
DNA Polymerase ε: A Polymerase Of Unusual Size (and
Complexity)

Zachary F. Pursell and Thomas A. Kunkel*
Laboratory of Molecular Genetics and Laboratory of Structural Biology National Institute of
Environmental Health Sciences, National Institutes of Health, Department of Health and Human
Services, Research Triangle Park, NC 27709

A. Introduction
Shortly after Arthur Kornberg and colleagues identified the first DNA polymerase in the
mid-twentieth century (1), the first eukaryotic DNA polymerase was discovered (2), and was
eventually named DNA Pol α. Pol α was initially believed to be the sole polymerase
responsible for eukaryotic DNA replication, but that view changed two decades later with
the discovery of a second replicative polymerase, Pol δ (3). Although the catalytic subunit of
Pol δ is 125 kDa, soon after its discovery even larger polymerases were purified that had
somewhat similar properties and were therefore variously called Pol δII, Pol δ*, and big Pol
δ (4–6). However, biochemical studies eventually led to the realization that these larger
enzyme forms were actually a distinct polymerase, Pol ε (7). Although much of the early
work on Pol ε centered on its initially defined role in mammalian DNA repair, by the early
1990’s the gene encoding Pol ε was cloned (8,9), making possible the many genetic and
biochemical studies that are the subject of this review. From these studies, we now know
that Pol ε is involved in several processes that are central to maintaining the stability of the
eukaryotic nuclear genome (Fig. 1). These include DNA replication, repair of DNA damage,
control of cell cycle progression, chromatin remodeling and epigenetic regulation of the
stable transfer of information from mother to daughter cells. Here we consider the evidence
supporting these many functions for Pol ε, and in so doing point out that a great deal
remains to be learned about this large and complex polymerase.

B. Pol ε Structure
1. The Catalytic Subunit

DNA polymerase ε is a member of the B family of DNA polymerases that share sequence
homology with the catalytic subunit of bacterial Pol II, the product of the E. coli polB gene.
The open reading frame for the POLE1 gene encoding the Pol ε catalytic subunit (Fig. 2A)
is among the longest of the many known eukaryotic polymerases (10), rivaled only by those
of its B family sibling Pol ζ and the A family enzyme, Pol θ. The catalytic subunits of
human (Fig. 2A) and yeast Pol ε contain 2286 and 2222 amino acids, respectively. The 140
kDa N-terminal half of the protein is fairly well conserved across different species, with
63% sequence identity shared between the yeast and human enzymes (9). This conservation
reflects the fact that the amino terminal residues of Pol ε harbor the polymerase and
exonuclease activities.

The X ray crystal structure of Pol ε has not yet been reported. However, based on homology
to two B family siblings for which X ray crystal structures are available (RB69 Pol (11) and
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ϕ29 Pol (12)), the polymerase active site is within the palm of a polymerase domain
comprised of the palm, fingers and thumb sub-domains (colored purple, blue and green,
respectively, for RB69 Pol in Fig. 2B) that are characteristic of all polymerases regardless of
family (13). The structural framework for catalysis of the polymerization reaction is
comprised of highly conserved Motifs A, B and C (Fig. 2C/D) that are characteristic of the
“right-handed” polymerases, e.g., those in families A, B and Y. Within this framework are
three carboxylates thought to coordinate two metal ions (blue spheres in Fig. 2B) required
for catalysis, two of which are in the invariant DTD sequence in motif C and a third in motif
A (black boxes in the alignments in Fig. 2C).

The amino terminus of Pol ε also includes residues critical for its intrinsic 3´ exonuclease
activity (Fig. 2A). This activity is contained in a domain (colored red in the structure of
RB69 Pol in Fig. 2B) that is physically separated from the polymerase domain by many
angstroms (Fig. 2B). The exonuclease active site is comprised of amino acids in conserved
motifs designated Exo I, II and III (Fig. 2A/E), again including three catalytic carboxylates.
While a similar domain is present within all B family polymerases, the catalytic
carboxylates are not present in some other B family members, including eukaryotic Pols α
and ζ. These latter two polymerases naturally lack intrinsic exonuclease activity, such that
they cannot proofread replication errors and synthesize DNA less accurately than does Pol ε,
or Pol δ, which also has an intrinsic 3´ exonuclease activity.

The 120 kDa C-terminal half of the catalytic subunit of Pol ε does not harbor a known
catalytic activity but nonetheless shares 25% sequence homology between yeast and
humans. The last one hundred residues at the C-terminus of yeast Pol ε contain two C4
Zinc-fingers and a spacer region that contains an essential function of Pol ε (see below), and
this C-terminal half also mediates interactions with the smaller subunits of the holoenzyme
(14,15). Also present is a putative PCNA interaction motif that is not necessary for normal
DNA replication, but which when mutated leads to increased sensitivity to MMS (16).

2. Pol ε Holoenzyme
In all species studied to date, the Pol ε holoenzyme is comprised of four subunits (Fig. 3A/B
and Table 1). The second subunit of Pol ε is Dpb2 in budding yeast and p59 in humans, the
latter based on its predicted molecular weight. This subunit has no known catalytic activity,
but it interacts with the catalytic subunit so tightly that it dissociates only under denaturing
conditions (5). The absence of Dpb2 does not reduce Pol ε catalytic activity but does reduce
Pol ε stability during purification (9), leading to the idea that it has an important role in
stabilizing the catalytic subunit. Dpb2 is essential in yeast. Moreover, it is phosphorylated in
S phase in a Cdc28-dependent manner, suggesting a potential regulatory role (17). Based on
extensive yeast two-hybrid analysis, Dpb2 interaction with the C-terminus of Pol2 was
disrupted with Pol2 mutants that disrupt C-terminus self-interaction in the yeast two-hybrid
assay and disrupt normal replication in vivo, indicating that the stabilizing effects of Dpb2
on the holoenzyme may allow for an active, possibly dimeric form of Pol ε (14). This
possibility is somewhat tempered by the extensive biochemical characterization, including
analytical ultracentrifugation and sedimentation analysis of the native holoenzyme purified
from yeast, showing a 1:1:1:1 stoichiometry for each of the four subunits (18). Additionally,
it is likely the Pol2-Dpb2 interaction itself, and therefore likely the presence of all four
subunits, that enables normal replication since mutant alleles of Dpb2 that disrupt this
interaction show reduced survival (19). These Dpb2 mutant alleles are also mutators,
making errors during replication, though it is unclear if this is due to affecting holoenzyme
stability, processivity, or some other process (19). Both Dpb2 and its human homolog, p59,
contain consensus PCNA interaction motifs, though only the human protein has been shown
to physically interact with PCNA (20).
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Like Dpb2, the two smallest subunits of human Pol ε, p12 and p17, also lack catalytic
activity and also physically interact with the C-terminal half of the catalytic subunit. They
also interact with each other through histone-fold motifs similar to those found in histone
H2A and H2B (15). Yeast strains with deletions in Dpb3 or Dpb4, the yeast homologs of
human p12 and p17, are viable (21,22). Thus neither subunit is essential for growth or
chromosomal replication. However, dpb3Δ strains have slightly elevated spontaneous
mutation rates (21), indicating that Dpb3 is important for genome stability and may possibly
modulate the fidelity of DNA synthesis conducted by Pol ε in vivo. While this phenotype
could result from reduced fidelity during replication, Dpb3 and Dpb4 both have roles
outside of normal DNA replication, including chromatin remodeling and DNA transactions
at the ribosomal DNA repeats (see below).

In an exciting recent development (23), the structures of the 4-subunit yeast Pol ε
holoenzyme (Fig. 3C) and of the 2-subunit Pol2-Dpb2 enzyme have been solved by cryo-
EM. These structures suggest that the three accessory subunits are connected to the catalytic
subunit in such a manner that they contact the double-stranded DNA duplex upstream of the
polymerase active site (Fig. 3C), possibly reducing polymerase dissociation and increasing
processivity. However this linkage is flexible, indicating that the multi-subunit tail may
adopt different conformations, perhaps making additional contacts with factors involved in
replication or checkpoint activation. A groove is present that is large enough to
accommodate approximately 40 nucleotides of double-stranded DNA upstream of the
primer terminus. This is the same length of dsDNA that maximizes the intrinsic processivity
of Pol ε when copying long primer-templates in vitro (23). The position of Dpb2 in the
structure suggests the potential to interact with PCNA upstream of the active site, which is
likely where RB69 Pol interacts with its sliding clamp (24).

