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Abstract
With the discovery that organisms possess multiple DNA polymerases (Pols) displaying different
fidelities, processivities, and activities came the realization that mechanisms must exist to manage
the actions of these diverse enzymes to prevent gratuitous mutations. Although many of the Pols
encoded by most organisms are largely accurate, and participate in DNA replication and DNA repair,
a sizeable fraction display a reduced fidelity, and act to catalyze potentially error-prone translesion
DNA synthesis (TLS) past lesions that persist in the DNA. Striking the proper balance between use
of these different enzymes during DNA replication, DNA repair, and TLS is essential for ensuring
accurate duplication of the cell’s genome. This review highlights mechanisms that organisms utilize
to manage the actions of their different Pols. A particular emphasis is placed on discussion of current
models for how different Pols switch places with each other at the replication fork during high fidelity
replication and potentially error-pone TLS.
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INTRODUCTION
Our understanding of the mechanisms by which organisms copy and maintain the fidelity of
their genomes has undergone striking changes in the last decade. In contrast to outdated models
that envisioned high fidelity leading strand DNA polymerases (Pols) stably associated with
the replication fork, and able to persist in a highly processive mode throughout replication, we
now realize that the structure and composition of the replisome (the multiprotein complex that
catalyzes DNA replication) can be extremely dynamic due in large part to Pol switching. The
term Pol switching refers to the process by which one Pol replaces a second Pol at the 3’-OH
end of a primed DNA template (Fig. 1). Pol switching is influenced by several factors, including
the relative expression levels of the different Pols [1], changes in the sub-cellular localization
of the different Pols [2], interactions of Pols with their cognate sliding clamp proteins [2,3], as
well as with other Pols [2,3], posttranslational modification of Pols and clamp proteins [4], and
the relative affinities of the different Pols for the DNA substrate in need of replication [5,6].
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Additional as yet unappreciated factors likely also contribute. In this review, I discuss the
factors involved in Pol switching, and have attempted to provide a framework for understanding
the biological contexts in which Pol switching can influence genome integrity. A particular
emphasis is placed on discussing current models for Pol switching in both prokaryotes and
eukaryotes, with a special focus on E. coli. Finally, where appropriate, I refer the reader to
other articles in this thematic issue that cover certain topics related to Pol switching in more
detail than I do in this review.

ORGANISMS POSSESS MULTPLE POLS WITH DISTINCT FIDELITIES,
PROCESSIVITIES, AND CATALYTIC ABILITIES

Pols are organized into six distinct families based on phylogenetic relationships. Although
some organisms, such as Helicobacter pylori, possess only two Pols, most contain far more.
For example, the gram-negative bacterium Escherichia coli is currently known to possess five
different Pols belonging to four distinct families, the yeast Saccharomyces cerevisiae has at
least eight, and Homo sapiens possess at least fourteen (Table 1). Although many of these Pols
are accurate, due in part to an intrinsic or associated 3’-to-5’ exonuclease proofreading activity
(see Chapter 5), as many as half of the Pols in any given organism possess a more open active
site, endowing them with the ability to replicate imperfect DNA templates, and are therefore
referred to as ‘specialized’ Pols [7]. Although these specialized Pols participate in a growing
number of biological transactions ([8–11]; see Table 1), they are best known for their ability
to replicate over lesions that persist in the DNA and act as potent blocks to the normal DNA
replication machinery via a process termed translesion DNA synthesis (TLS). As a result of
this ability, these Pols typically display a reduced fidelity when replicating undamaged DNA.
Likewise, many of these specialized Pols also display modest processivity. For example, the
eukaryotic Y-family Pol ι, which lacks an associated proofreading activity, is essentially
distributive and catalyzes ~seven misinsertions for every ten bases synthesized in vitro, on
average [12,13]. In contrast, replicative Pols, such as the E. coli C-family Pol III, and the
eukaryotic B-family Pol ε and Pol δ, are highly processive, and catalyze less than one error for
every 10,000 bases incorporated [14–16]. Structural features of replicative and specialized Pols
responsible for their distinct behavior are discussed in Chapters 4 and 7 of this thematic issue.

With their growing number came the obvious question – how do organisms manage the actions
of their different Pols to ensure that the right Pol gets to the right place at the right time? This
question takes on added complexity when one considers the fact that bypass of certain classes
of DNA lesions requires the actions of multiple specialized Pols. In these cases, organisms
must sequentially manage the actions of multiple Pols in order to mediate lesion bypass.
Moreover, certain specialized Pols are capable of bypassing specific classes of DNA lesions
in a relatively accurate manner, while others bypass the same lesion in a largely error-prone
manner [5,17–19]. Thus, recruitment of the inappropriate specialized Pol during TLS could
result in mutations or genome rearrangements. Taken together, these findings highlight the
importance of Pol switching to genome integrity.

BIOLOGICAL TRANSACTIONS INVOLVING POL SWITCHING
Several biological processes require the actions of multiple Pols, and thus involve Pol
switching. For example, multiple Pols are involved in DNA replication, and the actions of these
different Pols must be tightly coordinated to ensure the fidelity of this process (Fig. 1A).
Likewise, organisms require a capacity to tolerate lesions that evade repair, or that for whatever
reason cannot be repaired. In the absence of such a capacity, these lesions would serve as potent
blocks to ongoing replication, resulting in cell death. Since specialized Pols are typically
required for replicative bypass of these lesions, Pol switching is also crucial for coordinating
high fidelity DNA replication with potentially error-prone TLS (Fig. 1B & C). Finally, certain
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Pols participate in specific DNA repair functions. In these cases, mechanisms must exist for
both recruitment of the appropriate Pol, as well as to coordinate the actions of these Pols with
the other proteins involved in the repair function. Although not formally a ‘Pol switch,’ the
mechanisms underlying these Pol-partner switches are conceptually similar to Pol switches,
and thus, the fundamental rules regarding Pol switching discussed in this review also apply to
these types of switches.

CONSEQUENCES OF IMPAIRED POL SWITCHING
Despite our relatively naive understanding of the molecular mechanisms underlying Pol
switching, it is evident that recruitment of the inappropriate Pol to a replication fork can result
in mutations that contribute to human disease, including cancer. One prominent example of
this is the variant form of the human genetic disease Xeroderma pigmentosum (XP-V).
Individuals afflicted with XP-V are predisposed to sunlight-induced skin cancers [20,21]. In
1999, Masutani et al. [22] reported that cells from XP-V patients were deficient in Pol η
function. Pol η is a Y-family Pol that displays a remarkably low fidelity on undamaged DNA,
but is capable of bypassing UV-induced thymine-thymine cyclobutane dimers in a relatively
accurate manner [5,23,24]. In the absence of Pol η (e.g., XP-V patients), a different Pol with
a reduced fidelity for bypassing thymine-thymine cyclobutane dimers is presumably utilized,
leading to an increased level of UV-induced mutations. This elevated frequency of DNA
damage-induced mutations is believed to underlie the cancer predisposition of XP-V patients
[5,25].

Proper Pol switching is of utmost importance to genome fidelity and viability in bacteria, as
well. For example, several mutations that act to impair function of the replicative E. coli Pol
confer conditional lethal phenotypes that are either partially or fully suppressed by genetic
inactivation of one or more specialized Pol [26–29]. Taken together, these findings demonstrate
that use of the ‘wrong’ Pol can be deleterious in both prokaryotes and eukaryotes.

