This initiates synthesis of 
a new Okazaki fragment. As noted earlier, the entire 
complex responsible for coordinated DNA synthesis at 
a replication fork is known as the replisome. The pro-
teins acting at the replication fork are summarized in 
Table 25–4.

FIGURE 25–13 DNA synthesis on the leading and lagging strands. 
Events at the replication fork are coordinated by a single DNA poly-
merase III dimer, in an integrated complex with DnaB helicase. This fig-
ure shows the replication process already underway (parts (a) through 
(e) are discussed in the text). The lagging strand is looped so that DNA 
synthesis proceeds steadily on both the leading and lagging strand tem-
plates at the same time. Red arrows indicate the 39 end of the two new 
strands and the direction of DNA synthesis. The heavy black arrows 
show the direction of movement of the parent DNA through the com-
plex. An Okazaki fragment is being synthesized on the lagging strand. 
The subunit colors and the functions of the clamp-loading complex are 

explained in Figure 25–14.  DNA Synthesis
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subunits (the core polymerase) to synthesize the 
leading strand continuously, while the other set of 
core subunits cycles from one Okazaki fragment to the 
next on the looped lagging strand. DnaB helicase, 
bound in front of DNA polymerase III, unwinds the 
DNA at the replication fork (Fig. 25–13a) as it travels 
along the lagging strand template in the 59S39 direc-
tion. DnaG primase occasionally associates with DnaB 
helicase and synthesizes a short RNA primer (Fig. 
25–13b). A new ! sliding clamp is then positioned at 
the primer by the clamp-loading complex of DNA 

polymerase III (Fig. 25–13c). When synthesis of an 
Okazaki fragment has been completed, replication 
halts, and the core subunits of DNA polymerase III 
dissociate from their ! sliding clamp (and from the 
completed Okazaki fragment) and associate with the 
new clamp (Fig. 25–13d, e). This initiates synthesis of 
a new Okazaki fragment. As noted earlier, the entire 
complex responsible for coordinated DNA synthesis at 
a replication fork is known as the replisome. The pro-
teins acting at the replication fork are summarized in 
Table 25–4.

FIGURE 25–13 DNA synthesis on the leading and lagging strands. 
Events at the replication fork are coordinated by a single DNA poly-
merase III dimer, in an integrated complex with DnaB helicase. This fig-
ure shows the replication process already underway (parts (a) through 
(e) are discussed in the text). The lagging strand is looped so that DNA 
synthesis proceeds steadily on both the leading and lagging strand tem-
plates at the same time. Red arrows indicate the 39 end of the two new 
strands and the direction of DNA synthesis. The heavy black arrows 
show the direction of movement of the parent DNA through the com-
plex. An Okazaki fragment is being synthesized on the lagging strand. 
The subunit colors and the functions of the clamp-loading complex are 

explained in Figure 25–14.  DNA Synthesis
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subunits (the core polymerase) to synthesize the 
leading strand continuously, while the other set of 
core subunits cycles from one Okazaki fragment to the 
next on the looped lagging strand. DnaB helicase, 
bound in front of DNA polymerase III, unwinds the 
DNA at the replication fork (Fig. 25–13a) as it travels 
along the lagging strand template in the 59S39 direc-
tion. DnaG primase occasionally associates with DnaB 
helicase and synthesizes a short RNA primer (Fig. 
25–13b). A new ! sliding clamp is then positioned at 
the primer by the clamp-loading complex of DNA 

polymerase III (Fig. 25–13c). When synthesis of an 
Okazaki fragment has been completed, replication 
halts, and the core subunits of DNA polymerase III 
dissociate from their ! sliding clamp (and from the 
completed Okazaki fragment) and associate with the 
new clamp (Fig. 25–13d, e). This initiates synthesis of 
a new Okazaki fragment. As noted earlier, the entire 
complex responsible for coordinated DNA synthesis at 
a replication fork is known as the replisome. The pro-
teins acting at the replication fork are summarized in 
Table 25–4.

