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1. Overview

Complete and faithful duplication of the cellular genome is a fundamental life process as the
genetic information is passed from one generation to the next. The 4.2 Mb genome of E. coli
is duplicated within 40 minutes with a precision of only one misincorporated base per 107
nucleotides. This extremely rapid and highly accurate process requires a dynamic interplay
of many different subunits that orchestrate replication in a remarkable way.

Replication of the E. coli circular genome is initiated at a single origin of replication upon
which two replisomes assemble to produce replication forks that travel in opposite
directions. Each replication fork contains multiple proteins that function in a very dynamic
fashion to copy both strands of the parental duplex. Replication is initiated by the action of
primase, which synthesizes short RNA primers that are extended by a heterotrimeric DNA
polymerase (as6), called “Pol Il core.” A multiprotein clamp loader complex (yt268 yy)
assembles the 3 sliding clamp on primed sites and tethers Pol I11 core to DNA for processive
synthesis through direct interaction with the a subunit of DNA polymerase. The clamp
loader also couples two DNA polymerases through interactions of Pol 111 core with the two
T subunits. Two Pol 111 cores associated with one clamp loader forms the large complex
called “Pol 111*.” The < subunits of Pol I11* also interact with the DnaB helicase that travels
ahead of the replicative polymerase and unwinds the parental DNA duplex (Fig. 1).

The anti-parallel orientation of the two strands of duplex DNA imposes significant
geometric constraints on the mechanism of replication fork progression. This is mainly
because all known DNA polymerases synthesize DNA exclusively in the 5/-3’ direction.
Therefore, only one strand of the DNA duplex can be synthesized continuously in the
direction of the moving replication fork (leading strand), whereas the other strand (lagging
strand) must be synthesized in the opposite direction as a discontinuous series of short 1-2
kb Okazaki fragments.

This chapter will describe the components of the E. coli replisome and the dynamic process
in which they function and interact under normal conditions. We will also briefly describe
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the behavior of the replisome during situations in which normal replication fork movement
is disturbed, such as when the replication fork collides with sites of DNA damage.

2. The E. coli Pol Il holoenzyme

Pol Il core

The E. coli DNA polymerase I11 (Pol I11) was first isolated from a mutant E. coli strain

(pol A7) that lacked the relatively abundant DNA polymerase | (89). Further biochemical
studies, and the use of double mutant strains, revealed Pol 111 to be the replicative DNA
polymerase essential to cell viability (48). A large multisubunit form of Pol 111, referred to as
Pol 111 holoenzyme (Pol 111 H.E.) was discovered soon after (109, 170). The multisubunit
composition of Pol 111 H.E. endows it with special properties that distinguish it from other
DNA polymerases and transforms Pol 111 into a unique enzyme, capable of very rapid and
processive DNA synthesis needed for replication of the large E. coli genome (108). Studies
of the properties of the Pol Il H.E. have elucidated principle mechanisms of DNA
replication which are conserved in all bacteria as well as in eukaryotes and archaea (65).

Pol 111 H.E. functions as a large macromolecular machine consisting of 10 distinct subunits
that assort into three functional components (Fig. 1): DNA polymerase 111 core (Pol 111
core), the clamp loader complex (y complex) and the -sliding clamp. Pol 111 core is a
heterotrimer that contains the DNA polymerase (a subunit), the proofreading 3’-5
exonuclease activity (e subunit) and the © subunit. The clamp loader complex (yt288 )
assembles the ring shaped B-sliding clamp onto DNA which then binds to Pol 111 core and
tethers it to DNA for highly processive synthesis. The clamp loader utilizes the energy of
ATP hydrolysis to assemble the f sliding clamp onto a primed site. The clamp loader also
binds two molecules of Pol 111 core for simultaneous duplication of both strands of duplex
DNA, as described later in this chapter. Overall, Pol 11l H.E. is a remarkably efficient
enzyme that extends DNA at a speed of at least 650 nucleotides (nts)/s with a processivity of
several thousand bases and an error rate of only 1 misincorporated base for every 107
incorporated basepair (bp) (88).

The 10 subunit Pol 111 H.E. can be efficiently reconstituted in vitro using purified
components and can function in the context of a replisome with DnaB helicase and primase.
The simpler bacteriophage replication machineries (bacteriophages T4 and T7) have also
been successfully reconstituted and have taught us an enormous amount of what is known
about replisome function (56, 162). Each of these systems display coupled leading and
lagging strand synthesis on model replication fork substrates and have elucidated numerous
mechanisms that operate at replication forks.

Pol 111 core is a 1:1:1 heterotrimer consisting of the DNA polymerase a subunit, the €
proofreading 3’-5’ exonuclease subunit, and the small 6 subunit (106, 111, 137). The a
subunit of Pol 111 core is a member of the C-family of DNA polymerases, which are found
exclusively in eubacteria and do not share sequence similarity with other canonical DNA
polymerases. The a subunit is organized into three functional regions (Fig. 2A). The central
region harbors the catalytic core, whereas the N- and C-terminal regions contain domains
required for interaction with other proteins. The N-terminal region of bacterial a also
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contains a conserved PHP (polymerase and histidinol phosphatase) domain which has been
demonstrated to harbor a 3'-5” exonuclease activity in a thermophilic a subunit (145). In the
E. coli Pol 111 core, the PHP domain interacts with the £ 3’-5” exonuclease subunit (171),
thereby linking the polymerase with the exonuclease function. The region required for
catalysis of DNA synthesis comprises the largest part of the protein and contains the three
conserved aspartate residues (Asp401, Asp403, Asp555) that function to coordinate two
Mg?2* ions for the two-metal catalyzed reaction of nucleotide incorporation (130), a
mechanism observed in all DNA polymerases (148). The C-terminal region of a contains an
OB-fold flanked by B binding motifs: an internal § binding motif (residues 920-924) and a
C-terminal p binding motif (1154-1160) (31, 34, 102). The internal p binding motif is
essential for processive DNA replication, whereas deletion of the C-terminal §§ binding site
reduces B binding and Pol 111 processivity by approximately 4-fold, indicating that although
this B binding motif is not essential, it contributes to polymerase function (34, 92). Genetic
studies support these data by indicating a functional role of the C-terminal § binding site in
vivo. Interaction of the a subunit with the © subunit of the clamp loader also occurs within
the C terminal 48 amino acids (81), which is important to replisome architecture and
function. The OB-domain in the C-terminal region of a is required for processive function
of a with the B-sliding clamp (92).

The recently solved crystal structures of the a subunits from E. coli (92) and Thermus
aquaticus (7) reveal that the catalytic region assumes the shape of a right hand, with fingers,
palm and thumb domains, an organization observed for all DNA polymerases (21) (Fig. 3).
The three domains form a deep cleft, with the active site located in the palm domain at the
bottom of the cleft. Structures of other DNA polymerases show that the fingers domain
interacts with the incoming dNTP and the single strand DNA template, while the thumb
domain guides the nascent DNA duplex product as it leaves the active site (35, 80, 147).
Surprisingly, the detailed structural topology of the palm domain of Pol Il of « is strikingly
different from members of most other DNA polymerase families and reveals that the Pol 111
a C family polymerase is structurally related to the Pol B-like nucleotidyltransferase
superfamily X. Pol 111 a also has a much more extensive fingers domain than other DNA
polymerases that consists of four distinct sub-domains (i.e., four fingers). A signature Boa
structural motif, which is also observed in Pol I, is present within the palm domain
suggesting an evolutionary link between Pol 111 and Pol I. The C-terminal region of a, which
contains the two f binding motifs and the OB-domain, extends outward from the fingers
domain (see Fig. 3).