THE GLOBAL SOS RESPONSE INFLUENCES POL SWITCHING BY
REGULATING STEADY STATE LEVELS OF THREE OF THE FIVE E. coli POLS

One obvious mechanism to restrict the timing for a particular Pol switch is to limit expression
of one or more of the Pols involved in the switch until such time as their unique activities are
required. E. coli and related bacteria regulate expression of their specialized Pols in a DNA
damage-responsive manner via the global SOS response. As part of this response, transcription
of E. coli Pol II, Pol IV, and Pol V, as well as a variety of other gene products involved in DNA
repair and cell cycle regulation, is regulated in a DNA damage-responsive manner by the LexA
and RecA proteins [30]. LexA is a transcriptional repressor that binds to a consensus DNA
sequence (5’-TACTGT[AT]4ACAGTA-3’) typically located in the operator region of SOS-
regulated genes. Upon binding, the LexA homodimer represses transcription of more than 40
unlinked genes [31]. The degree to which LexA represses transcription of the different SOS-
regulated genes varies, similar to a rheostat, both in the absence of, and in response to DNA
damage. Structurally, the LexA dimer resembles two dumbbells: the C-terminal globules
dimerize, while the N-terminal globules bind DNA [32]. Following DNA damage, LexA
becomes inactivated, leading to transcriptional derepression of the SOS-regulated genes (i.e.,
SOS induction). RecA nucleoprotein filaments that assemble on single strand (ss) DNA that
is generated by blocked replication forks serve as the signal to the cell that it has suffered DNA
damage [33]. Appropriately, inactivation of LexA results from RecA nucleoprotein-facilitated
autodigestion of the LexA linker domain that connects the N- and C-terminal globules [30],
which targets it for destruction by the Lon and ClpXP proteases [34,35]. In this way, E. coli
ensures that the SOS response is regulated in a DNA damage-responsive manner.
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Following LexA inactivation, the steady state levels of E. coli Pol II, Pol IV, and Pol V increase
dramatically (Table 2). The level of Pol II (encoded by polB) increases from ~50–75 molecules/
cell prior to SOS induction to ~350–1,000 molecules/cell following SOS induction ([36,37];
unpublished results). Likewise, the level of Pol IV (encoded by dinB) increases ~10-fold
following SOS induction, going from ~150–250 to more than ~1,200–2,500 molecules/cell
([38]; unpublished results). Pol V (encoded by umuD and umuC) undergoes the most dramatic
change. In the absence of SOS induction, Pol V is virtually undetectable, and is estimated to
be present at <15 molecules/cell [39]. This is the result of both efficient LexA-dependent
transcriptional repression of umuDC [40], as well as Lon-mediated destruction of the modest
levels of the umuDC genes expressed in the absence of SOS induction [41]. Following SOS-
induction, Pol V levels reach a maximum of ~200 molecules/cell [39]. In addition to
transcriptional repression and proteolysis, Pol V is also regulated posttranslationally. UmuD
is structurally similar to the C-terminal half of LexA [32,42–44]. Catalytic activity of the UmuC
subunit of Pol V requires that UmuD undergo a RecA-facilitated autodigestion in a manner
analogous to LexA [45–47]. Since UmuD bears an extended N-terminal arm rather than a
LexA-like N-terminal globule and linker region, UmuD autodigestion serves to remove the N-
terminal 24 residues of UmuD, forming UmuD’. Like LexA, both UmuD and UmuD’ exist as
dimers. UmuD and UmuD’ can also form a heterodimer, which serves a regulatory role by
shuttling UmuD’ into ClpXP-mediated proteolysis to help regulate Pol V levels [41,48].
However, only the UmuD’ homodimer is capable of activating UmuC for TLS as Pol V [49–
51]. Pol V also requires RecA for maximal Pol activity [50–53]. The precise mechanism by
which RecA contributes to Pol V-mediated TLS is somewhat controversial, and is a topic of
current study in several laboratories [51,54–58]. One model postulates that RecA-ssDNA
nucleoprotein filaments formed adjacent to DNA lesions serve to both recruit and activate Pol
V for TLS, while a second model posits that RecA-ssDNA nucleoprotein filaments enable Pol
V TLS in trans (i.e., when formed on a ssDNA that is not adjacent to the lesion), but block it
in cis (i.e., on the ssDNA adjacent to the lesion). Finally, it is important to note that E. coli Pol
V is required for most mutagenesis following exposure to UV or chemical carcinogens [59–
61]. As a result, cells that are unable to induce the SOS response are deficient for most DNA
damage-induced mutagenesis. Thus, the SOS response plays a critically important role in
regulating the actions of Pol V, and, to a lesser extent, Pol II and Pol IV.

Several studies have highlighted the contribution of the SOS response to Pol switching [26–
29,62–69]. One recent study by Curti et al. [70] took advantage of the fact that the different
E. coli Pols display unique fingerprints with respect to the type(s) of base substitution mutations
that they catalyze [71]. Based on nucleotide sequence analysis of spontaneous rifampicin
resistant mutations present in isogenic strains bearing deletions of different combinations of
the E. coli Pols, the authors concluded that there was significant interplay between all five Pols
following SOS induction [70]. For example, most transversion mutations were dependent upon
Pol IV and Pol V, most transitions were dependent upon Pol I and Pol III, and that Pol II played
a largely antimutagenic role by suppressing mutagenesis at certain hotspots [70]. Thus,
following SOS-induction, there appears to be dynamic switching between the different E.
coli Pols.

Eukaryotes also appear to regulate the levels of their different Pol levels as part of a mechanism
to regulate Pol switching. DNA damage-induced mutagenesis in Schizosaccharomyces
pombe is regulated as part of a DNA damage checkpoint response [72]. The purpose of these
checkpoint responses is to arrest the cell cycle, activate DNA repair and DNA damage tolerance
pathways, or, if the cell has suffered severe DNA damage, induce apoptosis. Thus, these
responses are functionally equivalent to the E. coli SOS response. One function of the
checkpoint response in S. pombe is to increase transcription of the gene encoding Pol κ, which
together with Pol ζ acts in DNA damage-induced mutagenesis [72].
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ACCESS OF POLS TO THE REPLICATION FORK IS REGULATED IN PART
THROUGH THEIR INTERACTIONS WITH SLIDING CLAMP PROTIENS

Sliding clamp proteins play critically important roles in targeting Pols to replication forks, as
well as enabling Pol switching. The E. coli β sliding clamp was initially identified as a subunit
of the replicative Pol (Pol III) based on its ability to dramatically increase processivity of the
holoenzyme [73]. However, over the last decade, it has become evident that the clamp interacts
with all five E. coli Pols, as well as additional proteins involved in DNA replication and cell
cycle progression [3,74–81]. The archael and eukaryotic clamp proteins, known as proliferating
cell nuclear antigen (PCNA), similarly interact with a variety of proteins involved in DNA
replication, DNA repair, TLS, DNA damage checkpoint controls, and cell cycle progression
(recently reviewed in [82]). Thus, sliding clamps are now widely recognized as playing key
roles in coordinating multiple critically important dynamic events at replication forks. One
current challenge is to define the mechanisms controlling the spatial and temporal regulation
of these diverse interactions.

In general, bacterial clamps (β clamps) exist as homodimers, whereas eukaryotic and archael
clamps (PCNA) are homotrimers. One notable exception to this rule is the Sulfolobus
solfataricus PCNA clamp, which is a heterotrimer [83]. Despite the lack of amino acid
sequence similarity between the different clamps, crystallographic studies have revealed that
their three-dimensional structures are remarkably similar [84–87]. The head-to-tail
arrangement of the protomers forms a ring with two distinct surfaces. The so-called N-side
bears the N-terminus, while the C-side contains a hydrophobic cleft that serves as a common
docking site for most of its different partner proteins [88–91]. The structure of the β clamp on
DNA was recently reported [92]. In the crystal, the clamp makes specific contacts with DNA,
consistent with computational modeling studies [93]. These contacts are proposed to play
important roles in proper clamp function and loading [92,94], and are absolutely required for
viability [94]. They also contribute to Pol switching, as discussed in detail later on in this
review.