C. Physical and Functional Interactions of Pol ε
In addition to interactions among the four subunits of the holoenzyme, Pol ε has also been
shown to interact with other proteins (Table 2). One interacting partner is yeast Dpb11 (25),
known as TopBP1 in humans and variously known as Rad4, Cut5, and Mus101 in other
species. Dpb11 is a BRCT repeat-containing protein initially identified as a multicopy
suppressor of temperature sensitive mutants in the C-terminus of Pol2 and of mutants in
Dpb2 (26), that is loaded onto origins after pre-replication complex formation, and is
required for loading Pol α and Pol ε at origins (25). Dpb11 interacts with phosphorylated
Sld2 and Sld3, an interaction that is necessary to initiate replication (27,28). Dpb11 interacts
genetically with components of the four-subunit GINS complex that is important in
replication initiation (29,30) and fork progression (31). In addition to Dpb11, the GCM
complex contains Cdc45 and a heterohexamer of MCM, contains ATP-dependent helicase
activity and may be the replicative helicase (32).

TopBP1, the human homolog of Dpb11, interacts with the full-length Pol ε catalytic subunit
and a 180 kDa variant of pol ε in human cells that over-express TopBP1. The functional
significance of this interaction has not been explored (33). TopBP1 deficiency is not lethal
in human cells but does perturb cell cycle progression and leads to genome instability due to
DNA strand breaks accumulated in S phase (34). Human Pol ε is part of a complex with
RNA Pol II that increases transcription activation (35). This complex contains a number of
repair factors. The Pol ε interaction was later shown to be with the hyperphosphorylated
elongation form of RNA polII, and occurred throughout the cell cycle (36), possibly
pointing to a link between transcription and DNA repair synthesis.

Mdm2 is an oncoprotein that is up regulated in many human tumors (37) and is a major
negative regulator of p53, acting as an E3 ubiquitin ligase and targeting p53 for degradation
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(38). An N-terminal 166 amino acid region of Mdm2 physically interacts with the C-
terminal, non-catalytic half of Pol ε (39) and to also stimulate Pol ε activity (40). It was
suggested that Mdm2, and perhaps other factors, may modulate Pol ε functions in response
to changing conditions. For example, binding of Mdm2 may displace Pol ε-bound factors in
response to stress, thus reconfiguring Pol ε to perform a role in DNA repair and/or
checkpoint control. Pol ε interactions with other proteins (Table 2) are discussed below in
relationship to the many functions proposed for Pol ε (Fig. 1). Given the large size of the
essential non-catalytic portion of the Pol ε catalytic subunit (Fig. 2A), the fact that the
holoenzyme contains four subunits, and has been understudied due to past challenges in
obtaining and working with Pol ε holoenzyme, the number of interacting partners can be
expected to increase in the future, especially since some interactions may be condition-
specific and/or transient.

D. Biochemical Properties of Pol ε
1. Polymerization

Pol ε catalyzes DNA template-dependent DNA synthesis by a phosphoryl transfer reaction
involving nucleophilic attack by the 3´ hydroxyl of the primer terminus on the α-phosphate
of the incoming deoxynucleoside triphosphate (dNTP). The products of this reaction are
pyrophosphate and a DNA chain increased in length by one nucleotide. The catalytic
mechanism is conserved among DNA polymerases (41). It begins with binding of a primer-
template to the polymerase. The primer terminus is bound at the polymerase active site,
which is largely comprised of the A, B and C sequence motifs mentioned above (Fig. 2C),
which harbor the three carboxylate residues that coordinate two divalent metal ions, usually
Mg2+. Binding of a correct dNTP results in conformational changes in both the polymerase
and the DNA. While the specific nature of these changes depends on the polymerase
(reviewed in (42)), the dNTP-induced conformational changes result in assembly of an
active site (Fig. 4) with geometry appropriate for the phosphoryl transfer reaction, which
proceeds via in-line displacement and results in inversion of the stereochemical
configuration of the α-phosphorous atom, as structurally observed for the family X member
Pol λ (43). Pyrophosphate is released and translocation of the polymerase allows the newly
incorporated base pair to serve as the primer terminus for the next cycle of catalysis.

Pol ε usually translocates following nucleotide incorporation without dissociation from
DNA, i.e., it synthesizes DNA processively. Indeed, Pol ε was initially described as a larger
variant of Pol δ (4,5) that was highly processive (>5 kb) in the absence of PCNA (6). Later
work demonstrated that Pol ε processivity can in fact be stimulated by PCNA (44), but not
to the extent that PCNA stimulates Pol δ (7). Another early biochemical distinction between
these two polymerases is that poly(dA)•oligo(dT) is a preferred substrate for Pol ε, while
Pol δ prefers an alternating poly(dA-dT) substrate (7,45). Interestingly, >100 mM KCl and
NaCl strongly inhibits Pol ε synthesis (44,46), while potassium glutamate actually slightly
stimulates Pol ε activity (44). Glutamate is the physiologically relevant anion in bacteria
(47) and is less disruptive to E. coli DNA polymerase III complex stability than is chloride
(48). A recent study provides evidence that in the presence of PCNA the processivities of
Pol ε and Pol δ are actually quite similar (49). Under reaction conditions where DNA
synthesis results from a single polymerase-DNA binding event, the processivities of both pol
ε and pol δ are low (< 600 nt). This is likely due to more efficient loading of Pol δ on the
RFC-PCNA-containing primer terminus via its much stronger interactions with PCNA. In
the absence of PCNA, Pol ε is remarkably only able to synthesize up to ~50nt in one
binding event. These assays were performed in sodium acetate, and while yeast Pol ε
holoenzyme stability was enhanced in sodium acetate (18), its optimal concentration for Pol
ε activity has not been extensively investigated.
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2. Exonuclease
Pol ε and Pol δ are the only two eukaryotic nuclear DNA polymerases with an intrinsic 3’–
5’ exonucleolytic activity with which to excise primer terminal nucleotides (10). This
activity is especially useful for proofreading of errors made by these polymerases.
Proofreading of polymerization errors occurs when the presence of a mismatch at or within a
few nucleotides upstream of the primer terminus in the polymerase active site slows further
polymerization. This increases the time available for the primer terminus to fray, generating
a single stranded primer that can move to the exonuclease active site for excision of the
nascent error. The exonuclease active site is thought to contain two divalent metal ions
coordinated by the carboxylate residues in Exo motifs I and III. These metals catalyze an in-
line displacement reaction similar to that described above for polymerization, thereby
liberating a dNMP from the primer terminus. The exonuclease activity of Pol ε is robust,
such that it substantially increases replication fidelity (see below), and can also excise
correctly paired bases. The latter may occur during bypass of lesions in DNA (50) and
possibly during DNA mismatch repair, where genetic studies have implicated the
exonuclease activity of Pol ε in excision of the nascent strand containing the mismatch (51).

3. DNA Binding
An additional biochemical property of Pol ε that likely has a direct bearing on in vivo
function is its ability to bind dsDNA through its small subunits (52) (Fig. 3 and see below).
Pol ε can also bind ssDNA, the presence of which actually inhibits Pol ε activity in the
absence of RPA (52). While ssDNA binding is mediated through the N-terminal catalytic
half, the four-subunit holoenzyme dissociates from primer-template DNA almost two orders
of magnitude faster in the presence of ssDNA than does the catalytic half (53). This ssDNA
binding is proposed to play an integral role in the Pol ε checkpoint function.