Biochemical characterization of the synthesis rate of the isolated a subunit revealed that it is
quite slow (8 nt/s) compared to Pol I11 H.E. (650 nt/s) (106). The assembly with the &
subunit stimulates the polymerization rate of a (20 nt/s) and increases fidelity 80-fold (104,
105). Interestingly, the € subunit also greatly stimulates the processivity of Pol 11l H.E. from
approximately 1.5 kb to 50 kb (150), implying that € contributes to replication speed, fidelity
and stability of the moving polymerase.

The € subunit is comprised of two domains (Fig. 2 A). The 185- residue N-terminal domain
of € contains the exonuclease active site and the 6-binding region, and the C-terminal
domain (187-243) interacts with the a subunit (127, 155). The structure of the N-terminal
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proofreading domain shows a high degree of similarity to other DNA polymerase-associated
exonucleases (33, 55). Like other proofreading nucleases, the £ exonuclease activity has a
preference for single strand DNA and thus is much more active on a 3’ mismatched primer
terminus compared to a fully base-paired primed site (23). As observed with proofreading
nucleases of other DNA polymerases, the rate limiting step in the exonuclease reaction is the
melting of the duplex DNA to generate a single strand DNA necessary to reach the
exonucleolytic site (i.e., about 3 nucleotides) (114). Interestingly, the presence of the a
polymerase subunit does not affect the specificity of ¢ in proofreading, but it stimulates the &
exonuclease activity, most likely by stabilizing the binding of € to the DNA substrate via
interaction of a with DNA (105, 114). In conclusion, cooperative interaction of the a
polymerase and the € exonuclease subunits are essential for efficient and faithful DNA
replication.

Most other types of DNA polymerases contain the polymerase and exonuclease active sites
on the same polypeptide. It is not known why the 3’5" exonuclease of Pol 111 core is
contained on a separate subunit from the DNA polymerase. One may speculate that this
organization allows the & exonuclease to depart from the a DNA polymerase subunit in
situations where proofreading may inhibit forward progression of a, for instance to move
across a site of DNA damage. Alternatively, the primordial proofreading exonuclease may
have been relegated exclusively to the PHP domain, and the recruitment of the more
efficient € exonuclease subunit could be an evolutionary adaptation to enhance speed and
fidelity of the Pol 111 holoenzyme.

The function of the small 6 subunit is not yet understood. Deletion of the gene encoding 6
(holE) does not affect cell viability (142), but in vitro and in vivo experiments imply a slight
stabilization and stimulation of the & exonuclease activity by 6 (151, 155). The solution
structure of O reveals a chain fold that resembles the DNA-interacting domain of eukaryotic
DNA polymerase p (78). However, 0 has not been demonstrated to bind DNA and does not
appear to directly interact with the a subunit (151).

The B sliding clamp
In vivo, the two bidirectional replication forks need to move at a speed of approximately 800
nt/s to completely replicate the 4.2 Mb genome within a 40 min cell cycle. This compares
favorably with the value of 650 nt/s obtained from DNA combing studies used to determine
the speed of replication forks (22). However, the slow rate of Pol 111 core (20 nt/s) would
require hours for the genome to be replicated. Pol 111 core therefore depends on additional
proteins, which convert the polymerase into a fast and highly processive enzyme. This task
is performed by the f sliding clamp, which binds directly to Pol 111 core (91) and holds the
polymerase to DNA for high speed (0.5 — 1kb/s) and processivity (>50 kb) during chain
extension (121).

The B sliding clamp is a homodimer that adopts a donut shaped ring structure and encircles
duplex DNA (87) (Fig. 4A). The two monomers are arranged in a head-to-tail fashion. Each
monomer consists of three globular domains and all three domains have the same chain-
folding pattern. Therefore, the circular § dimer exhibits a six-fold pseudosymmetry. The
outside perimeter of {3 is a continuous layer of an antiparallel 3 sheet structure and the inside
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cavity is lined with 12 o helices (Fig. 4A). The head-to-tail arrangement of the two
protomers produces two structurally distinct faces. The C-terminal face contains the binding
site for all proteins that bind B, including the 5 E. coli DNA polymerases, which pull the
sliding clamp behind them during DNA synthesis (Fig. 1).

Structural data reveal that the B ring has an outside diameter of approximately 80 A, and an
inner diameter of about 35 A, which is sufficiently large to accommodate an A or B form
double helix (87). The overall charge of j is negative, but the a-helices that line the central
cavity carry a net positive charge. A recent structure of § in complex with a primed DNA
template demonstrates that (3 directly interacts with DNA and is tilted on DNA at a 22° angle
(49). This tilt of p on DNA allows direct contacts of § with both strands of duplex DNA
(Fig. 4B). The single strand DNA template interacts with a hydrophobic pocket located
between domains 2 and 3 of B. This hydrophobic pocket is the protein binding site used by
all DNA polymerases (Pol I, 11, 111, 1V, V) and DNA repair factors (MutS, MutL, ligase) that
interact with the clamp (31, 101, 103). It seems possible that when the 3 clamp is assembled
at a primed site, the interaction between 3 and single strand DNA may hold the clamp in
place at the 3’ primed template junction until Pol 111 is recruited to the loaded  clamp.

The B clamp is a homodimer and therefore has two identical protein binding sites. As Pol 111
a subunit contains two B binding motifs within the C-terminal region of a, one DNA
polymerase 111 may connect to both sites on the  dimer as illustrated in Fig. 4C. Consistent
with the a-p model of Fig. 4C is the location of the internal § binding motif of « at the tip of
the last finger. In addition, modeling of DNA into the palm domain of a predicts that about
two dozen base pairs (bp) exist between the 3’ terminus and the far side of the  clamp,
consistent with previous studies indicating that 22—24 bp are required for a to function with
{3 (183). Another possible scenario in which the two protein binding pockets in one 3 dimer
are occupied is one in which two different polymerase molecules occupy the two protomers
of the same  dimer. For example, the DNA damage inducible polymerases Pol I1, Pol IV
and Pol V interact with [ at the same site to which Pol 111 binds. Thus, two different
polymerases may interact with one sliding clamp simultaneously. In this case, only one
DNA polymerase can be “active” at any given time since there is only one DNA molecule
inside the clamp. In situations when Pol 111 stalls, for example upon encountering a site of
DNA damage, a low fidelity DNA polymerase could be present on the same B clamp and
take control of the primer/template to facilitate the replication fork advance over a DNA
lesion. Once the lesion is passed, the high fidelity Pol 11l may resume rapid, accurate and
processive synthesis with . Another situation, in which multiple enzymes bound to one
clamp may be useful, could occur during repair of DNA lesions. VVarious repair enzymes,
including Pol I, DNA ligase, MutS and MutL, interact with the sliding clamp independent of
replication (101, 103). Sequence comparisons of proteins that bind 3 reveal a consensus
sequence QL[S/D]LF (31, 101, 103, 172). Overall, it has become clear that 3 is a platform
for a variety of proteins involved in several DNA metabolic processes, in addition to serving
as a processivity factor during chromosomal DNA replication. A more detailed discussion
about different DNA polymerases that interact with 3 and how they function to reactivate
stalled replication forks is presented in section 3 of this chapter.
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The p dimer is quite stable on DNA and exhibits a half-life of dissociation from DNA of
approximately 100 min at 37°C (184). This high degree of stability may be enabled by the
continuous layer of B sheet that extends around the entire ring, including the dimer interfaces
(Fig. 4). The dimer interface also involves several electrostatic and hydrophobic interactions
(87). During clamp loading of B onto DNA, one of the dimer interfaces is broken for the
opened ring to be placed around DNA (164). This process is mediated by the clamp loader,
which uses the energy of ATP hydrolysis to assemble 5 onto DNA as described in the
section to follow.