Clamps are loaded around DNA by a conserved multi-subunit AAA+ ATPase (expanded group
of ATPases Associated with various cellular Activities) referred to as the clamp loader
(reviewed in [95]). The mechanism of clamp loading is well conserved between organisms
(Fig. 2A). The eukaryotic clamp loader complex is called RFC, while bacterial clamp loaders
are referred to as the DnaX (or γ) complex. Like clamp loaders in other organisms, E. coli
DnaX adopts an arc-shaped structure that is proposed to interact with and stabilize the open
form of the β clamp [96]. This form of the clamp, in which a single interface is broken, adopts
a lock washer-like structure [97]. The structure of the clamp loader is reported to match the
contour of both the open clamp and the DNA [96]. A stable DnaX-β complex requires that
DnaX first bind ATP. This complex then associates with nicked or primed DNA, reportedly
ratcheting itself over the 3’-end of the primer, much like a screw cap on a bottle. Once properly
positioned, the clamp loader complex is proposed to hydrolyze bound ATP, resulting in its
immediate dissociation, leaving the clamp behind to close over the duplex DNA. Despite the
ability of the clamp to interact with DNA, an activity that contributes to its loading onto DNA,
it nevertheless slides along double strand (ds) DNA [92]. Once loaded onto a circular DNA,
the clamp persists with a half-life of >100 min in vitro [98]. Due to this remarkable stability,
clamps accumulate on lagging strand during DNA replication. As there are only ~300–600
clamps/cell [98,99], and a new clamp is required for replication of each of the 4–5,000 Okazaki
fragments, it is postulated that the clamp must be actively unloaded from DNA during
replication [98]. The DnaX complex, as well as the δ subunit of DnaX, which is present in
excess over the other DnaX subunits in vivo, can unload β from DNA [98,100]. Likewise, both
the eukaryotic RFC clamp loader, as well as the RFC2 subunit of RFC catalyze unloading of
PCNA [101]. Although not yet formally tested, it stands to reason that clamp recycling plays
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an important role in Pol switching, as well as in regulating access of specialized Pols to the
DNA.

Interactions of the different Pols with the clamp involve multiple distinct surfaces. This
important point is discussed in greater detail later on in this review. One of the more heavily
studied contacts involves association of a consensus Clamp Binding Motif (CBM; QL[S/D]
LF) present in bacterial Pols, or a PCNA Interacting Protein box (PIP box; Qxx[M/L/I]xxF[F/
Y/W]) present in eukaryotic Pols, with a hydrophobic cleft located near the C-terminus of each
clamp protomer [88,102]. Mutations disrupting the CBM in E. coli Pol II, Pol III, Pol IV, or
Pol V [77,81,103], or the PIP box in eukaryotic Pol δ, Pol η, Pol ι, Pol κ, or REV1 [104–
111], serve to severely impair the biological activity of these Pols, thus underscoring the
importance of these clamp-Pol interactions. Importantly, clamp does not only serve to tether
Pols to the DNA template, but can also act to stimulate catalytic activity of the Pol. For example,
interactions of eukaryotic Pol κ with PCNA, as well as E. coli Pol IV with β clamp markedly
reduces their apparent Km for dNTPs [110,112].

Early models proposed that the ability of a Pol to compete with another for access to the
replication fork correlated with its affinity for the clamp. However, PCNA displays a similar
affinity (~10–30 nM) for several of its partners, including RFC, Pol δ, Pol ε, and Pol λ (reviewed
in [113]). In contrast, the affinity of the E. coli β clamp for its different Pols can vary more
than 10-fold (Table 2). Likewise, the steady state concentrations of the different E. coli Pols
can vary as much as ~40-fold prior to SOS-induction, and as much as ~160-fold following
SOS-induction (Table 2). Interestingly, with the exception of Pol III (which to binds a clamp/
primed DNA complex ~20-fold more tightly than clamp alone in solution [114]), each Pol is
present at a steady state level greater than its apparent KD. However, there does not appear to
be an obvious relationship between their relative affinities for the clamp, and their steady state
levels. For example, Pol II binds the clamp very tightly in solution (KD=32 nM), but is present
at an ~4-fold higher level than Pol III in the absence of SOS-induction. Likewise, Pol IV binds
the clamp ~4-fold less tightly than does Pol III, yet is present at an ~16-fold higher level than
Pol III. Thus, although clamp-Pol interactions are crucial for the biological roles of the different
Pols, the precise relationship between affinity of the different Pols for the β clamp and their
ability to gain access to the replication fork are presently unclear.

POSTTRANSLATIONAL MODIFICATION OF THE EUKARYOTIC PCNA
CLAMP CONTRIBUTES TO POL SWITCHING

As discussed in Chapter 16 of this thematic issue, the different biological activities of the
eukaryotic PCNA clamp are regulated in part via posttranslational mechanisms. For example,
ubiquitination of PCNA is critically important for enabling TLS. S. cerevisiae Rad6, Rad18,
Mms2, Ubc13, and Rad5 proteins participate in replication of damaged DNA. Although Rad6
and Rad18 are required for both accurate and error-prone replication-associated pathways,
Mms2, Ubc13, and Rad5 are specific for an accurate tolerance pathway [115]. Rad18 and Rad5
are E3 ubiquitin ligases, while Rad6, Mms2, and Ubc13 are E2 ubiquitin conjugating enzymes
capable of forming ubiquitin chains that are linked via lysine-63 as opposed to the classical
lysine-48 linkage that targets proteins for proteolysis. In 2002, Hoege et al. [4] demonstrated
that, following exposure to methyl methanesulfonate, yeast PCNA first became mono-
ubiquitinated at lysine-164 by Rad6 and Rad18, followed by subsequent poly-
ubiquitinatination by Mms2, Ubc13, and Rad5. Mono-ubiquitination of PCNA enabled TLS,
while poly-ubiquitination promoted an as yet poorly understood accurate DNA damage
avoidance pathway [4]. Although important differences in the ubiquitination process exist, a
similar series of events appears to take place in other eukaryotic organisms [109,116–122]. In
contrast, less is known regarding the regulation of PCNA ubiquitination. In mammals,
Ubiquitin Specific Protease 1 (USP1) removes ubiquitin from mono-ubiquitinated PCNA
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[123]. In addition, both p53 and p21 appear to regulate ubiquitination of PCNA in response to
UV irradiation [119,124]. p53 is transcription factor that serves a well-established role as a
tumor suppressor, while p21 is a cyclin-dependent kinase inhibitor that acts to regulate cell
cycle progression in G1. p21 also interacts with PCNA, and may influence Pol switching under
certain conditions by competing with Pols (as well as possibly other PCNA partners) for
binding to the clamp (reviewed in [82]).