4. Fidelity
Initial measurements of the fidelity of DNA synthesis by Pol ε were made with enzyme
purified from calf thymus tissue at a time when Pol ε was still referred to as Pol δII (54,55).
More recent measurements have been performed with recombinant yeast Pol ε holoenzyme,
as well as with a mutant holoenzyme that lacks 3´ exonuclease activity due to the alanine
replacements for the catalytic carboxylates in the exonuclease active site (56,57). These
studies all reveal that, as expected for a polymerase that has a major role in DNA
replication, mammalian and yeast Pol ε synthesize DNA with high fidelity. This high
fidelity sharply contrasts with the much lower fidelity of other polymerases, e.g., the
translesion synthesis enzyme Pol η and the DNA repair polymerase yeast Pol IV (Table 3).
The major contribution to the fidelity of DNA synthesis by Pol ε is the high nucleotide
selectivity of the polymerase itself, as illustrated by the low rates at which exonuclease-
deficient Pol ε generates the two most common polymerization errors, single base
substitution and single base deletion errors (Table 3). Such high fidelity is thought to partly
depend on rigorous selection for correct Watson-Crick base pairing geometry in the binding
pocket for the nascent base pair (see (58–63) for recent reviews on fidelity mechanisms).

An additional contribution to Pol ε fidelity comes from proofreading by the 3´ exonuclease.
This is revealed by the lower error rates for the wild type holoenzyme as compared to its
exonuclease-deficient derivative (Table 3). The contribution of proofreading to fidelity
varies depending on the composition of the mismatch and the local sequence environment.
Such variations are expected because the degree to which different Pol ε errors slow
polymerization and/or sensitize the helix to fraying can vary. On average, proofreading
improves Pol ε fidelity about 10- to 100-fold, consistent with the mutator effects seen in
yeast when the exonuclease activity of Pol ε is inactivated (57,64,65).
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Like all polymerases, Pol ε ultimately does not generate all types of errors at equal rates, but
rather has a distinctive error specificity (57). Two features of Pol ε error specificity are
particularly interesting in light of its proposed biological roles in DNA replication. One is
that Pol ε is among the most accurate of DNA polymerases for single base deletion/insertion
errors. Because indels are typically generated more frequently within repetitive sequences
(66), this property may be relevant to the proposal that Pol ε has a particularly important
role in replicating heterochromatic DNA, which is enriched in repetitive sequences (67).
Another is that a mutant derivative of Pol ε has a unique base substitution error specificity
that has been useful for inferring its role in replication of the leading strand template (see
below).

E. Pol ε in DNA Replication
In order for eukaryotic cells to divide and pass along their genetic complement to each
daughter cell, the entire genome must be replicated accurately once, and only once, per
division. This is an ordered process whereby origins of replication, ranging from well-
defined 125 bp ARS sequences in S. cerevisiae to relatively poorly understood zones of
replication of many kb in mammalian cells, are licensed by the binding of pre-RC
(replication complex) components, including the ORC complex, during the G1 phase of the
cell cycle (68,69). These origins are then activated for replication during S phase by the
binding and phosphorylation of a number of factors including Cdc45, Sld2, Sld3, and Dpb11
(27) that enable the replicative helicase, likely the CMG complex consisting of Cdc45/
Mcm2–7/GINS, to unwind the DNA in a bidirectional manner in order to establish
replication forks (32,70). Once the origins have been properly licensed and activated,
replication can proceed. Since the two DNA strands are antiparallel and DNA polymerases
synthesize DNA in only one direction (5’ to 3’ on each nascent strand), replication is
inherently asymmetric, with synthesis thought to be highly processive on the leading strand
and discontinuous on the lagging strand (71). Since no DNA polymerase can conduct de
novo DNA synthesis, a 2-subunit primase that is tightly associated with Pol α initiates
replication by synthesizing short RNA chains. The primase initiates synthesis both at origins
of replication and at the beginning of every Okazaki fragment during lagging strand
replication. These primers are then extended by Pol α, which synthesizes DNA chains of up
to 20 nucleotides. This synthesis is followed by a switch to Pol δ and/or Pol ε, which then
perform the bulk of chain elongation.

1. Evidence that Pol ε is a major replicative polymerase
That yeast Pol ε is involved in replication is indicated by a number of studies. Early
evidence came from studies revealing phenotypic similarities between the initial pol2 yeast
mutants, primarily disruptions of the newly cloned ORF (72), and those from mutants of
pol1 and pol3, as well as other mutants known to be essential for replication (73,74). Later
screens for single amino acid residue changes leading to temperature-sensitive alleles
identified mutations in two different regions of the catalytic subunit, the polymerase active
site and the non-catalytic C-terminus (75,76). Both types of alleles had similar phenotypes
but later studies also indicated a role for Pol ε in checkpoint activation ((77) and see below).
At the restrictive temperature, these temperature-sensitive mutants ceased DNA synthesis,
accumulated sub-chromosomal size DNA fragments and arrested with unreplicated
chromosomes, all similar to Pol α and Pol δ mutants, indicating that, in addition to an
essential role for Pol δ in replication, faithful chromosomal replication was also Pol ε-
dependent (75,76). Peak transcript expression during the cell cycle was also coincident with
Pol α (75) and subsequent microarray analysis found that mRNA for catalytic and non-
catalytic subunits of the replicative DNA polymerases peak just prior to S phase (78). That
Pol ε participates in replication is also indicated by the fact that it is loaded onto DNA at
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origins of replication. Pol ε in yeast is found associated with replication origins prior to Pol
α and along with Dpb11 (25), which is essential for chromosomal replication (79,80).

Observations derived from inactivation of its intrinsic 3’–5’ exonuclease proofreading
activity provide further support for a role of Pol ε in DNA replication. When the
exonuclease activity of Pol ε was first identified and inactivated (64), the resulting yeast
pol2–4 mutant had an elevated mutation rate that was further increased by inactivating DNA
mismatch repair, indicating that the mutations observed in the pol2–4 strain are indeed
replication errors (51,57,64). Additionally, depletion of Pol ε from a Xenopus extract results
in a chromosomal replication defect, and this defect is restored upon addition of purified
Xenopus Pol ε (81). Further evidence that Pol ε is involved in replication came from
immunohistochemical studies showing Pol ε colocalization with actively replicating foci of
DNA in normal human fibroblasts (67). This colocalization was observed late in S phase,
leading to the suggestion that Pol ε is particularly important for replicating heterochromatin.

2. Division of Labor at the Replication Fork
A two polymerase model of replication fork progression derives from extensive studies of
the E. coli replication fork which consists of two molecules of DNA polymerase III
coordinately synthesizing DNA, with one operating on the continuous leading strand and the
other operating on the discontinuous lagging strand (reviewed in (82)). Coordination of
these two polymerases at the fork is mediated by a multisubunit complex with the τ subunit
at the functional center. Following the identification of Pol ε and Pol δ as eukaryotic
replicative polymerases, three different models have been put forth regarding the division of
labor between Pol ε and Pol δ at the fork. One suggests that Pol δ is primarily responsible
for replicating the leading strand and that Pol ε synthesizes the lagging strand. This model
arose from early biochemical studies of the two polymerases ((83,84) and reviewed in (82)).
Based on substantial evidence now suggesting an important role for Pol δ in lagging-strand
synthesis (85–87), this model is currently disfavored.

A second model posits that Pol δ is responsible for the majority of synthesis on both the
leading and lagging strands. This model is supported by the fact that SV40 origin dependent
replication of double stranded DNA by primate cells requires Pols α and δ, but not Pol ε
(88,89). A caveat here is that, unlike chromosomal replication, replication from the SV40
origin relies on SV40 T antigen (Tag) for initiation and helicase activities (90). Moreover,
SV40 is a polyomavirus and its replication is not subject to the same cell cycle controls as is
normal, chromosomal DNA (91). The latter may be particularly relevant, given the proposed
role of Pol ε in checkpoint functions (see below). That Pol ε is dispensable for replication is
belied by evidence that Pol ε can be cross-linked to nascent chromosomal DNA in
mammalian cells (89), suggesting that, as in yeast cells (75), mammalian Pol ε is involved in
chromosomal replication.