The y complex clamp loader

The E. coli y complex clamp loader is a multisubunit protein complex (yt,68"wy) that also
serves as architectural role in the assembly and organization of the replisome (68, 70). The
clamp loader binds to Pol 111 core, DnaB helicase, the 5 clamp, SSB and DNA. It has
become clear that these multiple connections play critical roles during DNA replication, and
that the function of the clamp loader extends far beyond the primary function of sliding
clamp assembly. As illustrated in Fig. 1, the v complex physically connects the leading and
lagging strand Pol Il cores through direct interactions with the two < subunits of the clamp
loader. The < subunits also interact with the DnaB helicase, thereby coordinating the
unwinding activity with DNA synthesis. In addition, the clamp loader binds to SSB (via the
x subunit) and is involved in the recycling of the lagging strand polymerase. This section
will describe the biochemical and structural features of the clamp loader, and relate these
features to the different functions of the clamp loader during DNA replication.

The two smallest subunits, v and y of the E. coli y complex are not required for clamp
loading, but stabilize the complex through interaction of the yy complex with vy (45, 124,
178). This occurs most likely through a conserved flexible region within v as revealed by
the crystal structure of the y—y complex (53). The v subunit binds to y, which directly
contacts the single strand DNA binding protein (SSB) that coats the unwound lagging strand
and prevents secondary structure formation (1, 141, 178). The x-SSB interaction mainly
contributes to the stability and processivity of the polymerase during elongation (50, 77).

Interestingly, the dnaX gene encodes two proteins, t and v (40, 41, 86, 116) (Fig. 2B). The
shorter vy subunit (47 kDa) derives from a translational frameshift of the full length t protein
(71 kDa) and therefore lacks the 24 kDa C-terminal residues of t. The unique 24 kDa region
of t consists of two additional domains, IV and V, which mediate important contacts with
the DnaB helicase and Pol 111 core (30, 46, 47). Domain IV harbors the binding site for the
DnaB helicase (46). This interaction is crucial for stimulation of the helicase activity,
increasing the rate of unwinding from about 35 bp/s to the rapid rate required for fork
movement in vivo (82, 187). The a subunit of Pol 111 core interacts with domain V of t (47),
and the presence of two < subunits in one y complex enables coupling of two molecules of
Pol 111 core, one responsible for leading and the other for lagging strand synthesis (19, 121).
In addition to interacting with the helicase and Pol 11l core, the T subunit binds single-
stranded DNA and is involved in the release of the lagging strand Pol 111 core from the
clamp when it reaches the end of an Okazaki fragment (96). The C-terminal 24 kDa of < is
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not required for clamp loading but is essential for cell viability (15), most probably due to its
role in organizing the architecture of Pol 11l core and DnaB helicase at the replication fork.

The v subunit shares with < the first N-terminal three domains that are required for clamp
loading activity along with 6 and &'. Different y complexes containing all the possible ratios
of v versus < have similar clamp loading activity (112). The T, v, 6 and & subunits are
members of the large family of AAA+ proteins (ATPases Associated with a variety of
Activities) (Fig. 2 and 5). AAA+ proteins typically act as circular multimers and use ATP to
remodel other proteins (120). The functions of various AAA+ proteins are diverse and
widespread. For instance, some AAA+ proteins are involved in protein degradation or
vesicular fusion. Not all AAA+ proteins are ATPases, however. For example, 6 and & do not
bind ATP, only the y (and <) subunits are capable of binding and hydrolyzing ATP. The &
subunit of the clamp loader is considered the “wrench” of the y complex since it is the only
subunit that directly interacts with 3, and dis capable of opening the § clamp on its own
(164).

In the absence of ATP, the clamp loader has a very low affinity for the clamp (118). ATP
binding induces a conformational change that allows the complex to bind tightly to the
clamp, mediate ring opening, and develop a strong affinity for primed DNA (4, 62) (Fig. 6).
Binding of primed DNA stimulates hydrolysis of ATP, allowing the clamp loader to release
from B and allows the clamp to close around DNA (11). The crystal structures of the y36&’/
clamp loader and the 8- complex (69, 70) provide important information regarding the
organization of the clamp loader and support biochemical studies on the mechanism by
which the clamp is opened and closed. The five y368’ clamp loader subunits are arranged in
a circular spiral shape in the order 8’-y1-yo-v3-6 (Fig. 5A) The C-terminal domain of each
subunit forms strong intermolecular contacts with one another. These connections result in a
tight uninterrupted circular collar from which the N-terminal domains are suspended (see
Fig. 5B). The N-terminal domains of the five subunits are arranged in a spiral with a gap
between the 6 and & subunits. This gap is important for passage of DNA to the inner
chamber of the clamp loader, which forms a DNA binding site with specificity for a
recessed 3’ terminus. Each of the subunits has the same overall chain fold, including the two
N-terminal AAA+ domains and the C-terminal oligomerization domain.

The vy subunits are motor proteins that bind ATP and promote the conformational changes
associated with nucleotide binding and hydrolysis needed for ring opening and closing (118,
62). The ATP bound form of the clamp loader is best understood from the structure of the
eukaryotic RFC pentameric clamp loader bound to the PCNA sliding clamp (20). Like the E.
coli y complex, the five subunits of RFC are AAA+ subunits and are arranged in a circle.
The RFC-PCNA-ATPyS structure shows that the clamp is located directly underneath the
AAA+ domains of all 5 subunits (e.g. as indicated in Fig. 5B for y38%).