Results discussed above, taken together with the finding that the eukaryotic Y-family Pols
possess a ubiquitin binding motif that enhances their respective affinities for mono-
ubiquitinated PCNA, and contributes to their biological functions [125], suggests the following
model for Pol switching when the replicative Pol is blocked at a lesion. Upon stalling, ssDNA
is generated, due to continued progression of the helicase. This accumulated ssDNA contributes
to Rad18 activation, which together with Rad6 acts to mono-ubiquitinate PCNA [126]. The
specialized Pols gain access to the mono-ubiquitinated PCNA, due in part to their enhanced
affinity for this form of the clamp, which may enable them to out compete Pol ε or Pol δ.
Following bypass of the lesion, the specialized Pol may release the DNA template, or simply
dissociate from PCNA, enabling access of Pol ε and/or δ.

POL-POL INTERACTIONS CONTRIBUTE TO SWITCHING
In 1999, at about the same time that the umuDC gene products were realized to encode the fifth
E. coli Pol (Pol V), both UmuD and UmuD’ were determined to interact, albeit differently,
with the α catalytic, ε proofreading, and β clamp subunits of Pol III [3]. These interactions
were suggested to contribute to both a primitive DNA damage checkpoint control involving
UmuD and UmuC, as well as a switch between a stalled Pol III and Pol V (UmuD’2-UmuC),
enabling TLS [3,127–129]. However, this model has not yet been formally tested. More
recently, overexpressed levels of Pol IV were determined to inhibit replication in E. coli cells
[130]. This activity of Pol IV was likened to a checkpoint that acts to slow replication in
response to DNA damage, thereby allowing time for lesions to be repaired in the absence of
ongoing replication. Inhibition of replication correlated with the ability of elevated levels of
Pol IV to displace Pol III from a β clamp encircling a primed DNA template in vitro [130,
131]. This ability of Pol IV relied largely on its N-terminal 230 residues, and hence did not
appear to absolutely require Pol IV-β clamp interactions. Nonetheless, full length Pol IV was
most effective at inhibiting replication in vivo [130]. Thus, this putative checkpoint appears to
involve interaction of Pol IV with both the clamp and Pol III. However, a direct interaction
between Pol IV and Pol III has not yet been described. The relationship of this process to Pol
switching is also unclear. Nonetheless, the finding that only overexpressed levels of Pol IV
inhibited DNA synthesis in vivo suggests that this putative checkpoint role of Pol IV is restricted
to SOS-induced conditions [130]. The mechanism(s) acting to prevent Pol IV from displacing
Pol III during replication of undamaged DNA have yet to be defined. In contrast to this study,
Indiani et al. [132] demonstrated that Pol III and Pol IV bind simultaneously to a single β
clamp. These authors also described conditions under which modest levels of Pol IV (e.g., ~6-
fold molar excess over Pol III) switched with a stalled Pol III in vitro [132]. For these
experiments, Pol III was stalled via omission of two of the four dNTPs. We have recently
reproduced these findings using a similar assay, and determined that a 2-fold molar excess of
Pol IV was sufficient to promote efficient switching with a stalled Pol III* [133].

Several eukaryotic Pols also interact physically with each other. For example, Pol η interacts
with Pol ι [134], while REV1 interacts with Pol η, Pol ι, Pol κ, as well as Pol ζ [135,136].
Importantly, these interactions appear to be crucial for proper function(s) and sub-cellular
localization of these Pols. In spite of the finding that DNA damage-induced mutagenesis in
eukaryotes is dependent upon REV1, catalytic activity of REV1 is not required [137–139].
Instead, REV1 appears to act as a scaffold to recruit multiple specialized Pols to the clamp to
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enable their switching. However, the precise mechanisms underlying the switching process
remain to be elucidated. One currently popular view is that Pol switching may be largely
stochastic, and that by simply maximizing the number of Pols in the vicinity of a lesion, the
cell has the ability to sample several different Pols, thereby affording the Pol with the most
favorable kinetic properties for that particular lesion the advantage in catalyzing bypass.
Results from Becherel & Fuchs [140] support this type of model, at least with respect to those
switches involving E. coli Pol II and Pol V during bypass of an N2-acetylaminofluorene adduct
within the NarI mutation hot spot. However, in this instance, the switch appears to involve
interactions of the different Pols with distinct structural conformations of the NarI-containing
DNA template, as well as the N-2-acetylaminofluorene adduct.

DISTINCTIONS BETWEEN SWITCHES INVOLVING ONLY REPLICATIVE
POLS AND SWITCHES INVOLVING BOTH REPLICATIVE AND SPECIALIZED
POLS

The mechanisms by which Pols switch is likely to be heavily influenced by the biological
transaction being catalyzed, as well as the particular Pols involved. Several important
mechanistic differences exist between switches involving only high fidelity Pols acting in
replication of an undamaged DNA template, and switches involving both high fidelity and low
fidelity Pols enabling TLS. For example, switching during replication of an undamaged
template is largely unidirectional in that one Pol replaces another via a single switch (Fig. 1A).
Examples of these types of switches are discussed in detail in the following two sections. In
contrast, switching during TLS is more complex, and involves at least two distinct switches
(Fig. 1B). The first switch is initiated by the replicative Pol stalling at a lesion, and involves
replacement of this stalled Pol with a specialized Pol. The second switch occurs after the
specialized Pol has negotiated the lesion, and involves replacement of the specialized Pol with
a replicative Pol for continued high fidelity synthesis. Importantly, bypass of a growing number
of DNA lesions require multiple specialized Pols, and thus involve a third switch. These lesions
include, for example, (+)-trans-benzo(a)pyrene-N2-dG, which in E. coli requires both Pol IV
and Pol V for bypass [62], and in mammalian cells requires Pol κ and Pol ζ [141], apurinic/
apyrimidinic sites, which in yeast require both Pol η and Pol ζ [142], and intrastrand dG-dG
cisplatin adducts, which in mammalian cells require Pol η and Pol ζ [141]. In these cases, one
specialized Pol inserts a base opposite the lesion, but cannot extend the nascent strand further.
A second specialized Pol is therefore required to extend the nascent strand, and subsequently
returns the 3’-OH end of the DNA template back to the replicative Pol (Fig. 1C).

The second distinction between switches involving only replicative Pols and those involving
both replicative and specialized Pols pertains to the length of the patch that must be synthesized
by a given Pol. This is particularly critical during TLS. For example, if a specialized Pol
synthesizes too long of a patch during lesion bypass (i.e., ≥5 bases), it may contain one or more
misinsertions in addition to the TLS event, due to the low fidelity that most specialized Pols
display when replicating undamaged DNA. If these mismatches are left unrepaired, they will
give rise to what is referred to as ‘untargeted’ mutations [143]. In contrast, if the patch is too
short (i.e., ≤4–5 bases) then an abortive process will ensue [144,145]. For example, if the
specialized Pol synthesizes only one or two bases beyond the lesion prior to switching, then
the replicative Pol will recognize the discontinuity in the DNA duplex structure caused by the
lesion. As a result, the replicative Pol will stall, allowing its associated proofreading activity
access to the 3’-OH end of the primer. The 3’-to-5’ exonuclease proofreading activity will
degrade the nascent strand, excising the base inserted opposite the lesion by the specialized
Pol, necessitating another bypass attempt. In contrast to TLS, replicative Pols possess
proofreading activity, and are therefore largely accurate. Thus, the length of the patch that each
replicative Pol synthesizes is unlikely to severely effect fidelity.