Additional support for the model suggesting that Pol δ is responsible for the majority of
synthesis on both the leading and lagging strands comes from experiments in budding and
fission yeast using Pol2 mutants lacking the open reading frame for the polymerase catalytic
activity (92–94). While deleting the entire Pol2 gene is lethal, deleting only the N-terminus
encoding the polymerase activity is not. This indicates that Pol ε activity per se is not
absolutely required for chromosomal replication, and that the essential function of the Pol2
gene is contained within its C-terminal residues. Nonetheless, cells lacking the N-terminus
of Pol2 encoding Pol ε activity are not completely healthy and they have a prolonged S
phase. In contrast to the viability of an in frame deletion of the N-terminus, mutation of two
of the catalytic aspartic acid residues of yeast Pol ε to alanines is lethal (92). This is likely to
encode a dominant negative polymerase that binds to the replication fork and inhibits
replication.
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A third model (72) posits that Pol ε is the primary leading strand DNA polymerase while
Pol δ is primarily responsible for lagging-strand synthesis. This model is supported by the
fact that Pol ε is intrinsically more processive than Pol δ and therefore is better suited for
continuous leading strand replication (16). In addition, Pol δ is clearly implicated in lagging
strand replication because its 3´ exonuclease cooperates with FEN1 to generate ligatable
nicks at the 5´ ends of Okazaki fragments (86) and because it participates in completing the
replication of telomeres (95), a lagging strand replication process. Genetic evidence from
yeast indicating that the exonuclease activities of Pol ε and Pol δ proofread replication
errors on opposite strands during replication (65,96), leads to the further inference that Pol ε
participates in leading strand replication.

Strong additional evidence for Pol ε replicating the leading strand came from a combination
of biochemical and genetic evidence in yeast (97). A M664G mutant allele of yeast Pol ε
with reduced fidelity was identified (Fig 2C/D) that possessed a unique in vitro mutational
signature, while otherwise retaining normal biochemical properties. When this allele was
placed in a haploid yeast strain, an in vivo mutational signature was observed which was
similar to that seen in vitro and was dependent upon both the position and orientation of a
reporter gene relative to efficient replication origins. The mutational signature was
consistent with participation of Pol ε in leading strand replication. This mutational signature
pattern consistent with leading strand replication occurred on two different chromosomes
and at both early and late-firing origins.

Recent evidence using a similar approach has now firmly implicated Pol δ in replicating the
lagging strand (98). A mutant allele of Pol δ made by changing a leucine that is homologous
to the methionine changed in Pol ε also has reduced fidelity but otherwise retains wild type
catalytic properties (98). Yeast strains with this allele retain relatively normal replicative
capacity and growth rate (98,99), but have an elevated mutation rate and a unique mutational
signature (98). As in the Pol ε study (Pursell), this Pol δ mutational signature is both
position- and orientation-dependent and is consistent with a primary role for Pol δ in
replicating the lagging strand. Taken together, the results of both studies imply that under
normal circumstances, Pol ε is primarily responsible for replicating the leading strand and
Pol δ is primarily responsible for replicating the lagging strand (Fig. 5).

It remains to be seen if this pattern is observed throughout the yeast genome, or changes
with chromatin status, genomic location, or other parameters. It also remains to be seen if
the roles of Pol ε in yeast differ in any way from its roles in higher organisms.

F. The Role of Pol ε in Checkpoint Control
1. Cell Cycle Progression and Replication

The cell cycle is an orderly progression of events that allows the genome to be completely
duplicated prior to the onset of mitosis. Unrepaired DNA damage sustained at any point in
the cell cycle can disrupt this progression. DNA repair and checkpoint activation are the two
means by which cells can avoid the potentially deleterious uncoupling of normal cell cycle
progression. Checkpoints are cellular pathways that involve slowing or blocking cell cycle
progression to allow time for repair of the lesion. There are four main DNA damage
checkpoints: G1/S, intra-S, S/M, and G2/M (reviewed in (100)). DNA damage incurred
prior to the cell fully committing to entering S phase and subsequent DNA replication
activates the G1/S arrest primarily by inhibiting origin activation. DNA damage incurred
once the cell has fully committed to replication activates the intra-S checkpoint, which acts
by inhibiting late-firing origins, thus prolonging S phase, and stabilizing stalled replication
forks to allow for productive restart once the replication block is removed. The S/M
checkpoint is one of the least well understood, preventing catastrophic mitosis from
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occurring in the absence of complete replication. The G2/M checkpoint arrests the cell cycle
prior to cell division in the presence of DNA damage. Replication in general, and Pol ε in
particular, is implicated primarily in the intra-S and S/M checkpoints.

Replication forks arising at replication origins proceed until termination upon meeting a fork
traveling in the opposite direction from an adjacent origin. There are a number of reasons
why a fork may stop prior to termination, and so mechanisms exist to ensure fork
progression, to stabilize stalled forks and prevent collapse and strand breaks, and to signal
for a delay in cell division. The two most well studied causes of fork stalling are low dNTP
pools resulting from treatment with hydroxyurea (HU) and blocking lesions in DNA. In both
cases, stalled forks are sensed by a PI(3)K-like kinase, ATR in humans and Mec1 in yeast,
which phosphorylates downstream components of the checkpoint pathway. The ultimate
responses to both types of damage are to inhibit the initiation of late-firing origins, to
stabilize the stalled forks, and to allow the cell sufficient time to restart the stalled fork prior
to proceeding with cell division. Failure to achieve any of these outcomes can result in fork
collapse followed by double strand breaks, hyper-recombination, genome rearrangement,
and catastrophic attempts at cell division prior to replicating the complete genome.

2. Pol ε Linked to Cell Cycle Progression and Replication
Pol ε was initially implicated as a component of the S/M replication checkpoint because
mutants in the extreme C-terminus of the yeast catalytic subunit are sensitive to HU and are
unable to activate the RNR3 transcriptional response and prevent catastrophic mitosis as a
consequence of HU treatment (77). This defect in RNR3 transcriptional activation and in
Rad53 phosphorylation were subsequently shown to be specific to S phase (101), similar to
what is seen in Mec1 mutants. Rad53 is a protein kinase and checkpoint transducer that,
when phosphorylated, in turn phosphorylates targets directly involved in initiating
checkpoint responses. Additionally, the human Pol ε C-terminal half interacts with Mdm2
(39) and Mdm2 in turn stimulates Pol ε activity in vitro (40). As mentioned above, Mdm2 is
an E3 ubiquitin ligase for p53 (38) and is involved in a complex regulatory loop resulting in
activation or inhibition of p53 activity depending on Mdm2 interaction with a network of
proteins (37). Thus Pol ε is linked to the regulation of cell cycle progression in human cells,
though its involvement is less well understood than in the model yeast system.

Yeast Pol ε involvement in the intra-S checkpoint was first proposed based on its genetic
association with Sgs1. Sgs1 is the lone budding yeast RecQ family helicase and is non-
essential. Deletion mutants are sensitive to MMS-induced replication blocks and allow
replication fork progression in the presence of HU. Intriguingly, sgs1 mutants also show
elevated levels of rDNA recombination (102). Humans have five RecQ family members,
including BLM and WRN, and mutants in these helicases can cause genomic instability and
cancer. C-terminal Pol ε mutants are epistatic with the HU-induced Δsgs1 defects, and
mutants in both the helicase and polymerase lose viability when removed from HU, pointing
to an intra-S checkpoint defect (103). Pol ε associates with stalled forks at early and late-
firing origins in the presence of HU and this stable association is dependent on both
helicase-active Sgs1 (104) and on Rad51 (105) and is also a component of a paused
replisome, along with Pol α and the CMG replicative helicase (106). However, Pol ε no
longer associates with early-firing origins in the absence of a functional Mec1, which likely
acts directly at the fork to aid in stabilizing stalled forks (107). That Pol ε associates with
late origins inappropriately firing in mec1 mutants in the presence of HU indicates that the
assembly of Pol ε at replication forks remains intact, but it is the stabilization defect that
causes loss of Pol ε (104).
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3. Dpb2 and the Cell Cycle
Dpb2 phosphorylation is another means of regulating Pol ε function at the replication fork.
It is phosphorylated in S phase by Cdc28 (17), the yeast CDK1 homolog which
phosphorylates a number of replication proteins in order to help control replication initiation
and prevent re-replication (108,109). Dpb2 dephosphorylation is linked to proper S phase
progression and exit from mitosis. Cdc14 is a phosphatase whose targets generally include
Cdc28 phosphorylation substrates, of which Dpb2 is an S phase-specific substrate (17). A
cdc14 mutant that mislocalizes away from its normal, nucleolar site deregulates Cdc14
activity, allowing Dpb2 and Sld2 to be prematurely dephosphorylated and causing defective
S phase progression (110). While Dpb2 phosphorylation is not essential for yeast growth, it
was hypothesized that Dpb2 phosphorylation can regulate holoenzyme formation and DNA-
binding, much like other B family accessory subunit phosphorylation events (111).