The structure of the E. coli 8- complex (70) reveals details of the clamp opening step and
indicates that the  dimer is under spring tension in which the domains of the § monomer
form a shallower crescent shape when they are not constrained to form a ring. The
interaction domain within the N-terminus of 8 is shaped as a triangular wedge, with a tip that
is formed by two adjacent  strands and a loop preceding them. Two conserved hydrophobic
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residues (Leu-73 and Phe-74) that are in the core of the tip fit into the protein binding
hydrophobic pocket on the surface of . The protein binding pocket of 3 contains highly
conserved residues and is located between domains 2 and 3, but does not involve the dimer
interface. A second interaction site, which is important for the clamp opening mechanism,
exists within the a helix that extends from the triangular wedge in 8. This helix undergoes a
large conformational change and interacts with a loop in 3, which is connected to an a helix
at the dimer interface. The binding of & distorts the §§ dimer interface, and opening of the
interface allows the domains to relax and the ring to spring open. The interaction domain on
B involves a hydrophobic pocket, which is the same pocket that is used for interaction with
the DNA polymerase (70). The opening in the ring is positioned below the clamp loader in
alignment with the gap between the AAA+ domains of 6 and &/, allowing DNA to pass
through the ring and enter the central chamber of the y complex as illustrated in Fig. 6.

Okazaki fragments in E. coli are about 1-2 kb in length, which requires repeated loading of
{3 onto newly synthesized RNA primers. When polymerase finishes an Okazaki fragment, it
rapidly dissociates from the DNA and leaves the clamp behind (152). Considering the stable
interaction of B on DNA (ty/» = 115 min) (184), the pool of 300 molecules of 3 clamps/cell
(26) would be rapidly depleted if there were no active mechanism to disassemble the clamps
and make them available for re-loading onto new primers. Clamp unloading is another
function of the clamp loader (97, 152). Clamp unloading occurs through a similar
mechanism as clamp loading, but only requires binding of ATP and not ATP hydrolysis
(164). The & subunit of the clamp loader also binds to the 3 dimer and is as efficient in ring
opening and clamp unloading as the y complex (97). The isolated & subunit is present in 5-
fold molar excess over the other components of the clamp loader (97). It is therefore
possible that unloading in the cell is mostly accomplished by the free § subunit, leaving the
clamp loader complex available for more critical steps during DNA metabolism that require
clamp loading.

The DNA polymerase 111 holoenzyme is a highly asymmetric structure due to the presence
of only one copy of each of several subunits (8, &, x, v) in the clamp loader. Further
asymmetry is generated by the replisome architecture due to the presence of DNA helicase,
primase and SSB on the lagging strand, which differentiates the environments for the two
DNA polymerases within the Pol 111 H.E. Thus, it has been proposed that the polymerases
responsible for leading and lagging strand synthesis are in different environments that
impose different behaviors on them, to fit the needs of replicating either one or the other
strand (51, 110).

DnaB helicase and DnaG primase

Replicative helicases are circular hexamers that encircle one strand of DNA and use ATP to
fuel translocation along it. Unwinding occurs as a consequence, because the DNA strand
that is excluded from the inside of the hexamer is forced to part from the DNA strand that
resides inside the helicase ring as the helicase moves. The E. coli helicase is called DnaB (2,
94, 133, 175). DnaB is a ring shaped homohexamer that encircles the lagging strand and acts
as a wedge to melt the parental duplex as it translocates 5’-3’ along the lagging strand DNA
(75, 136). The circular arrangement of the six DnaB subunits requires opening of the ring
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structure in order to place the DnaB hexamer around the single-strand DNA. At an origin,
the helicase loading step is mediated by the activity of the helicase loader, DnaC, which
functions with ATP (8) and is discussed in more detail in another chapter in this volume.

Each DnaB monomer is a 50 kDa protein composed of two domains connected by a long
flexible linker region (Fig. 2 D). The N-terminal domain contains a DNA binding site and
mediates, together with the linker region, interaction of DnaB and DnaG primase (14, 28,
117, 182). The larger C-terminal domain exhibits a RecA-like core fold and contains five
conserved sequence motifs (H1, H1a, H2, H3 and H4) that are characteristic of the DnaB
helicase family (6). The H1 and H2 maotifs are implicated in nucleotide binding and
hydrolysis. Furthermore, the C-terminal domain contributes to oligomerization. The C-
terminal face of the DnaB hexamer is directed towards the replication fork whereas the N-
terminal face is oriented to interact with the DnaG primase. Electron microscopy studies
from DnaB homologues of the T4 and T7 phage systems revealed a central channel with a
diameter of 25-40 A, large enough to accommodate single as well as double strand DNA
(37, 74). In the absence of a 3 tail, which normally is excluded from the central channel,
DnaB actively translocates over duplex DNA with sufficient force to displace DNA bound
proteins (74). In addition, DnaB can drive branch migration of a holliday junction,
indicating a role of DnaB during recombination.

In the presence of the primosomal proteins DnaC, DnaG, DnaT, PriA, PriB and PriC, the
isolated DnaB helicase exhibits a very slow unwinding rate of approximately 35 nts/sec
(82). Connection of Pol 111 holoenzyme to DnaB through the < subunit results in increasing
the speed of helicase progression to over 500 nts/s (see Fig. 1) (82).

DNA polymerases do not initiate DNA synthesis de novo and therefore depend on a
preexisting primed template junction as a substrate for incorporation of new nucleotides. At
the origin, and at moving replication forks, primed sites are synthesized by primase (Fig. 1).
E. coli DnaG primase is a DNA-dependent RNA polymerase that is capable of synthesizing
60-nt long primers on a single stranded DNA template in vitro. In the context of a replisome
however, primer synthesis is restricted to 9-14 nt (188). During lagging strand synthesis,
primase synthesizes new ribonucleotide primers every 1-2 kb at a rate of approximately one
primer every second or two (135, 165) and the primers are then extended into 1-2-kb-long
Okazaki fragments. The length of Okazaki fragments is directly influenced by primase
concentration, with shorter Okazaki fragments appearing as primase concentrations are
increased (177). Whether this is the result of increased priming frequency or premature
release of the lagging strand polymerase (as discussed in the following paragraph on the
Okazaki fragment cycle) is not fully understood.

In a replisome, DnaG primase must interact with DnaB for activity, and this constraint
ensures that new RNA primers localize to the replication fork (60, 72, 115, 160).

DnaG primase is a 70 kDa protein comprised of three structural domains (Fig. 2D). An
Nterminal ZnZ*-binding domain, which is required for primase function and mediates
recognition of single stranded DNA, a central RNA polymerase domain that catalyses
synthesis of ribonucleotide primers and a C-terminal domain that is involved in interaction
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with the helicase and with SSB (161). The crystal structure of the isolated RNA polymerase
core domain revealed a modular, cashew-shaped molecule that is composed of three
subdomains (76, 129). The central region shows similarity to unrelated proteins including
topoisomerases and is therefore referred to as a TOPRIM (topoisomerase-primase) domain
(3). The catalytic core is located within the TOPRIM domain and contains a
metalcoordination site and conserved acidic residues that are important for primase function
(36, 149). The N-terminal and TOPRIM subdomains form a deep cleft with the catalytic
core in the center. In contrast to canonical DNA polymerases that use three conserved
aspartate residues for the two-metal catalyzed reaction of nucleotide incorporation, primase
appears to use a simple phosphotransferase domain for metal coordination thereby
representing a distinct structural class of polymerases. Primases are crucial for multiple steps
during DNA replication, including the initiation of DNA synthesis at replication origins, the
restart of stalled replication forks and the priming of Okazaki fragments (44, 58, 88). The
role of primase during replication initiation and restart is discussed in other chapters in this
volume. Here, we focus on the function of primase in the context of a moving replication
fork.