Sutton Page 8

Biochim Biophys Acta. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



COORDINATION OF MULTIPLE POLS DURING HIGH FIDELITY REPLICATION
IN PROKARYOTES

In light of the fact that multiple Pols cooperate during chromosomal replication, a brief review
of what is currently known regarding Pol switching in the context of high fidelity replication
in prokaryotes is warranted. Duplication of the 4.6 × 106 bp E. coli chromosome relies on both
Pol III and Pol I. Pol III is responsible for the majority of DNA synthesis, while Pol I plays a
smaller albeit important role. In contrast to Pol I, which is comprised of a single polypeptide,
the holoenzyme form of Pol III (Pol III HE) consists of 17 separate polypeptides, which are
organized into three distinct subassemblies, including two core complexes (αεθ), one DnaX
clamp loader complex (τ2γδδ’ψχ), and two dimeric β sliding clamps [146–150]. Each core
complex consists of one α catalytic subunit, which synthesizes nascent DNA, one ε 3’-to-5’
exonuclease proofreading subunit, which excises replication error catalyzed by α, and one θ
subunit, which stimulates proofreading activity of ε. In addition to forming part of the ring
structure of the DnaX clamp loader complex, the DnaX τ dimer also act to bridge two Pol III
core complexes via physical interaction with the α subunits. This interaction involves the C-
terminal tails of τ that extend out and away from DnaX. In contrast to E. coli, certain bacteria,
such as the gram-positive Bacillus subtilis, contain two distinct Pol III enzymes (named DnaE
and PolC), and may utilize one for replication of leading strand, and the other for lagging strand
[151].

Replication priming in E. coli is performed by DnaG primase. During initiation of DNA
replication, two hexameric DnaB helicases are loaded at opposite ends of the unwound origin
[152,153]. These helicases unwind the dsDNA, translocating 5’-to-3’ in an ATP-dependent
fashion. While doing so, they recruit DnaG primase for synthesis of a short RNA primer, which
will ultimately be elongated by Pol III [154,155]. Following its synthesis, DnaG binds to the
primer to protect it from nucleases such as RNAse HI that could degrade it [156]. DnaG also
interacts with ssDNA binding protein (SSB) that binds to the ssDNA flanking the RNA primer.
Interactions of the χ subunit of the DnaX clamp loader complex of Pol III HE with SSB serves
to displace DnaG [156]. This exposes the 3’-OH end of the RNA primer, providing a site for
DnaX to load a β clamp. Since DnaX is in association with two Pol III cores, this Pol is optimally
positioned for preferential recruitment to the nascent replication fork. Thus, E. coli ensures
that Pol III, and not one of its other four Pols is recruited for chromosomal replication through
the use of a series of sophisticated and carefully orchestrated protein-protein and protein-
nucleic acid interactions.

Once recruited, Pol III HE elongates the RNA primer in the 5’-to-3’ direction. Due to the anti-
parallel structure of duplex DNA, one strand, referred to as leading, is in theory elongated in
a continuous manner (but not in practice, due to frequent perturbations in the DNA template
[157]), while the other, termed lagging, is synthesized discontinuously in ~1 kb pieces known
as Okazaki fragments [158–160]. Since Pol III HE contains two core complexes, a single Pol
III HE is able to simultaneously replicate both leading and lagging strands. In contrast to the
leading strand, which in theory requires a single priming event, DnaG must repetitively prime
the lagging strand. Since the leading and lagging strand Pol III core complexes are tethered
via the τ2 subunits of DnaX, but the two DNA strands are anti-parallel, the lagging strand must
loop around in order to accommodate simultaneous extension of both the leading and lagging
strands, resulting in what Bruce Alberts termed a ‘trombone’ structure [161]. Upon completing
an Okazaki fragment, the lagging strand Pol III core disengages from the DNA template in
order to cycle to the next RNA primer. This cycling occurs roughly once every second.
Interactions of the τ and χ subunits of DnaX with Pol IIIα and SSB, respectively, play pivotal
roles in signaling to the lagging strand Pol III core that synthesis of the Okazaki fragment is
complete, and help facilitate its cycling to the next primer [146,162,163].
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Although Pol III performs the bulk of the DNA replication, Pol I serves a critically important
role in lagging strand synthesis. In addition, it likely plays important roles in filling ssDNA
gaps that arise as a result of obstructions, including collisions of the replicating Pol III HE with
transcribing RNA polymerase [164]. With respect to its role on lagging strand, the 5’-to-3’
exonuclease activity of Pol I acts to remove RNA primers at the 5’-end of each Okazaki
fragment, while the associated polymerase activity acts to extend the 3’-OH end of the adjacent
Okazaki fragment (Fig. 1A). Following action of Pol I, E. coli DNA ligase seals the nick
between adjacent Okazaki fragments, completing the maturation process. Both E. coli Pol I
and DNA ligase interact with the β clamp [74,76], consistent with a model in which the clamp
acts to coordinate their functions with that of Pol III HE.

Although the roles of Pol III and Pol I in replication are well defined, possible roles for Pol II
and Pol IV are not. Despite the fact that Pol II and Pol IV are SOS-regulated, they are both
nonetheless present at significant levels in the absence of SOS induction (Table 2). Recent
findings suggest that both Pol II and Pol IV gain access to the DNA during replication,
particularly on lagging strand [69,74]. Although Pol II possesses an intrinsic proofreading
activity, Pol IV does not. Thus, unregulated access of Pol IV could result in gratuitous
mutations. At least two distinct mechanisms act to limit the ability of Pol IV to catalyze
gratuitous mutations during replication of undamaged DNA. First, Pol I competes directly with
Pol IV, as well as other specialized Pols for access to ssDNA nicks or gaps located between
immature Okazaki fragments [74]. Second, Pol II plays an antimutator role by acting as a
proofreader for Pol IV, effectively removing misinsertions before they result in mutations
[70,165]. Thus, dynamic switching between Pol I, Pol II, Pol IV, and possibly Pol III [74]
serves to limit access of Pol IV to the replication fork, as well as the number of gratuitous
mutations catalyzed by Pol IV during replication of undamaged DNA.

The replisome frequently encounters lesions or other impediments. Differences in the
mechanisms by which the leading and lagging strands are replicated have important
implications with respect to how Pol III responds to these blocks, and thus influences Pol
switching. For example, if the lagging strand Pol III core encounters a lesion, it could simply
terminate that Okazaki fragment prematurely, leaving a ssDNA gap downstream of the lesion,
which could be dealt with postreplicatively. This would likely have a minimal effect on
replication. In contrast, when the leading strand Pol III core stalls at a lesion, it will become
uncoupled from the helicase, blocking further synthesis. In this case, it is proposed that the
replisome must be reassembled at a newly primed site downstream of the lesion to allow for
continued synthesis [157,166]. It is established that ssDNA gaps are generated following
replication of damaged DNA in E. coli [167]. However, it remains to be determined whether
specialized Pols have access to the fork during Pol III replication to enable TLS, irrespective
of SOS induction. One advantage of a capacity for TLS is that it would reduce the frequency
with which replication forks collapse. The recent findings that several specialized Pols catalyze
bypass of certain classes of lesions in a largely accurate manner helps to make this type of
model more palatable.

COORDINATION OF MULTPLE POLS DURING HIGH FIDELITY REPLICATION
IN EUKARYOTES

Like E. coli, eukaryotes must also manage the actions of multiple Pols during high fidelity
replication. This section briefly outlines the mechanisms by which eukaryotes coordinate the
actions of Pol α, Pol ε, and Pol δ during DNA replication. Pol α, together with its associated
primase activity, is responsible for primer synthesis [168]. As such, it is involved in both the
initiation of the elongation process, as well as the repeated priming events required for lagging
strand synthesis. Pol ε and Pol δ are currently thought to act as the leading and lagging strand
Pols, respectively [169,170]. The way in which eukaryotic proteins involved in DNA
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replication associate with each other to form the replisome is poorly understood. However, the
finding that distinct Pols appear to have well-defined roles in replication strongly argues that
the assembly mechanism somehow ensures that the right Pol is recruited to the right place at
the right time.