G. Pol ε Involvement in Regulating Chromatin States
1. Pol ε Influence on Gene Silencing

Heterochromatic DNA is transcriptionally silent, and silenced regions are able to
epigenetically influence neighboring regions through the use of Sir proteins, including the
NAD+-deacetylase Sir2. Silencing involves establishment, maintenance, and inheritance of
the silent state (112). Budding yeast establish, maintain, and propagate three different silent
regions through differential involvement of the Sir proteins: rDNA, silent mating-type loci,
and telomeres. The rDNA exists in an array of up to 200 repeats, each of which contains an
origin of replication along with the heavily transcribed rRNA genes. More than half of these
repeats may be silenced in a SIR2-dependent manner. The silent mating-type loci are located
16 and 23 kb from the left and right telomere, respectively, of yeast chromosome III.
Silencing at these loci requires the full complement of Sir proteins, Sir1–4. Silencing at
telomeric regions of the yeast genome requires only Sir2–4. Pol ε is implicated in silencing
at all three types of silenced loci in yeast, indicating a fundamental role in the propagation of
transcriptional states during replication. The role of Pol ε in determining chromatin status
may involve the stability of the Pol ε complex, rather than a biochemical activity per se,
because this function is affected by truncations at the C-terminus of Pol2, which lacks
catalytic activity and is involved in forming a complex with the smaller subunits (14,113),
and by mutations in Dpb3, which contains no identified catalytic activity and is not essential
for viability (21). DPB3 was identified in a screen for deletion mutants that lost the ability to
silence a marker located in the rDNA (114), indicating a role for Pol ε in positively
regulating gene silencing. Mutants in Pol α and RFC were also identified, however these
mutants resulted in shortened telomeres, while telomere length was unaffected in the Δdpb3
mutant (114). Ehrenhofer-Murray and coworkers (115) established an allele of the HMRa
locus which was deficient in silencing, and the strain could thus not mate with MATα
strains. They then screened a large set of replication mutants for those able to restore
silencing and allow mating. A Pol ε C-terminal truncation mutant, pol2–12, restored
silencing along with mutants of RFC, PCNA, and CDC45. This allele of Pol ε is
temperature-sensitive and disrupts the four subunit complex. Alleles of Pol α and δ were
both tested and observed to have no effect on silencing. It should be noted that in one case
silencing is lost by disrupting the pol ε holoenzyme, while in the other case silencing is
restored by disrupting the pol ε holoenzyme. This may reflect different roles for pol ε
involved in DNA synthesis at different chromosomal locations with different silencing
mechanisms.

2. Pol ε and Telomeres
Telomeres are protein-bound repetitive sequence elements that cap the ends of eukaryotic
linear chromosomes (116). The normal replication machinery has the capacity to gradually
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shorten chromosomes due to the “end-replication” problem (reviewed in (117)), ultimately
resulting in senescence or apoptosis (118). This shortening is prevented by telomerase, a
reverse-transcriptase-like enzyme that adds repetitive sequence elements to chromosomal
ends to maintain telomere length (119). Subtelomeric regions in both yeast and mammals
are subject to epigenetic silencing (reviewed in (120)), specifically through a
heterochromatic spreading mechanism in yeast (121). These subtelomeric regions in
budding yeast contain dormant or very late-firing origins of replication that are suppressed,
in part, by this silencing. When telomere length is artificially reduced, either through
inactivation of Terc, the RNA component of telomerase, in mouse (122) or by
recombination in yeast (123), the heterochromatic state is lost and yeast ARS sequences
promote origin firing early in S phase. In telomerase-proficient yeast, this early origin firing
in turn promotes telomere lengthening (123). This coupling of replication timing and
telomere length was demonstrated through the use of wild type Pol ε in ChIP experiments.
The telomeres in pol2–16 mutants after passaging are shorter than in wild type yeast, and
these cells senesce much earlier than wild type cells (22). The role of Pol ε in establishing
and promoting the epigenetic silencing of regions of DNA during replication might possibly
be linked to maintaining telomere length.

3. Telomere-proximal Effect
Pol ε also has a role in telomere-proximal silencing, as shown in colorimetric and viability
assays using reporter genes immediately adjacent to the telomere in which both pol2 C-
terminal truncation and Δdpb3 mutants are defective for silencing telomere-proximal
reporter genes. Iida et al. (124) used a clever single-cell assay to further determine that Pol ε
normally functions to silence this region in opposition to the yeast CHRAC remodeling
complex, which operates by activating this region. This is striking given that CHRAC and
Pol ε share a subunit in all organisms studied (124,125) (see below). Disruption of the
shared subunit shows equal amounts of silencing and activation in this assay, clearly
demonstrating an independent role in two complexes for the shared subunit.

H. Pol ε Relationship with Chromatin Remodeling Complexes
1. Chromatin Remodeling

In order to package the entire genome into the nucleus and to control gene expression, DNA
in eukaryotic cells is organized into chromatin (126). At the nucleic acid level, 146 bp of
DNA is wrapped in two turns around a histone octamer comprised of a core of two H3/H4
histone dimers flanked by two pairs of H2A/H2B histone dimers forming the nucleosome.
These nucleosomes are separated by histone-free linker DNA and are arrayed along the
DNA, which coils into 30 nm helices known as chromatin fibers, which in turn are packed
upon each other to form the higher order structure known as chromatin. The net result of this
packaging is that the DNA is rendered less accessible to DNA binding proteins, including
DNA polymerases involved in replication and DNA repair. Cells have a large complement
of multi-subunit protein complexes called chromatin remodeling complexes that are able to
reorganize the histone octamers to grant enzymes like transcription factors and components
of the replication machinery access to the DNA (127). These are distinct from histone-
modifying enzymes, as they do not covalently alter the histone proteins. Nucleosomes are
stable structures due in large part to a high number of DNA-protein contacts either directly
via the histone proteins or mediated through water. Each of these chromatin remodeling
complexes couples the energy released through ATP hydrolysis with a rearrangement of the
nucleosomal array.

All chromatin remodeling complexes contain a catalytic subunit that is a member of the
DEAD/H ATPase Swi2/Snf2 family (see (128) and references contained therein). These
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members are organized into four groups based on their homology to canonical family
members containing a unique complement of protein domains: the SWI/SNF, CHD, INO80,
and ISWI groups. Along with the ATPase domain, the ISWI class contains a SANT domain,
which has homology to a class of transcription factor DNA binding domains and,
importantly, may be involved in coupling interaction with histone tails to histone
modification.

Drosophila has one member of the ISWI family that forms three different complexes in
vitro, called NURF, ACF, and CHRAC, based on their associated subunits and biochemical
activities. CHRAC (CHRomatin Accessibility Complex) from Drosophila is comprised of
four subunits: ISWI, the ATPase-containing subunit; Acf1, which contains, among other
characterized and uncharacterized domains, a bromodomain involved in binding histone
acetyl-lysine residues and a WAC domain that targets proteins to heterochromatin in mouse
(129); and two small histone fold motif (HFM)-containing proteins, p14 and p16 (130).
CHRAC was initially purified from Drosophila extracts as a complex that allowed
restriction enzymes to digest their target sequence in chromatin (131). An additional activity
of CHRAC is its ability to organize ordered arrays of nucleosomes in the presence of ATP
from disorganized nucleosomes formed in the absence of ATP (131).