Primase acts distributively at a moving replication fork to initiate numerous Okazaki
fragments (28). New RNA primers are synthesized every 1-2 kb on the unwound lagging
strand (160, 161) and initiate preferably at sites that contain a CTG triplet (79). E. coli
primase appears to be slow and highly error prone (154). Primer synthesis occurs in a two-
step reaction, in which the initial condensation is slow compared to the extension of the next
10 nucleotides. Hence, the formation of the first phosphodiester bond or a step prior to it is
the rate limiting step during primer synthesis (154). Primase has very low affinity for
singlestrand DNA templates, especially those coated with SSB. This barrier to substrate
binding is removed by transient interaction of primase with DnaB helicase, which is
required for primase activity (72, 115, 160). In vitro experiments have shown that DnaB
stimulates primer synthesis by increasing the affinity of primase to template DNA and by
increasing the catalytic rate (72). Biochemical studies indicate that multiple primase proteins
bind to one hexameric helicase molecule, thereby increasing the local concentration of
primase for priming to occur more efficiently (115). This functional coordination of primase
and helicase activities seems to be conserved throughout species. The Bacillus
stearothermophilus helicase, for instance, forms a stable interaction of 2—3 primase
molecules/helicase (5). In the bacteriophage T4 system, the helicase (gp41) and primase
(gp61) subunits interact strongly to form a primosome complex with the stoichiometry of
one helicase hexamer to six primase molecules (71, 181). It is interesting to note that the T7
phage encodes both the primase and helicase activity on one single polypeptide (gp4),
thereby covalently connecting the two activities (43, 54). Since T7 gp4 acts as a hexamer,
the stoichiometry of helicase and priming activities is 6:6, similar to the T4 phage system
(44).

Primase is processive in primer synthesis and remains attached to its product once the RNA
primer is complete (146). This stable interaction is mediated through direct interaction of
primase with SSB bound to the single-stranded DNA template (186). Primase must be
released from the RNA primer for the clamp loader to assemble a 3 clamp on the primed site
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prior to recruitment of Pol Il core. This step is mediated through the y subunit of the clamp
loader, which competes with DnaG primase for SSB and leads to the displacement of DnaG
primase from its RNA product, clearing the way for assembly of a  clamp at the RNA
primed site (186). These direct protein-protein interactions during hand-off of the primer to
the clamp loader may serve to protect the RNA-DNA hybrid until a  clamp can be
assembled onto it.

The lagging strand Okazaki fragment cycle

The leading strand polymerase continually synthesizes DNA in the direction of the
replication fork, whereas the lagging strand polymerase synthesizes short discontinuous
Okazaki fragments in the opposite direction. Discontinuous lagging strand synthesis requires
that the polymerase rapidly dissociates from each new completed Okazaki fragment in order
to begin extension of a new RNA primer (Fig. 7). The lagging strand polymerase remains
physically attached to the replisome (i.e., via the clamp loader) during the process of
polymerase recycling from the end of one Okazaki fragment to the start of the next (83, 176,
187).

Pol 111 H.E. is rapid (>650 nts/s) and highly processive (>50 kb). Such high processivity
raises the question of how the lagging strand polymerase can rapidly dissociate from the end
of a finished Okazaki fragment? Study of this question has shown the unexpected finding
that dissociation of a lagging Pol 111 from a completed Okazaki fragment is performed by
separation of Pol Il from B, leaving the p clamp on DNA (see Fig. 7) (122, 152). Studies of
replication fork dynamics in vitro demonstrate that the clamp loader repeatedly loads new
clamps on RNA primers as they are formed by primase (Fig. 7B) (186). Model studies show
that Pol 111 core retains a tight grip on 3 even at a one nucleotide gap, but upon finishing
DNA to a nick the Pol 111 core disengages from the § clamp (Fig. 7B—C) (96). The lagging
strand Pol 111 core reattaches to a new § clamp on an upstream RNA primer to start the next
Okazaki fragment (Fig. 7C—D).

Two different processes enable rapid lagging stand polymerase recycling among Okazaki
fragments (Fig. 8). Complete synthesis of an Okazaki fragment results in “collision release,”
in which the lagging strand polymerase completes the Okazaki fragment and encounters the
5 terminus of the downstream Okazaki fragment, inducing dissociation of the DNA
polymerase from 3 and DNA (152). Polymerase collision release is facilitated by the t
subunit of the clamp loader, which helps disengage the polymerase from the 8 clamp only
when the single-strand template is completely converted to a duplex (96). The second
process is referred to as “premature release” in which the lagging strand polymerase releases
from P before it finishes the Okazaki fragment, leaving a single-strand gap to be filled in
later (93, 98, 180). The signal that triggers premature release may be either primase, the
synthesis of a new upstream RNA primer or the assembly of a § clamp on the new upstream
primer. The molecular mechanism that underlies this process, and whether direct protein-
protein contacts between primase and the Pol 111 holoenzyme are involved, has not been
elucidated.

The relative contributions of these two mechanisms of polymerase recycling are not yet
understood. There are situations where premature release may be important to keep the fork
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moving, in particular when the replication fork encounters a damaged nucleotide or DNA
structures that lead to stalling of one or both of the polymerases. In section 3 we examine
situations that lead to replication fork stalling and discuss alternative DNA polymerases that
function with the p clamp and help the replisome to bypass template lesions.

Numerous experiments to study the progression of the two polymerases during DNA
replication have shown that in vitro, the leading strand polymerase requires one single
priming event to synthesize the daughter strand. This stands in contrast to the lagging strand
polymerase, which requires frequent re-priming for the synthesis of short Okazaki
fragments. These observations have led to the common view that chromosomal replication is
semidiscontinuous, in which leading strand synthesis occurs continuously and lagging strand
synthesis is discontinuous. Interestingly, in vivo studies indicate that leading strand synthesis
is often interrupted and that discontinuous replication occurs to a significant extent on the
leading strand (reviewed in 169). In particular, recent data have shown that a replication fork
stalled at a template lesion on the leading strand can be restarted by the action of primase on
the leading strand, which re-initiates synthesis downstream of the lesion (57, 59).
Discontinuous synthesis on the leading strand in vivo may arise from a number of factors
that interfere with normal replication fork progression. These factors may include a variety
of types of DNA damage, or proteins that are tightly bound to DNA including repressors,
transcription complexes and DNA condensing agents (100). Many of these obstacles can
lead to replication fork stalling and/or collapse and result in situations that can lead to
premature termination of chain extension and thus form discontinuities in the leading strand.
A more detailed discussion of the effects of DNA damage on chromosomal replication is
presented in Section 3 in this chapter.