FIGURE 25–13 DNA synthesis on the leading and lagging strands. 
Events at the replication fork are coordinated by a single DNA poly-
merase III dimer, in an integrated complex with DnaB helicase. This fig-
ure shows the replication process already underway (parts (a) through 
(e) are discussed in the text). The lagging strand is looped so that DNA 
synthesis proceeds steadily on both the leading and lagging strand tem-
plates at the same time. Red arrows indicate the 39 end of the two new 
strands and the direction of DNA synthesis. The heavy black arrows 
show the direction of movement of the parent DNA through the com-
plex. An Okazaki fragment is being synthesized on the lagging strand. 
The subunit colors and the functions of the clamp-loading complex are 

explained in Figure 25–14.  DNA Synthesis
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subunits (the core polymerase) to synthesize the 
leading strand continuously, while the other set of 
core subunits cycles from one Okazaki fragment to the 
next on the looped lagging strand. DnaB helicase, 
bound in front of DNA polymerase III, unwinds the 
DNA at the replication fork (Fig. 25–13a) as it travels 
along the lagging strand template in the 59S39 direc-
tion. DnaG primase occasionally associates with DnaB 
helicase and synthesizes a short RNA primer (Fig. 
25–13b). A new ! sliding clamp is then positioned at 
the primer by the clamp-loading complex of DNA 

polymerase III (Fig. 25–13c). When synthesis of an 
Okazaki fragment has been completed, replication 
halts, and the core subunits of DNA polymerase III 
dissociate from their ! sliding clamp (and from the 
completed Okazaki fragment) and associate with the 
new clamp (Fig. 25–13d, e). This initiates synthesis of 
a new Okazaki fragment. As noted earlier, the entire 
complex responsible for coordinated DNA synthesis at 
a replication fork is known as the replisome. The pro-
teins acting at the replication fork are summarized in 
Table 25–4.

FIGURE 25–13 DNA synthesis on the leading and lagging strands. 
Events at the replication fork are coordinated by a single DNA poly-
merase III dimer, in an integrated complex with DnaB helicase. This fig-
ure shows the replication process already underway (parts (a) through 
(e) are discussed in the text). The lagging strand is looped so that DNA 
synthesis proceeds steadily on both the leading and lagging strand tem-
plates at the same time. Red arrows indicate the 39 end of the two new 
strands and the direction of DNA synthesis. The heavy black arrows 
show the direction of movement of the parent DNA through the com-
plex. An Okazaki fragment is being synthesized on the lagging strand. 
The subunit colors and the functions of the clamp-loading complex are 

explained in Figure 25–14.  DNA Synthesis
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 The clamp-loading complex of DNA polymerase III, 
consisting of parts of the two ! subunits along with the 
", #, and #9 subunits, is also an AAA1 ATPase. This 
complex binds to ATP and to the new $ sliding clamp. 
The binding imparts strain on the dimeric clamp, open-
ing up the ring at one subunit interface (Fig. 25–14). 
The newly primed lagging strand is slipped into the ring 
through the resulting break. The clamp loader then 
hydrolyzes ATP, releasing the $ sliding clamp and 
allowing it to close around the DNA.
 The replisome promotes rapid DNA synthesis, add-
ing ,1,000 nucleotides/s to each strand (leading and 
lagging). Once an Okazaki fragment has been completed, 
its RNA primer is removed and replaced with DNA by 
DNA polymerase I, and the remaining nick is sealed by 
DNA ligase (Fig. 25–15).
 DNA ligase catalyzes the formation of a phospho-
diester bond between a 39 hydroxyl at the end of one 
DNA strand and a 59 phosphate at the end of another 
strand. The phosphate must be activated by adenyl-
ylation. DNA ligases isolated from viruses and eukary-
otes use ATP for this purpose. DNA ligases from 
bacteria are unusual in that many use NAD!—a 
cofactor that usually functions in hydride transfer 
reactions (see Fig. 13–24)—as the source of the AMP 
activating group (Fig. 25–16). DNA ligase is another 
enzyme of DNA metabolism that has become an 

  Number of 
Protein Mr subunits Function
SSB  75,600  4 Binding to single-stranded DNA

DnaB protein (helicase) 300,000  6 DNA unwinding; primosome constituent

Primase (DnaG protein)  60,000  1 RNA primer synthesis; primosome constituent

DNA polymerase III 791,500 17 New strand elongation

DNA polymerase I 103,000  1 Filling of gaps; excision of primers

DNA ligase  74,000  1 Ligation

DNA gyrase (DNA topoisomerase II) 400,000  4 Supercoiling

Source: Modified from Kornberg, A. (1982) Supplement to DNA Replication, Table S11-2, W. H. Freeman and Company, New York.