Due to the involvement of at least three Pols, high fidelity replication in eukaryotes relies on
at least three switching events. The first two switches involve a hand-off from Pol α to Pol ε
on leading strand, or to Pol δ on lagging strand [171]. These switches are functionally analogous
to the E. coli DnaG primase-Pol III switch, and similarly rely on a series of competitive protein-
protein and protein-nucleic acid interactions involving the three Pols, the eukaryotic sliding
clamp protein (PCNA), the eukaryotic clamp loader complex (RFC), and the heterotrimeric
ssDNA binding protein RPA [172–174]. The main purpose of these switches is to displace Pol
α from the DNA template, thereby exposing the 3’-OH end of the primer/template for RFC-
mediated loading of PCNA and subsequent recruitment of Pol ε and Pol δ. As for lagging strand
in E. coli, the Pol α-Pol δ switch is required for synthesis of each Okazaki fragment. In addition
to these switching events, eukaryotes must also manage the actions of FEN1 and DNA ligase
I during Okazaki fragment maturation. FEN1 is a 5’-to-3’ structure-specific DNA
endonuclease that, together with the Dna2 helicase/nuclease, plays pivotal roles in removing
RNA primers on lagging strand, analogous to the 3’-to-5’ exonuclease function of Pol I in E.
coli [175,176]. Subsequent to primer removal, Pol δ (or possibly Pol ε) fills in the ssDNA gap.
Finally, the nick between adjacent Okazaki fragments is sealed by DNA ligase I [177].
Interactions of Pol δ, FEN1, and DNA ligase I with PCNA are crucial for the proper temporal
regulation of Okazaki fragment maturation [178]. Thus, like E. coli, eukaryotes also utilize a
sophisticated series of competitive protein-protein and protein-nucleic acid interactions to
manage Pol-Pol and Pol-protein switching during chromosomal replication.

POLS ASSOCIATE DYNAMICALLY WITH THE REPLICATION FORK
Although we have known for many years now that the lagging strand Pol is dynamically
associated with the replication fork, it was only recently determined that the leading strand Pol
is similarly dynamically associated. This association has been termed ‘dynamic processivity,’
meaning that the leading strand Pol undergoes a rapid solution-to-replication fork exchange
without impairing continued synthesis. Yang et al. [179] were the first to propose the idea of
dynamic processivity, based on their study of DNA replication in bacteriophage T4. They
determined that a catalytically inactive T4 gp43 Pol mutant replaced an actively replicating
wild type gp43 Pol with a half-life of <1 min, despite the fact that actively replicating gp43
had a half-life of ≥9 min on primed DNA. The authors suggested that binding of multiple copies
of gp43 to the homotrimeric T4 gp45 sliding clamp, and subsequent rapid exchanges of these
gp43 Pols with the DNA template underlie the dynamic processivity. More recently, Hamdan
et al. [180] described an analogous situation for bacteriophage T7. Instead of a clamp, the T7
gp5 Pol utilizes E. coli thioredoxin to anchor it on the DNA. Thus, in contrast to T4, rapid
exchanges between ‘spare’ copies of the T7 gp5 Pol associated with the T7 helicase and the
DNA template underlie its dynamic processivity.

Certain features of the bacteriophage dynamic processivity extend to E. coli. The precise
composition of the E. coli DnaX clamp loader has been somewhat controversial. Although
Pritchard et al. convincingly demonstrated in 2000 that the reconstituted form of DnaX was
comprised of τ2γδδ’ψχ [181], the question as to the actual composition of DnaX in vivo has
recently reemerged. In reference to this, McInerney et al. [182] reconstituted four different
forms of the DnaX clamp loader varying in their τ/γ composition, including γ3δδ’ψχ, τ1γ2δδ’ψχ,
τ2γ1δδ’ψχ, and τ3δδ’ψχ. Characterization of these different forms of clamp loader revealed that
the τ3 form was able to recruit three separate Pol III core complexes to the replication fork. As
a result, this form of Pol III supported ~60% more total synthesis relative to that observed with

Sutton Page 11

Biochim Biophys Acta. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



τ2γ1δδ’ψχ that associates with just two Pol III cores, possibly due to more efficient recognition
of and/or binding to the DNA template [182]. The finding that Okazaki fragments were short
when using τ3δδ’ψχ was interpreted to suggest that multiple Pol III core complexes were acting
to replicate lagging strand. Nossal et al. [183] have reported similar findings with the T4
system. Taken together, these findings illustrate the highly dynamic behavior of Pols associated
with the replication fork, consistent with the idea that they switch more frequently than
previously acknowledged.

THE SLIDING CLAMP TOOLBELT: A MODEL FOR COORDINATING HIGH
FIDELITY REPLICATION WITH ERROR-PRONE TLS

One very popular model currently discussed in the literature for how organisms manage the
actions of their different Pols is termed the toolbelt model. This model, as initially proposed
by Pages & Fuchs in 2002 [184], postulates that two different Pols simultaneously bind to the
same bacterial sliding clamp protein, with each Pol contacting a separate cleft on the clamp
(Fig. 2B). Since the eukaryotic clamp is a homotrimer, it follows that it could simultaneously
bind three different Pols. Despite the attractiveness of the toolbelt model, it is important to
stress that it has not yet been rigorously tested. Thus, it is worthwhile discussing published
results that pertain to this model. In support of the toolbelt model, Indiani et al. [132]
demonstrate that a single β clamp could simultaneously bind Pol IV and the α catalytic subunit
of Pol III in solution. It is currently unclear whether both Pols simultaneously interact with a
clamp assembled on DNA, and whether both clefts are required for these interactions.
Furthermore, using an in vitro replication assay, Indiani et al. demonstrated that Pol IV
switched with a stalled Pol III in vitro, but was less proficient at switching with a Pol III that
was actively replicating the DNA template. As noted above, Heltzel et al. recently reproduced
these results [133]. Importantly, they additionally determined that a clamp bearing a single
cleft was capable of supporting a switch between a stalled Pol III and Pol IV: these results
challenge the toolbelt model as originally proposed [133]. Furukohri et al. [131] also reported
that Pol IV switched with a stalled Pol III in vitro. However, these authors suggested that Pol
IV actively displaced Pol III from the clamp during the switch, as discussed earlier in this
review. This active displacement was suggested to involve interactions of Pol IV with both the
clamp and Pol III. Thus, it is unclear at the present time whether both Pols remain bound to
the clamp throughout the switching, or whether the replicative Pol dissociates.