Processing of Okazaki fragments

An important step in generating a complete and intact duplex lagging strand is the removal
of RNA primers after Okazaki fragments have been synthesized. This processing step
requires exonucleolytic degradation of the RNA followed by fill-in by a DNA polymerase
and then the action of DNA ligase to seal the nick, which is performed by DNA ligase I.
RNA removal and the gap filling steps are usually performed by Pol I, the first DNA
polymerase to be discovered in E. coli (12, 88). Pol I (~90 kDa) is a single subunit protein
which harbors a 5’-3’ exonuclease activity in addition to the DNA polymerase and
proofreading 3’5" exonuclease activities that are normally associated with DNA
polymerases. The 5’-3’ exonuclease is actually a Flap endonuclease and functions in concert
with the DNA polymerase (179).

Proteolytic cleavage divides Pol I into two active fragments, a small N-terminal (35 kDa)
fragment and a large C-terminal fragment (68 kDa, also known as Klenow fragment) (32,
73, 88). The polymerase activity, pyrophosphorolysis, pyrophosphate exchange and 3'-5
exonuclease proofreading activities are located in the large fragment (32, 90), and the 5’-3’
flap exonuclease activity is located in the smaller N-terminal fragment (42). These activities
conspire to provide Pol | with ability to initiate replication at a nick and perform nick
translation synthesis (85). Nick translation occurs by strand displacement of duplex DNA,
providing 5’ single-strand DNA for the 5’-3’ exonuclease activity of Pol | at the same site as
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Pol | extends DNA to fill the gap that results from 5’-3’ exonuclease action. This nick
translation capability of Pol | efficiently removes RNA primers and simultaneously fills the
gap with DNA. Besides its role in RNA primer processing, Pol I is involved in a number of
other DNA repair reactions (88).

3. Replication at sites of DNA damage

Cells are constantly exposed to oxidative stress, UV irradiation and reactive chemicals that
cause a variety of different types of DNA damage. Some types of damage are easily repaired
by nucleotide-repair, mismatch-repair or base-excision repair machineries, while other types
of damage are not as efficiently repaired, or are not repaired fast enough to avoid collision
with the replication fork. Sites that contain damaged nucleotides generally present a problem
for the replication machinery since the high fidelity Pol 111 H.E. cannot extend DNA across a
damaged template base. Several mechanisms exist that allow bypass of lesions and thus
promote continued replication fork movement. Interestingly, DNA damage on the lagging
strand does not inhibit replication fork movement as illustrated by in vivo and in vitro
studies (61, 113). A stalled lagging strand polymerase simply dissociates from {3 by the
premature release mechanism and recycles to a new upstream RNA primer, leaving the
lesion behind. A damaged nucleotide on the leading strand presents more of a problem. A
damaged template nucleotide on the leading strand induces the polymerase to stall, but the
helicase continues to unwind the parental DNA. This produces single strand DNA ahead of
the stalled leading strand polymerase (126). Production of single strand DNA is thought to
be the primary signal that triggers the induction of a DNA damage response (“SOS-
response”), which is initiated by binding of RecA to single strand DNA upon which a RecA
filament assembles (reviewed in 139). RecA filament formation activates RecA to function
as a coprotease for cleavage of the transcriptional repressor, LexA. Cleavage of LexA results
in dissociation of the LexA repressor from DNA, thereby turning on the expression of more
than 40 genes involved in the cellular response to damaged DNA. These “SOS-induced”
proteins include enzymes required for nucleotide excision repair, base excision repair, DNA
recombination, cell division and proteins that are needed to rescue stalled replication forks
(29, 39).

There appear to be several mechanisms by which a stalled replication fork may be restarted,
and thereby avoid replication fork collapse. In one scenario, referred to as translesion
synthesis (TLS), the stalled Pol 111 is replaced by one of three different specialized damage
inducible DNA polymerases that can extend DNA across a damaged template nucleotide.
However, this process often results in the insertion of a wrong nucleotide opposite the
lesion. These DNA polymerases, and their function with the 3 clamp, will be described
below. Once the lesion is passed, Pol 111 presumably regains control of the primed site and
resumes high fidelity DNA synthesis at the replication fork. The lesion in the template
strand may become repaired in a later step through homologous recombination or
nucleotide-, mismatch- or base-excision repair machineries. Lesion bypass typically results
in an inheritable mutation, but provides a route by which the replication fork continues the
essential function of genome duplication. In a second scenario, a leading strand lesion is
bypassed by a new priming event downstream of the lesion, leaving the lesion with a gap of
single strand DNA (58). This is followed by high fidelity recombination processes that
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repair the damaged template. These high fidelity recombination based mechanisms are
explained in another chapter in this volume. The existence of multiple pathways to resolve a
stalled replication fork reflects the importance of recovering from DNA damage and that
duplication of the genomic DNA continues to completion. We next describe DNA
polymerases that are involved in the process of moving the Pol 11l H.E. past sites of DNA
damage.

Translesion (TLS) polymerases

Lesion bypass can be thought of as a two-step reaction that starts with the incorporation of a
nucleotide opposite the lesion followed by extension of the resulting distorted primer
terminus. Three different translesion (TLS) DNA polymerases, Pol 11, Pol IV and Pol V, are
induced during the SOS response (Table 2). Pol Il has rather high fidelity as it contains a
proofreading 3'-5" exonuclease and belongs to the B-family of DNA polymerases. Pol IV
and Pol V are both members of the error-prone Y-family of DNA polymerases, which lack
3’-5’ proofreading exonuclease activity. These three damage inducible DNA polymerases
are regulated somewhat differently during the SOS response and they appear to have distinct
preferences for nucleotide insertion opposite certain damaged nucleotide substrates (Table
2) (52, 119). All TLS DNA polymerases may contribute to the increased mutagenesis that is
observed after various types of DNA damage (119). The particular DNA polymerase that is
chosen to replace Pol 111 at the replication fork is thought to depend on the timing, the
availability of a specific polymerase and the type of DNA damage.

Pol Il was originally identified in the 1970s, along with Pol 111 (89). The 89.9 kDa Pol Il
protein is encoded by the polB (dinA) gene and is present at 30-50 copies per cell under
normal conditions; it is induced approximately 7-fold during the SOS-response (16, 17, 66).
Genetic studies have shown that Pol 1l may be involved in a number of DNA transactions,
including the repair of DNA damage upon UV-irradiation (132), repair of inter-strand
crosslinks (10), adaptive mutagenesis and long-time survival (38, 185). Invivo and in vitro
studies have shown that Pol 11 is able to bypass AAF (N-2-acetylaminofuorene) and abasic
sites, with a preference for incorporating dA opposite the template lesion (17, 159).
Interestingly, Pol Il may also contribute to fidelity during undisturbed chromosomal
replication, since an exonuclease deficient Pol Il displays increased levels of mutagenesis (9,
132).

Pol 11 displays a relatively high fidelity, with a rate of one misincorporated base per 108
nucleotides. This rate is decreased by 1000 fold in an exonuclease deficient mutant of Pol 11,
which normally very efficiently proofreads replication errors that include single base
substitutions, single base additions and deletion errors (27). Pol I, as all the TLS
polymerases, interacts with the p clamp and in the case of Pol Il the § clamp stimulates
polymerase processivity from about 5 to around 1,600 nucleotides (18, 63, 156). Pol Il is
much slower than Pol 111, and extends DNA at a rate of 20-40 nt/s (18).