2. Dpb4/p17: The Shared Subunit
The first evidence that DNA polymerase ε played some role in these chromatin remodeling
complexes came with the purification of HuCHRAC, the human homolog of the Drosophila
CHRAC (125). Two homologues of the DmCHRAC HFM-containing subunits, called p15
and p17 in humans, were identified and cloned. At approximately the same time, the two
HFM-containing subunits of human Pol ε, p12 and p17, were cloned (15) and it was
independently determined that p17 from HuCHRAC was identical to p17 from human Pol ε.

Two yeast homologs of ISWI, ISW1 and ISW2 were identified in a chromatin remodeling
complex (132) before the genes were cloned for any of the HFM subunits from either
complex. It was later determined that ISW2 exists in an ATPase chromatin remodeling
complex containing two HFM subunits: DPB4, a small subunit of yeast Pol ε and DLS1
(Dpb3-like subunit), a novel yeast protein with homology to the unique HFM subunits in
CHRAC (124,133). The shared subunit is conserved throughout evolution. Why two entirely
separate enzymatic activities should have such a shared subunit remains an open question.
The shared subunit could bridge an interaction between the two complexes, but this appears
unlikely given that p12, the Pol ε-specific HFM protein, is not found in purified CHRAC in
multiple species (134,135), and given that hSNF2H is not found in purified human Pol ε
(Pursell & Linn, unpublished observations). Based on sequence homology to the CCAAT-
binding factor subunits, CBF-A and -C, it was originally proposed that the human p12/p17
heterodimer might form an interaction surface, much like CBF-A/-C enables binding of
CBF-B and subsequent transactivation, thus allowing Pol ε to interact with other factors,
possibly involved in influencing chromatin structure (15).

One possible explanation for the shared subunit is to coordinately regulate Pol ε and
CHRAC. Both the CHRAC and Pol ε HFM subunits from humans (125) and from yeast (52)
are able to bind dsDNA. This enables the four-subunit Pol ε holoenzyme to tightly bind
dsDNA (136), unique among replicative DNA polymerases. The shared subunit in yeast,
Dpb4, can be cross-linked to extranucleosomal DNA, but not nucleosomal (137). The HFM
subunits may bind dsDNA, either in complex with the catalytic subunits or in their absence
in a manner similar to the histone H2A/H2B heterodimer (see (138) and Fig. 6), to mark
regions of DNA to be operated on by either Pol ε, likely to propagate a silenced state, or by
CHRAC, likely to propagate a derepressed nucleosomal state (115). The decision to target
Pol ε or CHRAC may be made at the epigenetic level through histone modifications.
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Histones were found to co-immunoprecipitate with both yCHRAC and Pol ε through Dpb4,
with a Dpb4-associated histone H4 hypoacetylation pattern different from bulk genomic H4
(135). A genome-wide microarray of DNA bound to Dpb4-histone complexes showed
enrichment near telomeres and boundary regions separating the silenced HM loci from the
surrounding euchromatin, consistent with the silencing data observed by both Iida et al. and
Ehrenhofer-Murray et al. (115) It may be that Pol ε and CHRAC are directed to silenced and
non-silenced regions of DNA, respectively, in order to ensure that the chromatin status is
properly maintained during replication and then propagated to the progeny. Switching states,
if necessary, would be carried out by other factors, possibly HATs or HDACs, whose
actions would dictate the switching of the targeting signals for Pol ε and CHRAC.

3. Centromeres and Sister Chromatid Cohesio
Evidence from metazoan cells indicates that Pol ε and CHRAC may be targeted to regions
of silenced DNA as well. Two components of CHRAC, Acf1 and Snf2h, colocalize with
HP1β, which aids in the formation of pericentromeric heterochromatin by binding K9-
methylated histone H3, and BrdU, during S phase (139). Additionally, reduction of both
Acf1 and Snf2h causes a delay in S phase specific to elongation (139). Pericentromeric
heterochromatin is a region of specialized heterochromatin surrounding the centromeres that
is important for spindle attachment during mitosis. While budding yeast lack true
pericentromeric heterochromatin, Pol ε physically interacts with and is stimulated by Trf4
(140), which is required for sister chromatid cohesion and completion of S phase (141).
Trf4, and the redundant Trf5, was initially believed to be a novel DNA polymerase involved
in this process, but was subsequently shown to have poly(A) polymerase activity (142).
Snf2h has been found in a complex separate from CHRAC that contains hRad21 and is
involved in loading cohesin onto DNA (143). Pol ε from non-transformed human fibroblasts
was also found to colocalize with both PCNA and BrdU at sites of active DNA replication
late in S phase, during which time heterochromatin is replicated in mammalian cells (67).
Taken together, these data suggest that the shared p17 subunit may target both CHRAC and
Pol ε to repetitive DNA, to facilitate replication of heterochromatin to ensure that the
epigenetic state of heterochromatic DNA is maintained and propagated. The differences
between yeast and human CHRAC-pol ε relationships may also suggest a difference in the
balance of CHRAC and Pol ε activities between budding yeast, with its SIR2-dependent
silencing and absence of true heterochromatin, and metazoan and fission yeast, with HP1-
dependent heterochromatic DNA.

CHRAC may also contribute, directly or indirectly, to Pol ε during replication at the origin-
unwinding stage. The initiation of SV40 origin-containing DNA into a nucleosomal
template using cell-free extracts normally inhibits in vitro replication (144). Purified
CHRAC was able to rearrange the nucleosomes on an SV40 template and relieve this
inhibition of replication (145). While this system relies on Tag both for origin unwinding
and for helicase activity, and while Pol ε is dispensible for this reaction (88), nevertheless it
is intriguing that a nucleosome remodeling complex is able to facilitate replication origin
firing and also shares a subunit with a DNA polymerase known to bind replication origins
prior to origin firing (25).

I. The Roles of Pol ε in Excision Repair of DNA Damage
Much of the early work implicating Pol ε in DNA repair synthesis was based in large part on
studies making use of the DNA polymerase inhibitor, aphidicolin (5,146). This was done
primarily to distinguish aphidicolin-sensitive DNA synthesis from aphidicolin-insensitive
DNA polymerases like Pol β. Unfortunately, aphidicolin inhibits both Pol δ and Pol ε,
making distinctions between the two using this strategy difficult. Even today it remains
difficult to distinguish the involvement of the two polymerases in DNA repair synthesis,
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though there is much evidence to suggest that Pol ε does play a role in filling gaps generated
during several types of excision repair.

1. Base Excision Repair
The cell is constantly exposed to a wide variety of agents that can chemically modify the
DNA, posing a challenge to the normal progression of replication forks and transcription
complexes. These insults include reactive oxygen species created within the cell, and
external sources like ultraviolet irradiation and chemicals that introduce DNA base adducts.
In order to deal with these lesions and prevent mutagenesis and genome instability, multiple
pathways exist to identify, excise, and correct these lesions (147). DNA base modifications
that do not generally distort DNA helix geometry are primarily repaired by base excision
repair (148). Multiple BER subpathways exist to repair the various non-distorting lesions
(reviewed in (149)).

In mammals, Pol β has a major role in BER, being essential for the repair synthesis of a
single nucleotide to replace the damaged nucleotide (150). However, Pols δ and ε have both
been implicated in the PCNA-dependent BER, which involves synthesis patch sizes greater
than one nucleotide and likely serves as a backup to Pol β-dependent BER (151,152). Pol ε
was implicated in BER in yeast when extracts made from temperature-sensitive yeast Pol ε
mutants were deficient in repairing three different lesions, a plasmid containing dUMP, an
OsO4-treated plasmid, and a UV-irradiated plasmid (153). Purified yeast Pol ε was able to
restore DNA repair, thus implicating Pol ε in BER.