As outlined above, the toolbelt model fails to fully explain the molecular mechanisms
underlying the decision as to which of the cell’s different Pols will bind the clamp, and when
each will gain access to the DNA template. Three recent findings shed some new light on the
mechanism by which Pol switch, and demonstrate that this process is far more complex and
dynamic than previously acknowledged. Firstly, it has become increasingly clear that Pols
interact with surfaces of the clamp in addition to the cleft region [27,91,94,99,100,185].
Importantly, these non-cleft interactions appear to be crucial for proper Pol function, both in
vitro [94,185] and in vivo [27,28,74,99,185], and are suggested to play important roles in Pol
selection/switching [26,185], as discussed in the following section. Second, interactions of the
clamp with its partner proteins can involve cooperativity. For example, two DnaX δ subunits
can simultaneously bind a single β clamp, and they do so with negative cooperativity,
presumably with each δ contacting a separate cleft on the clamp [100]. The mechanistic basis
for this negative cooperativity is unknown. However, it was suggested to result from
conformational changes induced in the peptide backbone of the clamp upon binding of the first
δ [100]. Thus, binding of a single Pol to the clamp may act to alter the clamps structure, thus
imposing a plastic hierarchy on subsequent clamp-Pol interactions, effectively dictating both
the identity and the order in which subsequent Pols are recruited. Finally, the clamp interacts
with the DNA template that it encircles [92]. The implications of these clamp-DNA interactions
for Pol switching are discussed after the following section.
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INTERACTIONS OF POLS WITH NON-CLEFT SURFACES OF THE CLAMP
ARE CRUCIAL FOR THEIR PROPER FUNCTION: IMPLICATIONS FOR THE
TOOLBELT MODEL

Interactions of Pols with surfaces of the clamp in addition to the cleft are crucial for their
biological functions. E. coli Pol IV was the first Pol demonstrated to contacted surfaces of the
clamp in addition to the cleft. Based on a crystal structure of the β clamp in complex with the
Pol IV little finger domain (Pol IVLF; consisting of residues 243–351 of Pol IV) solved by
Bunting et al. [91], Pol IV contacts at least two distinct surfaces of the clamp: the Pol IV CBM
(residues 346–351) interacts with the hydrophobic cleft of the clamp, while residues V303,
W304, and P305 of Pol IV (among others) reach over the dimer interface to contact E93 and
L98 on the rim of the adjacent clamp protomer (Fig. 3). The authors suggested that Pol IV,
when bound in this manner, would be unable to contact DNA, and therefore proposed that this
structure represented an ‘inactive’ or ‘locked down’ conformation [91]. Thus, Pol IV could
potentially reside at a replication fork in this inactive conformation so that is was available for
TLS if needed, but would be unable to gain access to the DNA template until such time as it
released the rim of the clamp. Consistent with this model, Xing et al. described multiple
conformations for S. sulfataricus Dpo4 (an E. coli Pol IV ortholog) in complex with PCNA
[186]. Their structures identified two hinge regions in Dpo4, suggesting that Dpo4 can adopt
both ‘active’ and ‘inactive’ conformations on PCNA at the replication fork. In the active
conformation, Dpo4 is bound to the DNA template and the cleft of PCNA. In contrast, the
inactive conformation involves contact of Dpo4 with both cleft and non-cleft surfaces of
PCNA, precluding Dpo4 from contacting the DNA template.

In addition to these elegant structures, recent functional studies have clearly demonstrated the
importance of non-cleft Pol-clamp contacts to proper Pol usage. For example, deletion of the
C-terminal five residues of the E. coli β clamp served to abolish its interaction with the DnaX
clamp loader complex, indicating that this mutation severely impaired the CBM-cleft
interaction [100]. Nevertheless, this mutant clamp retained a significant affinity for the α
catalytic subunit of Pol III [100], demonstrating the importance that non-cleft contacts make
in this interaction. Furthermore, based on the x-ray crystal structure, substitution of residues
H148-R152 in the clamp with poly-alanine failed to influence the structure of the cleft region,
but nevertheless severely impaired physical and functional interactions of the clamp with both
Pol II and Pol IV [94]. Taken together, these findings illustrate that clamp-Pol interactions
involve multiple surfaces in addition to the CBM-cleft contact.

Given the importance of non-cleft surfaces on the clamp to proper Pol function/utilization in
E. coli, it seems likely that these surfaces contribute to switching [26–28,74,94,99,185].
Coincidently, the dynamic processivity models discussed above suggest one mechanism by
which these non-cleft contacts could contribute to Pol switching in a toolbelt-like model.
Specifically, multiple Pols may associate simultaneously with a single clamp via a combination
of both CBM-cleft and non-cleft contacts. The Pol contacting the cleft would have the
advantage in gaining access to the DNA template relative to the Pol bound to non-cleft surfaces
(Fig. 2C). Interaction of E. coli Pol IV with the rim of the β clamp represents an example of a
possible inactive conformation involving non-cleft contacts. Since different non-cleft contacts
could act to retain different Pols, it may be possible for a single clamp to simultaneously recruit
multiple Pols via this mechanism. Thus, the E. coli clamp may simultaneously bind more than
two Pols (or partners), while PCNA may bind to more than three. Switching between these
Pols could involve exchange of the Pol bound in the active conformation with Pols bound in
inactive conformations, similar to mechanisms discussed above for dynamic processivity
[179,180]. Consistent with this model, Heltzel et al. recently determined that interaction of Pol
IV with the rim of the clamp is dispensable for DNA replication activity, but is nevertheless
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required for switching with a stalled Pol III [133]. Thus, Pols may make certain contacts with
the clamp that are specific to switching, and others that are dispensable for switching, but are
required for stimulation of DNA replication (Fig. 2C). This model represents a radically
different view than that portrayed by the traditional toolbelt model, invoking far more dynamic
roles for both the clamp and Pols involved in the switching process, and explains how a single
cleft on the clamp could support a Pol switch [133].

SLIDING CLAMP-DNA INTERACTIONS CONTRIBUTE TO POL SWITCHING
Recently, Georgescu et al. [92] described a crystal structure of the E. coli β sliding clamp on
a short primed DNA. In this structure, three different surfaces of the clamp made specific
contacts with the DNA template, including residues R24, H148-Q149-Y152-Y153, and the
hydrophobic cleft. Residues R24, H148, Q149, Y152, and Y153 (among others) interacted
with the dsDNA template, while the cleft contacted the ssDNA located downstream of the 3’-
OH end of the primer (Fig. 4). As a result of these interactions, which appear to be conserved
in PCNA [92], the DNA template passes through the clamp at an ~22° angle relative to the
vertical plane of the clamp. Incidentally, one of the two clefts on β is closer to the DNA
template. Hence, the Pol associated with this cleft would have the advantage in controlling the
3’-OH end of the DNA template relative to the Pol attached to the other, more distant cleft
(Fig. 2B). In light of these results, Georgescu et al. [92] suggested that clamp-DNA interactions
contributed to Pol switching in a toolbelt-like model by facilitating toggling of the clamp on
the DNA template, granting the different Pols sequential access to the 3’-OH end of the DNA
template.