TABLE 25–4 Proteins of the E. coli Replisome

FIGURE 25–14 The DNA polymerase III clamp loader. 
The five subunits of the clamp-loading complex are 
the ", #, and #9 subunits and the amino-terminal 
domain of each ! subunit (see Fig. 25–9). The com-
plex binds to three molecules of ATP and to a dimeric 
$ clamp. This binding forces the $ clamp open at one 
of its two subunit interfaces. Hydrolysis of the bound 
ATP allows the $ clamp to close again around the 
DNA.

5!

FIGURE 25–15 Final steps in the synthesis of lagging strand segments. 
RNA primers in the lagging strand are removed by the 59S39 exonucle-
ase activity of DNA polymerase I and are replaced with DNA by the 
same enzyme. The remaining nick is sealed by DNA ligase. The role of 
ATP or NAD! is shown in Figure 25–16. 

important reagent in recombinant DNA experiments 
(see Fig. 9–1).

Termination Eventually, the two replication forks of the 
circular E. coli chromosome meet at a terminus region 
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Termination:
• Terminus region called Ter+ Tus (terminus utilization 

substance), this complex is preset only in one strand.
• replication forks halt when they meet each other:

one fork stop when interact with the Ter+Tus
complex, then the other fork stop when meet the 
first already halted fork.

• The final few hundred base pairs of DNA between 
these large protein complexes are then replicated 
completing two topologically interlinked circular 
chromosomes(catenases). 

Replication Mechanism in E. Coli
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topoisomerase IV (a type II topoisomerase). The sepa-
rated chromosomes then segregate into daughter cells 
at cell division. The terminal phase of replication of 
other circular chromosomes, including many of the 
DNA viruses that infect eukaryotic cells, is similar.

Replication in Eukaryotic Cells Is Similar 
but More Complex
The DNA molecules in eukaryotic cells are considerably 
larger than those in bacteria and are organized into 
complex nucleoprotein structures (chromatin; p. 994). 
The essential features of DNA replication are the same 