2. Nucleotide Excision Repair
Many lesions that strongly distort the DNA helix are repaired by nucleotide excision repair
(NER). NER requires synthesis of about 30 nucleotides to fill the gap generated by excision
of the lesion from the DNA (147). Early evidence that Pol ε plays a role in NER-dependent
DNA synthesis came from studies in human cells that preceded knowledge that pols δ and ε
were distinct enzymes. Postconfluent, normal diploid human fibroblasts, which do not
exhibit semiconservative (replicative) DNA synthesis, undergo conservative (repair) DNA
synthesis after UV irradiation (5). When cells were permeabilized after UV treatment, a
repair factor was lost along with the repair synthesis, which was complemented by addition
of HeLa extracts. Extensive fractionation and biochemical characterization revealed this
soluble repair factor to be DNA polymerase ε (6,7) (described above and below).

Complete reconstitution of mammalian nucleotide excision repair was initially performed
using calf thymus Pol ε as the gap-filling DNA polymerase (154). A subsequent study
determined that Pol ε was better able than Pol δ to perform gap-filling synthesis that
ultimately generated DNA ligase I-ligatable products (155). Unlike with pols α and δ, DNA
synthesis efficiency by Pol ε increased as gap size decreased (156), another desirable
characteristic for a gap-filling polymerase. Another study pointing to Pol ε and Pol δ
redundancy in excision repair showed that only mutants in both polymerases showed an
accumulation of single strand DNA breaks in response to UV irradiation (157). Whereas
extracts from temperature-sensitive Pol δ or Pol ε mutants show reduced NER activity, Pol
α is not involved in yeast NER (158). At least the DNA polymerase component of Pol δ is
able to completely compensate for the absence of Pol ε during budding yeast NER in vivo,
as pol2–16 mutants lacking the catalytic domain are not sensitive to UV (94). However,
extracts prepared from pol2–16 cells do show reduced NER synthesis in vitro, indicating
that Pol ε does play a substantial role in NER (158).

A recent study combined whole-cell repair assays with ChIP and immunofluorescence
microscopy in both proliferating and quiescent cells to identify XRCC1 and DNA ligase
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IIIα as novel core components of NER in humans (159). DNA ligase I is essential for
chromosomal replication, plays an important role in NER (160), and has also been
implicated in long-patch BER (113) along with the scaffold protein XRCC1 (161). For these
reasons, DNA ligase I was used in the excision repair reconstitution assays that implicated
both Pol δ and Pol ε, without providing a clear distinction between the two polymerases
(154,155). Interestingly, Pol δ was found to be present at sites of NER involving XRCC1-
DNA ligase IIIα in both actively cycling and quiescent cells, while Pol ε was only found
with DNA ligase I at sites of NER and only in cycling cells (159). This is curious given
results with the original repair assays that identified Pol ε in confluent cells (5), which may
indicate that the repair role of Pol ε in post-mitotic cells relies on an as yet uncharacterized
DNA ligase, since ligase I is not present in non-replicating cells (159).

Interstrand cross-links (ICLs) are extremely toxic to cells and particularly relevant to human
health as many anti-cancer drugs induce ICLs. In order to deal with this high toxicity, a
number of repair pathways exist to accurately repair these lesions (reviewed in (162)). The
predominant ICL repair pathways involve the NER, recombinational repair, and translesion
DNA synthesis systems, which pathway is used appears to vary considerably with both the
cell cycle and type of lesion (163). While overall ICL repair is only poorly understood in
eukaryotes, the use of NER and recombinational repair, both of which involve Pol ε to some
degree, raises the possibility that Pol ε is involved in ICL repair.

3. Does Pol ε function in Mismatch Repair?
Biochemical evidence has implicated Pol δ in MMR (164–166). Nonetheless, those studies
noted that a possible role for Pol ε should not be excluded. In support of this possibility is
one study providing genetic data consistent with a role for the 3´ exonuclease activity of Pol
ε in the excision step of MMR. In this study, exonuclease-deficient Pol ε mutants, which
alone show very little effect on frameshift fidelity in long (≥8 nt) homonucleotide runs,
showed a synergistic mutator effect in long homonucleotide runs with inactivation of exo1,
which is known to be involved in mismatch repair (51). Based on the even more severe
defect seen with exonuclease-deficient Pol δ mutants in combination with exo1 inactivation,
the authors proposed that Exo1 competes with the 3’ exonuclease activities of both pols ε
and δ in the excision step of mismatch repair. Biochemical studies with human cell extracts
showed that the excision step of MMR is aphidicolin-insensitive, arguing against a direct
role for either Pol ε or Pol δ. However, the authors note that the resistance varies somewhat
with extract preparation and that their assay does not require the presence of a replication
fork. If the 3’ excision step is dependent upon a replication fork, it would not be observed in
their assay.

J. Pol ε in Recombination
1. Double Strand Break Repair

Double-strand breaks (DSB) in DNA are among the most toxic of lesions; even one DSB
can be lethal (167). DSBs arise through a number of different endogenous and exogenous
sources including γ-irradiation, mating type switching, immunoglobulin rearrangement,
crossing over during meiosis, and stalled replication forks (reviewed in (147)). Two major
types of repair abrogate the deleterious effects of DSBs, non-homologous end-joining, and
homologous recombination (168,169). The latter can be subdivided into gene conversion
and break-induced replication (BIR), both of which involve a number of replication fork
proteins, likely including Pol ε.

Pursell and Kunkel Page 15

Prog Nucleic Acid Res Mol Biol. Author manuscript; available in PMC 2013 June 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2. Gene Conversion
Double-strand breaks repaired by gene conversion likely do so via a modified replication
fork consisting of leading and lagging strand polymerases. Temperature-sensitive mutants of
pols α, δ, and ε are each defective in gene conversion at the MAT locus in budding yeast
upon generation of an HO-induced DSB (170). While an early study in asynchronous yeast
cells reported that Pol α-primase mutants had the most serious defect, later examination of
this mutant in synchronized cells revealed that Pol α is unnecessary, questioning the
importance of Okazaki fragment processing in recombinational repair through gene
conversion (171). A Pol ε mutant gave a more severe defect in gene conversion than did a
Pol δ mutant, consistent with the idea that leading strand DNA synthesis might play a more
prominent role in gene conversion, or that Pol ε may be able to more effectively substitute
for Pol δ lagging strand synthesis than can Pol δ substitute for Pol ε. The gene conversion
process occurs with fast kinetics and involves little, if any, checkpoint activation.

3. Break-induced Replication
The break-induced replication (BIR) pathway may operate at replication forks that stall at a
DNA lesion. Strand invasion mediated by Rad51 allows the reestablishment of a
unidirectional replication fork that can proceed to the end of the chromosome (172). A
Rad51-independent mode of BIR exists (173) which is dependent upon Rad50 and Rad59,
although no direct involvement of a replicative DNA polymerase has been reported for this
pathway (174). However, in an assay designed to investigate the role of the replicative
polymerases in Rad51-dependent BIR, yeast pols α and δ were found to be required for the
initiation step (175). Pol ε was found to be dispensable for the initiation step but required for
the elongation step and formation of long products of up to 30 kb. The Pol ε mutant used to
probe this BIR was a C-terminal mutant that disrupts the holoenzyme. This region contains
the portion of Pol ε implicated in damage sensing and checkpoint activation, indicating that
perhaps these activities are the required activities of Pol ε in BIR.

4. Mammalian Recombination Complex
That Pol ε may participate in recombinational repair in metazoan cells is suggested by its
association with recombination-like activities. Pol ε from bovine tissue co-purifies with the
multiprotein RC-1 complex that can transfer a homologous sequence from one closed,
circular DNA template to another in trans (176–179). Also copurifying with Pol ε were
DNA ligase III and a structure-specific endonuclease that may help to resolve Holliday
junctions arising during recombination. During mouse testis development, Pol ε mRNA and
protein levels persist through the late pachytene stage of meiosis, when Rad51 levels peak
and the meiotic chromosomes are fully synapsed and recombination is completed (180).
Human Pol ε may thus function as a DNA polymerase in a recombinational repair complex
in a similar fashion to DNA synthesis during BIR in yeast, with a primary role in the
elongation/completion phase of recombination repair.