Pol IV shares high sequence homology to S cerevisiae Revl and E. coli Pol V, both
members of the Y-family of DNA polymerases (123). Translesion Y-family polymerases are
poorly processive and lack an associated exonuclease activity. They are therefore highly
error-prone and have a fidelity of one misincorporated base per 102-103 nt (67). An
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explanation for the high misincorporation rate of TLS DNA polymerases may be understood
by the crystal structures of several members of the Y-family of DNA polymerases (99, 163,
189). Crystal structures of Y-family polymerases reveal a catalytic site architecture that
offers sufficient room to accommodate misaligned nucleotides, which may under the
observed low fidelity of translesion polymerases. For example, the Pol IV homolog of
Sulfolobus solfataricus (Dpo4) shows the basic polymerase structure with the common
shape of a right hand consisting of fingers and thumb domains along with the palm domain
that contains the conserved key acidic residues in the catalytic site (189). However, the
fingers and thumb domains differ significantly from the high fidelity Pol 111 C-family
polymerases. For example, the fingers domain lacks an a helix that is thought to be
important in checking the incoming nucleoside triphosphate for a correct base pair to the
template. In addition, the binding pocket for the 3’ base pair reveals a relatively open
architecture with limited contacts between the protein and the replicating base pair and even
contains sufficient space to accommodate an additional template base (99, 189). Overall, the
structural data indicate that a much less stringent control of the base to be incorporated, and
a catalytic site that offers sufficient space to accommodate misaligned nucleotides, may
underlie the observed increase in misincorporation rates observed by TLS polymerases.

Pol 1V preferentially bypasses misaligned substrates with bulges rather than mismatched
primer ends (167). Consistent with this, overexpression of Pol IV results in an increase of
mutagenesis with a preference for —1 frameshift mutations and single nucleotide
substitutions (84, 168). The processivity of Pol 1V is greatly stimulated by the presence of
the B sliding clamp, reaching 300-400 nucleotides per template binding event in the
presence of the B clamp. The increased processivity correlates to a higher affinity of Pol IV
to the DNA in the presence of p (166). In addition, binding of Pol 1V to f in the presence of
the v complex increases the affinity of Pol 1V for dNTPs by 400 fold (157).

Similar to other DNA polymerases and repair factors, Pol 1V interacts with  through a
conserved motif located at the extreme C-terminus of Pol 1V (24, 95, 102). The crystal
structure of a C-terminal domain of Pol 1V bound to § shows that the C-terminal residues of
Pol IV bind to the hydrophobic protein binding pocket of $ and also reveals a second
interaction site of Pol IV with the edge of the B ring that results in Pol IV angling off the side
of the 3 clamp (24). The authors suggest that the orientation of Pol 1V on § may
accommodate the binding of two polymerases at the same time. Soon after, it was
demonstrated experimentally that the  dimer can indeed bind Pol 111 and Pol 1V
simultaneously (64). The latter study went on to show that Pol 111 controls the primer
terminus during uninterrupted chain extension, but upon stalling of Pol 11, Pol 1V gains
control of the primer/template junction (64). Once the lesion has been bypassed, the high
fidelity Pol 111 takes control of the primer terminus and resumes faithful DNA replication.
This mechanism, illustrated in Fig. 9, limits the action of the error-prone Pol IV to regions of
the template that block Pol I1I.

Pol V is the major DNA polymerase responsible for mutagenic bypass of template lesions
during the SOS response (134, 158). Pol V is a heterotrimer composed of two UmuD’
subunits (12 kDa each) and one 46 kDa subunit of UmuC which contains the catalytic active
site (156, 158, 174). UmuD’ is an N-terminal proteolytic product of full length UmuD and is
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generated by a self-cleavage reaction mediated by RecA bound to single strand DNA,
similar to the RecA mediated auto-cleavage reaction of the LexA repressor (25). It is
interesting to note that UmuD is produced within 5 min. after induction of an SOS response.
In contrast, the cleaved form, UmuD’, is only detectable after about 25 min. Peak levels of
UmuC are only reached after 45 min following SOS induction (173). The early induction of
the uncleaved form of UmuD suggests a role for UmuD in addition to formation of Pol V,
which requires cleavage of UmuD to UmuD’. In fact, expression of uncleaved UmuD has
been shown to delay DNA replication and cell cycle progression, which allows time for
accurate repair systems to process the lesion and prevent the replication machinery from
hitting damaged nucleotides (125). Thus, cleavage of UmuD to UmuD’ may act to delay
assembly of an active translesion polymerase that results in mutagenic bypass. If a blocking
lesion cannot be fixed by an error-free process within 45 min., mutations mediated by Pol V
are the price to pay for cells to continue replication. It is important to note however, that
mutations may also facilitate adaptation by natural selection to evolve an organism that is
more fit to a changing environment. In addition, high concentrations of UmuD’ and UmuC
appear to inhibit RecAmediated homologous recombination, which suggests that when
homologous recombination is not successful, translesion synthesis may become a viable
alternative pathway (143).

Pol V lacks a 3'-5’ exonuclease and thus demonstrates low fidelity, with a misincorporation
rate of 1072 to 1073 nucleotides on damaged and non-damaged templates (156, 157). These
characteristics enable Pol V to efficiently bypass TT (6—4) photoproducts, TT cis-syn
photodimers and abasic sites (157). Three additional factors facilitate Pol V activity during
lesion bypass: RecA, SSB and the 3 clamp (128). Pol V interacts with the 3 sliding clamp
through a conserved B binding motif (31) located at the extreme C-terminus of UmuC (13,
107). Pol V also binds the § clamp through the UmuD and UmuD’ subunits, with a stronger
interaction of UmuD to the  clamp than UmuD’ (153). Pol V activity is greatly stimulated
by a RecA filament containing a free 3’ end, in trans (138). Short stretches of RecA
filaments are sufficient for stimulation of Pol V, but longer stretches of single-stranded
DNA, and higher concentrations of RecA filaments, increase the stimulatory effect (138,
144). The stimulation seems to be mediated through two distinct interactions between Pol V
and RecA. First, Pol V directly interacts with RecA in a DNA and ATP independent manner
(139). This interaction is required, but is not sufficient for stimulation of Pol V activity.
Second, a DNA and ATP dependent interaction between RecA and the UmuD’ subunit of
Pol V is required (140).

4. Conclusion

A remarkable property of E. coli, and many other eubacterial organisms, is the speed by
which they propagate. Rapid cell division requires the presence of an extremely efficient
replication machinery for rapid and faithful duplication of the genome. Characterization of
the E. coli chromosomal Pol 111 holoenzyme shows that it is exceedingly rapid and
processive. Compared to a yeast replication fork, which travels at a speed of 48 nt/s (131),
the E. coli replication forks move approximately 20 times faster. The molecular basis of this
efficient synthesis of DNA is a ring shaped sliding clamp, and a clamp loading machine that
together endow the Pol 111 holoenzyme with highly efficient synthetic capability. It is now

EcoSal Plus. Author manuscript; available in PMC 2014 November 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

KURTH and O’DONNELL Page 17

apparent that the same strategy, use of a clamp and clamp loader, generalizes to the
eukaryotic and archael branches of life as well.