in eukaryotes and bacteria, and many of the protein 
complexes are functionally and structurally conserved. 
However, eukaryotic replication is regulated and coordi-
nated with the cell cycle, introducing some additional 
complexities.
 Origins of replication have a well-characterized 
structure in some lower eukaryotes, but they are much 
less defined in higher eukaryotes. In vertebrates, a vari-
ety of APT-rich sequences may be used for replication 
initiation, and the sites may vary from one cell division 
to the next. Yeast (Saccharomyces cerevisiae) has 
defined replication origins called autonomously replicat-
ing sequences (ARS), or replicators. Yeast replicators 
span ,150 bp and contain several essential, conserved 
sequences. About 400 replicators are distributed among 
the 16 chromosomes of the haploid yeast genome.
 Regulation ensures that all cellular DNA is repli-
cated once per cell cycle. Much of this regulation involves 
proteins called cyclins and the cyclin-dependent kinases 
(CDKs) with which they form complexes (p. 484). The 
cyclins are rapidly destroyed by ubiquitin-dependent 
proteolysis at the end of the M phase (mitosis), and the 
absence of cyclins allows the establishment of pre-
replicative complexes (pre-RCs) on replication ini-
tiation sites. In rapidly growing cells, the pre-RC forms 
at the end of M phase. In slow-growing cells, it does not 
form until the end of G1. Formation of the pre-RC ren-
ders the cell competent for replication, an event some-
times called licensing.
 As in bacteria, the key event in the initiation of 
replication in all eukaryotes is the loading of the repli-
cative helicase, a heterohexameric complex of mini-
chromosome maintenance (MCM) proteins (MCM2 
to MCM7). The ring-shaped MCM2–7 helicase, function-
ing much like the bacterial DnaB helicase, is loaded onto 
the DNA by another six-protein complex called ORC 
(origin recognition complex) (Fig. 25–19). ORC 
has five AAA1 ATPase domains among its subunits and 
is functionally analogous to the bacterial DnaA. Two 
other proteins, CDC6 (cell division cycle) and CDT1 
(CDC10-dependent transcript 1), are also required to 
load the MCM2–7 complex, and the yeast CDC6 is 
another AAA1 ATPase.
 Commitment to replication requires the synthesis 
and activity of S-phase cyclin-CDK complexes (such as 
the cyclin E–CDK2 complex; see Fig. 12–46) and CDC7-
DBF4. Both types of complexes help to activate replica-
tion by binding to and phosphorylating several proteins in 
the pre-RC. Other cyclins and CDKs function to inhibit 
the formation of more pre-RC complexes once replica-
tion has been initiated. For example, CDK2 binds to 
cyclin A as cyclin E levels decline during S phase, inhibit-
ing CDK2 and preventing the licensing of additional 
pre-RC complexes.
 The rate of movement of the replication fork in 
eukaryotes (,50 nucleotides/s) is only one-twentieth 
that observed in E. coli. At this rate, replication of an 
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FIGURE 25–18 Role of topoisomerases in replication termination. Rep-
lication of the DNA separating opposing replication forks leaves the 
completed chromosomes joined as catenanes, or topologically inter-
linked circles. The circles are not covalently linked, but because they are 
interwound and each is covalently closed, they cannot be separated—
except by the action of topoisomerases. In E. coli, a type II topoisomer-
ase known as DNA topoisomerase IV plays the primary role in the sepa-
ration of catenated chromosomes, transiently breaking both DNA 
strands of one chromosome and allowing the other chromosome to pass 
through the break.
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topoisomerase IV (a type II topoisomerase). The sepa-
rated chromosomes then segregate into daughter cells 
at cell division. The terminal phase of replication of 
other circular chromosomes, including many of the 
DNA viruses that infect eukaryotic cells, is similar.

Replication in Eukaryotic Cells Is Similar 
but More Complex
The DNA molecules in eukaryotic cells are considerably 
larger than those in bacteria and are organized into 
complex nucleoprotein structures (chromatin; p. 994). 
The essential features of DNA replication are the same 

in eukaryotes and bacteria, and many of the protein 
complexes are functionally and structurally conserved. 
However, eukaryotic replication is regulated and coordi-
nated with the cell cycle, introducing some additional 
complexities.
 Origins of replication have a well-characterized 
structure in some lower eukaryotes, but they are much 
less defined in higher eukaryotes. In vertebrates, a vari-
ety of APT-rich sequences may be used for replication 
initiation, and the sites may vary from one cell division 
to the next. Yeast (Saccharomyces cerevisiae) has 
defined replication origins called autonomously replicat-
ing sequences (ARS), or replicators. Yeast replicators 
span ,150 bp and contain several essential, conserved 
sequences. About 400 replicators are distributed among 
the 16 chromosomes of the haploid yeast genome.
 Regulation ensures that all cellular DNA is repli-
cated once per cell cycle. Much of this regulation involves 
proteins called cyclins and the cyclin-dependent kinases 
(CDKs) with which they form complexes (p. 484). The 
cyclins are rapidly destroyed by ubiquitin-dependent 
proteolysis at the end of the M phase (mitosis), and the 
absence of cyclins allows the establishment of pre-
replicative complexes (pre-RCs) on replication ini-
tiation sites. In rapidly growing cells, the pre-RC forms 
at the end of M phase. In slow-growing cells, it does not 
form until the end of G1. Formation of the pre-RC ren-
ders the cell competent for replication, an event some-
times called licensing.
 As in bacteria, the key event in the initiation of 
replication in all eukaryotes is the loading of the repli-
cative helicase, a heterohexameric complex of mini-
chromosome maintenance (MCM) proteins (MCM2 
to MCM7). The ring-shaped MCM2–7 helicase, function-
ing much like the bacterial DnaB helicase, is loaded onto 
the DNA by another six-protein complex called ORC 
(origin recognition complex) (Fig. 25–19). ORC 
has five AAA1 ATPase domains among its subunits and 
is functionally analogous to the bacterial DnaA. Two 
other proteins, CDC6 (cell division cycle) and CDT1 
(CDC10-dependent transcript 1), are also required to 
load the MCM2–7 complex, and the yeast CDC6 is 
another AAA1 ATPase.
 Commitment to replication requires the synthesis 
and activity of S-phase cyclin-CDK complexes (such as 
the cyclin E–CDK2 complex; see Fig. 12–46) and CDC7-
DBF4. Both types of complexes help to activate replica-
tion by binding to and phosphorylating several proteins in 
the pre-RC. Other cyclins and CDKs function to inhibit 
the formation of more pre-RC complexes once replica-
tion has been initiated. For example, CDK2 binds to 
cyclin A as cyclin E levels decline during S phase, inhibit-
ing CDK2 and preventing the licensing of additional 
pre-RC complexes.
 The rate of movement of the replication fork in 
eukaryotes (,50 nucleotides/s) is only one-twentieth 
that observed in E. coli. At this rate, replication of an 
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FIGURE 25–18 Role of topoisomerases in replication termination. Rep-
lication of the DNA separating opposing replication forks leaves the 
completed chromosomes joined as catenanes, or topologically inter-
linked circles. The circles are not covalently linked, but because they are 
interwound and each is covalently closed, they cannot be separated—
except by the action of topoisomerases. In E. coli, a type II topoisomer-
ase known as DNA topoisomerase IV plays the primary role in the sepa-
ration of catenated chromosomes, transiently breaking both DNA 
strands of one chromosome and allowing the other chromosome to pass 
through the break.
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Replication in Eukaryotic Cells
• The DNA molecules in eukaryotic cells are 