Heltzel et al. [94] recently characterized a mutant form of the β clamp bearing poly-alanine
substitutions of residues H148-R152, which in the crystal made contact with the dsDNA
template. Their results demonstrated that, in addition to contacting dsDNA, these residues were
also required for physical and functional interactions with Pol II and Pol IV, implying that
specialized Pols may compete with the DNA template for access to the clamp [94]. In contrast,
these same residues did not contribute in a significant way to interaction of the clamp with Pol
III, nor did they appear to be essential for Pol III replication in vivo or in vitro [94]. Thus,
clamp-DNA interactions may regulate the ability of specialized Pols to contact the clamp. For
example, the combination of Pol III and the DNA template (dsDNA and/or ssDNA) may act
to effectively block sites on the clamp that specialized Pols must bind to in order to gains access
to the replication fork and/or DNA template (Fig. 2D). In this case, conformational changes
induced in Pol III and/or the clamp by contact with a DNA lesion may unmask one or more of
these sites, enabling access of the specialized Pol to the DNA template. Thus, viewed in this
way, clamp-DNA interactions may represent an additional level of regulation that helps to
control the transition between active and inactive conformations of Pols bound to the clamp in
a toolbelt-like model.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES
As outlined in this review, remarkable progress has been made over the last ten years with
respect to our understanding of how organisms manage the actions of their different Pols to
enable switching between them during DNA transactions. Despite this progress, many
important questions remain to be answered. For example, it is still unclear exactly where and
when TLS take place. Are specialized Pols present at the fork during DNA replication to
provide a capacity for TLS, or does the replisome prefer to ‘jump’ over lesions in the DNA,
leaving ssDNA gaps that are repaired postreplicatively, as first suggested by Rupp & Howard-
Flanders [167] more than 40 years ago? With respect to Pol switching, do combinations of
different Pols actually switch via one or more ordered mechanisms, or does switching rely on
maximizing the number of different Pols available at a replication fork to allow for stochastic
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sampling? Regardless of the answer to this question, it will also be important to define the
contribution of non-cleft interactions to both Pol function and Pol switching. Another important
question pertains to the roles played by clamp-DNA interactions: do certain Pols compete with
the DNA template for interaction with the clamp, and if so, what effect do these competitive
interactions have on Pol switching? Finally, it is important that we begin to define what happens
to the structure of the clamp when different Pols bind to it. For example, do certain Pols interact
cooperatively with the clamp, and if so, does this serve to impose a plastic hierarchy in clamp-
Pol interactions? Based on the remarkable progress that has been made over the past ten years,
it seems likely that many exciting and unexpected discoveries will be made over the next
decade.
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FIGURE 1. Models describing Pol switching during high fidelity DNA replication and potentially
error-prone TLS
(A) Model for Pol switching on lagging strand during maturation of Okazaki fragments.
Primase (DnaG in E. coli, Pol α in eukaryotes) synthesizes a short RNA primer (blue), and
then undergoes a switch with Pol A (Pol III in E. coli, Pol δ in eukaryotes) for elongation.
When Pol A encounters the 5’-end of the previously synthesized Okazaki fragment, it
undergoes a switch with Pol B (Pol I in E. coli, FEN1 and Pol δ in eukaryotes) which excises
the RNA primer, and fills in the resulting ssDNA gap before switching with DNA ligase. (B
& C) Models for Pol switching during TLS. The replicative Pol (Pol A), stalled at a lesion,
undergoes a switch with a specialized Pol (Pol C) capable of bypassing the lesion. If Pol C is
capable, it will extend the 3’-end of the nascent strand before handing it back to Pol A (B). If
Pol C is unable to extend the 3’-end, it must undergo a switch with another specialized Pol
(Pol D) for extension before the 3’-end is returned to Pol A (C).
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FIGURE 2. Models depicting possible roles of the homodimeric E. coli β clamp in mediating Pol
switching
(A) Cartoon depiction of the mechanism by which the E. coli DnaX (or γ) complex catalyzes
loading of the β clamp onto the 3’-OH end of a primed DNA. The β clamp is depicted in green,
and DnaX is in blue. The black circle depicts the hydrophobic cleft on each β clamp protomer,
and the line represents the clamp dimer interface. (B) Cartoon depiction of the ‘toolbelt’ model,
as originally proposed by Pages and Fuchs [184]. The replicative Pol is in red, and the
specialized Pol is in blue. (C) Cartoon depiction of the role of non-cleft surfaces on the clamp
in Pol switching. In this particular example, the replicative (red) and specialized (blue) Pols
are switching via a single cleft on the clamp. (D) Possible mechanisms by which DNA and
specialized Pols might compete with each other for interaction with the β clamp, and subsequent
access to the replication fork. See text for further details regarding the models presented in this
Figure.
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FIGURE 3. Crystal structure of the Pol IV little finger domain in complex with the E. coli β sliding
clamp
This structure was solved by Bunting et al. [91]. The Pol IV little finger (Pol IVLF) domain is
comprised of residues 243–351 of Pol IV. Relative positions of the Pol IV CBM-clamp cleft
(CBM-cleft), and the Pol IVLF-clamp rim (rim) contacts are indicated. This image was
produced using imol and PDB coordinates 1UNN.
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FIGURE 4. Crystal structure of the E. coli β clamp on DNA
This structure was solved by Georgescu et al. [92]. Positions of residues R24 and H148-Y153,
which interact with dsDNA, are indicated, as are the locations of the hydrophobic clefts (red
rings). (A) Front (C-side) and (B) side (90° rotation) views of the clamp-DNA complex are
shown. The β clamp homodimer is depicted in green and blue, while dsDNA is gold and blue.
This image was produced using imol and PDB coordinates 3BEP.
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TABLE 1

DNA Polymerases identified in E. coli S. cerevisiae, and H. sapiens *.

Name Pol family Proposed biological function(s)

E. coli

  Pol I A DNA replication, Okazaki fragment maturation, DNA repair

  Pol II B TLS

  Pol III C DNA replication, DNA repair

  Pol IV Y TLS, putative DNA damage checkpoint control

  Pol V Y TLS

S. cerevisiae

  Pol γ A Mitochondrial DNA replication

  Pol α B Priming of nuclear DNA replication

  Pol δ B Nuclear DNA replication

  Pol ε B Nuclear DNA replication

  Pol ζ B TLS

  Pol IV (λ) X Non-homologous end joining, base excision repair

  Pol η Y TLS

  REV1 Y TLS

H. sapiens

  Pol γ A Mitochondrial DNA replication

  Pol θ A TLS, base excision repair

  Pol ν A DNA repair, TLS

  Pol α B Priming of nuclear DNA replication

  Pol δ B Nuclear DNA replication

  Pol ε B Nuclear DNA replication

  Pol ζ B TLS, somatic hypermutation

  Pol β X Base excision repair

  Pol λ X Non-homologous end joining

  Pol μ X Non-homologous end joining

  Pol η Y TLS, somatic hypermutation, recombination

  Pol ι Y TLS, somatic hypermutation, base excision repair

  Pol κ Y TLS, nucleotide excision repair

  REV1 Y TLS, somatic hypermutation

*
Only those Pols possessing catalytic activity in vitro are listed. REV1 is technically a dCMP transferase, but is universally referred to as a Y-family

Pol. The Pols listed in this Table have been reviewed by both Burgers et al. [187] and Friedberg et al. [188], and the reader is referred to these sources,
as well as references therein, for further details.
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TABLE 2

Affinities and steady state levels of E. coli DNA polymerases for the β sliding clamp.

Pol
Affinity for β clamp

(KD) *
Approximate steady state concentration#

SOS-repressed SOS-induced

Pol I ND 830 Nm 830 nM

Pol II 32 nM 80 Nm 800 nM

Pol III 108 nM 20 nM 20 nM

Pol IV 465 nM 330 nM 3,300 nM

Pol V NE <25 nM 330 nM

*
Affinities of the clamp for Pol II [94], the α catalytic subunit of Pol III [100], and Pol IV [94] were measured in solution using surface plasmon

resonance (SPR). The affinity of Pol III core for β clamp assembled on DNA is reported to be >5 nM [114]. Although Pol I interacts with the β clamp
[74,76], this interaction was not detected (ND) using SPR (unpublished results). Interactions of the β clamp with Pol V have not yet been examined
(NE).

#
The approximate steady state concentration of each Pol under SOS-repressed and SOS-induced conditions was estimated based on the number of

molecules/cell assuming an average cell volume of 10−15 liters. The specific level of each Pol under SOS-repressed and SOS-induced conditions,
respectively, used to calculate these estimates are (levels of Pol I and Pol III do not change following SOS induction): Pol I, 500 (unpublished results);
Pol II, 50 and 500 ([36,37]; unpublished results); Pol III, 10 [146]; Pol IV, 200 and 2,000 ([38]; unpublished results); Pol V, <15 and 200 [39].
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