At a functional replication fork, the Pol 111 machinery is embedded in a complex network of
protein interactions with the hexameric DnaB helicase, primase and SSB at a replication
fork. Many of the factors and dynamic interactions that are involved in replication fork
propagation in E. coli are highly conserved in eubacteria and probably also exist within
replication machineries of eukaryotic organisms.

Many fascinating and important questions remain to be addressed in the area of replication
fork structure and function. For example, the process that recycles the lagging strand DNA
polymerase is still not understood in molecular detail. Nor are the multiple steps in clamp
loading action that must underlie coupling of ATP hydrolysis to the opening and closing of
the B clamp at a primed template junction. The replisome encounters many different types of
blocks, such as DNA bound repressors, RNA polymerases and chromosome condensation
factors. How the replisome deals with these various obstacles are important questions for
future studies. In addition, the replisome encounters DNA lesions and must interface with
DNA repair proteins, recombination machinery and various types of lesion-bypass DNA
polymerases. The detailed mechanisms that underlie these processes, and others, will hold
the attention of numerous laboratories for many years to come.
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direction of
replication fork

Leading
strand

Lagging
strand

Fig. 1. Organization of the E. coli replisome
The parental duplex is unwound by the DnaB helicase (yellow) that encircles the lagging

strand and travels ahead of the polymerase (blue) in the direction of the moving replication
fork. Primase (purple) synthesizes short RNA primers to initiate Okazaki fragment synthesis
on the lagging strand. The exposed single strand lagging strand template DNA is covered by
SSB (pink). The two DNA polymerases are coupled through the clamp loader (green), which
uses the energy of ATP hydrolysis to assemble the 3 processivity clamp (red) around primed
sites on the DNA. For simplicity, the y and v subunits of the clamp loader are omitted from
the drawing.
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Fig. 2. Domain organization of the replisome components
Linear N- to C- terminal drawings of the domain architecture of subunits of the E. coli

replisome are shown in scale, relative to their lengths. Distinct domains are numbered with
roman letters and the amino acid residues above the drawings indicate the first residue and,
if the domains are separated by a linker, the last residue of a particular domain. (A) Subunits
of Pol 111 core. Asterisks indicate the location of the active site residues (Asp401, Asp403,
Asp555) in the a subunit. L and S indicate the large and small portions of the palm domain.
(B) Subunits of the y complex clamp loader. Domain architecture of the § clamp monomer is
shown in (C) and in (D) for the DnaB helicase and DnaG primase.
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index finger

middle finger PHP

ring finger

C (truncated at residue 917)

Fig. 3. Crystal structureof the E. coli Pal |11 o subunit
Shown is a top view of the crystal structure of a, lacking the C-terminal region (residues

918-1159) (pdb code, 2hga). The active site residues in the Palm domain are indicated by
grey spheres.
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fingers

exonuclease
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DNA

Fig. 4. Structure of thep sliding clamp

Page 30

(A) Ribbon representation of the p homodimer (pdb code, 2pol). The two monomers (pink
and blue) interact head-to-tail and form a highly symmetrical ring shaped structure that
encircles DNA. The three domains (1, 11, 1) of each subunit have identical chain folding
topologies and form an outside perimeter of a continuous antiparallel B sheet. The inside

cavity is lined with 12 a helices. (B) Structure of a co-crystal of 3 with a primed DNA

template (green). The side view reveals a tilted conformation of the 3 clamp on DNA with
an angle of approximately 22°. (C) Model of the a subunit of E. coli Pol 111 bound to the

clamp and DNA (adapted with permission from Fig. 7 in 92).
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Fig. 5. Structure of they complex clamp loader
(A) Schematic representation of the arrangement of the clamp loader subunits demonstrating

the circular orientation of the five subunits. The pentameric circular assembly is interrupted
by a gap between the 6 and &’ subunits, leaving space for the passage of DNA. The y and v
subunits are thought to attach to the vy subunit via y {Gao, 2001 #816} (B) Ribbon
representation of the crystal structure of the minimal y complex clamp loader y388). The
Cterminal domains create a tight circular collar. The N-termini containing the two AAA*
domains are suspended downwards and adapt a conformation in which the & and & subunits
create a gap large enough for the DNA to enter. The 3 clamp interacts with the N terminal
domains.
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\ 4 \ ATP/O o ATP
\ 4 \ hydrolysis
' % Step 1 Step 3

Fig. 6. Mechanism of clamp loading
(A) ATP-binding induces a conformational change in the clamp loader that allows f-

interaction (Step 1). Binding of the B clamp cracks one {3 dimer interface open and the -
clamp loader complex gains high affinity for a primer/template junction allowing the clamp
to be placed around primed DNA (Step 2). ATP-hydrolysis allows the 3 dimer to close
around primed DNA and ejects the clamp loader (Step 3). For simplicity, the C-terminal
extensions of the t subunits are not shown.
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Fig. 7. Cycle of lagging strand synthesis
(A) As the replication fork moves, the DnaB helicase recruits DnaG primase, which

synthesizes short RNA primers on the unwound lagging strand. (B) While the lagging strand
polymerase finishes synthesis of the current Okazaki fragment, the clamp loader displaces
primase from the newly synthesized primer and places a 3 clamp around the primer/template
junction. (C) The completion of the Okazaki fragment induces polymerase to dissociate
from the B clamp and DNA and allows recruitment to the newly synthesized upstream
primer through interaction with the t subunit of the clamp loader, leaving the 3 clamp
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behind. (D) The cycle is complete upon association of the lagging strand polymerase with a
new P clamp on an upstream RNA primer to begin synthesis of a new Okazaki fragment.
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Fig. 8. Models of the release of the lagging strand polymerase

- 8-~

Lagging strand polymerase must be able to dissociate from an Okazaki fragment in order to

be recycled to new RNA primers during synthesis of numerous Okazaki fragments. In

premature release (left), the polymerase dissociates before finishing the Okazaki fragment,

leaving behind a single strand DNA gap. In collision release (right) the lagging strand

polymerase completes the Okazaki fragment to a nick and Pol 111 then disengages from the

clamp. See text for details.
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A. Stalled Pol lII* B. TLS polymerase/ Pol III*
switch

TLS polymerase

%

D. Pol I*/TLS
polymerase switch

Fig. 9. Coordination of two polymerases on one B clamp during bypass of a template lesion
(A) The two protein binding sites on the two protomers of the § clamp homodimer allow

interaction with two DNA polymerases simultaneously. Pol 111 (blue) retains control of the
primer/template during replication under undisturbed conditions. Template lesions (cross)
ahead of the polymerase induce Pol 111 to stall. (B) A translesion polymerase (TLS, green)
switches places with the stalled Pol 111 and takes over the primer/template. (C) The TLS
polymerase extends the primed site across the lesion. (D) Once the lesion is bypassed, Pol
111 regains control of the primer/template and continues high fidelity DNA synthesis.
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