considerably larger than those in bacteria and are 
organized into complex nucleoprotein structures 
(chromatin); 

• eukaryotic replication is regulated and coordi-
nated with the cell cycle 

• Origins of replication have a well-characterized 
structure in some lower eukaryotes, but they are 
much less defined in higher eukaryotes. In 
vertebrates, a variety of A=T-rich sequences may 
be used for replication initiation, and the sites may 
vary from one cell division to the next. 
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• Regulation ensures that all cellular DNA is repli-
cated once per cell cycle. Much of this regulation 
involves proteins called cyclins and the cyclin-
dependent kinases (CDKs) with which they form 
complexes. The cyclins are rapidly destroyed by 
ubiquitin-dependent proteolysis at the end of 
the M phase (mitosis), and the absence of cyclins
allows the establishment of prereplicative
complexes (pre-RCs) on replication initiation 
sites. 

Replication in Eukaryotic Cells
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• Speed of replication is 1/20(th) than e 
prokaryotes, and is bidirectional from many 
origins.

• The initiation of replication is similar to that 
eukaryotes through ORC (origin recognition 
complex).

• Eukaryotes have several types of DNA 
polymerases (nuclear and mitochondrial DNA) 

Replication in Eukaryotic Cells
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• DNA polymerase a: is typically a multisubunit
enzyme with similar structure and properties in 
all eukaryotic cells. One subunit has a primase
activity, and the largest subunit (Mr = 180,000) 
contains the polymerization activity, is believed
to function only in the synthesis of short prim-
ers (either RNA or DNA) for Okazaki fragments
on the lagging strand. 

Replication in Eukaryotic Cells
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• DNA polymerase d: forms complex with 
proliferating cell nuclear antigen (PCNA; Mr= 
29,000). PCNA is remarkably similar to that of 
the b subunit of E. coli DNA polymerase III. 
DNA polymerase d has a 3’è 5’ proofreading 
exonuclease activity and seems to carry out 
both leading and lagging strand synthesis in a 
complex comparable to the dimeric bacterial 
DNA polymerase III. 

Replication in Eukaryotic Cells
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• DNA polymerase e: replaces DNA polymerase 
d in some situations, such as in DNA repair. 
DNA polymerase e may also function at the 
replication fork, perhaps playing a role 
analogous to that of the bacterial DNA 
polymerase I, removing the primers of Okazaki 
fragments on the lagging strand. 

• Termination occurs through the telomers.

Replication in Eukaryotic Cells
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