5. rDNA Recombination
Pol ε is involved in silencing at the yeast rDNA loci (114), likely acting during replication to
propagate the silenced state like it does at the boundary regions near the HM loci (115). The
rDNA loci in yeast are recombinigenic and defects that reduce the replicative lifespan of
yeast cause a hyperrecombination phenotype resulting in the accumulation of
extrachromosomal rDNA minicircles, eventually causing the mother cell to die (181). This
process of creating rDNA minicircles is promoted by Fob1, which stalls replication forks at
Fob1-binding sites located within each rDNA repeat, and is repressed by Sir2 (and the Sir2-
like Hst2), which silences rDNA through the formation of heterochromatin (182). rDNA is
in metazoans is heterochromatic and primarily replicates late in S phase (183), the same time
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that the replication-linked function of Pol ε is occurring (67). It is tempting to speculate that
when replication forks are stalled to the point where a recombinational repair mechanism is
invoked (e.g. a specific protein block, heavy transcriptional activity, a single-strand break at
a replication fork), Pol ε is the primary elongation polymerase. In order to prevent
premature mitosis Pol ε is then able to signal through its C-terminal half the presence of the
crossed-over replication intermediate, which is lethal if left unresolved. What makes this
even more intriguing are observations with mutants lacking the Pol ε catalytic domain,
which lose replicative capacity much earlier than do wild type cells (22). A defect in Pol ε
that causes reduced lifespan might thus be due to a defect in rDNA recombination. In
addition, Pol ε physically interacts with Trf4, which is involved in sister chromatid cohesion
(141). Trf4 is a component of a complex that binds the rDNA intergenic spacer region and
helps regulate rDNA copy number (184), and Δtrf4 mutants are sensitive to MMS (185).
This role is consistent with the major observations of Pol ε being essential for chromosomal
replication, and that the essential portion in yeast is its C-terminal, subunit-interacting half.
It is also consistent with Pol ε being important for Rad51-dependent BIR and the
observation that Pol ε foci colocalize with replication foci only late in S phase. This may be
a general mechanism that is observed primarily at the rDNA loci due to the naturally high
degree of recombination occurring there and its regular assembly into nucleolar foci (186).

K. Schizosaccharomyces pombe Pol ε
1. Catalytic Subunit

S. pombe Pol ε, or cdc20, was initially described as a mutant allele defective in the initiation
of DNA replication (187) and with reduced sporulation efficiency (188). Thermosensitive
mutants in cdc20, along with mutants of DNA polymerase δ and MCM4, undergo mitosis
prior to completing replication (189), much like the S. cerevisiae C-terminal truncation
mutants, linking Pol ε to the DNA damage checkpoint in fission yeast. When the cdc20 gene
was cloned and found to encode Pol ε by virtue of sequence homology, disruption of the
coding sequence was lethal, consistent with the idea that S. pombe Pol ε is essential for
DNA replication (190). Haploids generated from two different mutants had reduced
sporulation but showed no replication or other mitotic defects. Additionally, C-terminal
mutants mimicking those C-terminal truncation mutants that are defective for the S-phase
checkpoint arrest with the checkpoint intact, indicating that S. pombe Pol ε may differ from
S. cerevisiae Pol ε in having little or no role in S-phase checkpoint integrity. However, when
replication checkpoint-proficient cdc20 mutants are combined with a similarly replication
checkpoint-proficient deletion of cid1, one of six S.pombe homologs of the budding yeast
Trf4/Trf5 proteins involved in sister chromatid cohesion, the resulting cid1Δ cdc20 double
mutant is defective for the replication checkpoint (191).

As seen in budding yeast, deletion of the catalytic portion of pombe Pol ε is not lethal but
does prolong S phase (93). This supports the idea that Pol δ catalytic activity is able to
partially compensate for Pol ε catalytic deficiency, and that the C-terminal half of the
catalytic subunit contains the essential activity. This function likely involves the ability of
the C-terminal half to interact with its own subunits and possibly other factors on DNA
(192). The viability of this mutant depends on components of the DNA damage checkpoint,
i.e., the catalytic mutant is synthetically lethal when combined with deletion mutants of
chk1, rad3 (ATR), and hus1 (9-1-1 clamp), as well as with cdc6 (pol δ). In contrast to
observations in budding yeast (94), S. pombe catalytic deletion mutants are insensitive to
HU and highly sensitive to MMS (93).
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2. Accessory Subunits
As in budding yeast, the dpb2 subunit of S. pombe Pol ε is essential (192). In a system
designed to downregulate dpb2 in the presence of thiamine, cells with reduced Dpb2 have
delayed replication initiation and increased nuclear defects, including missegregated
chromosomes and anucleate cells. Also as in budding yeast, dpb2 binds to ARS elements
early in S phase and this binding depends on pre-RC formation, indicating a role in initiation
or early elongation of replication. However, unlike budding yeast, S. pombe dpb3 is
essential (193). Moreover, down regulation of dpb3 results in a cell cycle delay and an
increase in multinucleate cells. This contrasts with S. cerevisiae, where Δdpb3 mutants are
viable and the only observed phenotype is a moderate increase in mutation rate (21), a
phenotype that has yet to be examined with S. pombe Pol ε mutants. Dpb4 is not essential
for viability, but unlike in S. cerevisiae, a dpb4 deletion mutant is synthetic lethal in
combination with mutants in DNA replication initiation and DNA damage checkpoint
signaling (193).

Rad4/Cut5 is a BRCT-repeat containing protein that is essential for replication initiation
(194), likely through linking pre-RC formation to CDK signaling. It shares homology to the
human TopBP1 and budding yeast DPB11, which has a role in checkpoint activation (80) as
well as replication initiation (79) and physically associates with Pol ε (25). Although Rad4
binds chromatin in the absence of DNA damage, this association, as well as the stability of
the Rad4 protein, depends on the presence of Pol ε (194), indicating that Rad4 and Pol ε
may function together in replication initiation.

L. Xenopus Pol ε
Understanding Pol ε function has been facilitated using the powerful cell free replication
system of Xenopus (81). Immunodepleting Pol ε from Xenopus extracts leads to a defect in
bulk DNA synthesis (81) that is complemented by recombinant Xpol ε (195). This defect is
more pronounced in extracts depleted of Pol δ, which also accumulated large amounts of
ssDNA (85), consistent with a role for Pol δ in lagging strand synthesis. As in S. cerevisiae
(196), Xenopus Pol ε binds to chromatin in a Cdc45-dependent manner (197). One major
difference between the frog and yeast systems is in the division of labor involved in
activating replication origins and stabilizing stalled replication forks. Whereas yeast
separates these two processes, in part by maintaining the Sld2-Dpb11 origin activation
pathway separate from the Sgs1 helicase, the Xenopus RecQ homolog, RecQ4, or xRTS,
contains helicase and Sld2-like domains in a single polypeptide (198). This Sld2-like
domain interacts with xCut5, the Xenopus Dpb11 homolog, though not with the replicative
DNA polymerases. xWRN is another RecQ family member, in which mutations cause the
premature aging disease Werner’s syndrome (199). The WRN helicase associates with
replication forks (200) but when mutated lacks the severe DNA synthesis defects observed
in Bloom’s syndrome-derived cells (201). A role was proposed for WRN in unwinding
dsDNA byproducts generated during lagging strand synthesis (202). Consistent both with
Pol ε carrying out leading strand synthesis and with Pol ε being involved in stalled
replication fork signaling, xWRN/FFA-1 and Pol δ accumulate on chromatin after
aphidicolin treatment, while the chromatin-bound level of Pol ε does not increase (203).
Claspin, the Xenopus homolog of the mediator protein Mrc1, associates with replication
forks during S phase (204) in a xCdc45-dependent manner. Claspin is also required for
replication fork-stalled xChk1 activation by xAtr phosphorylation (205). Underscoring the
specificity of Pol ε involvement in this checkpoint pathway, xClaspin physically interacts
with xPol ε, but not with either xPol α or xPol δ (206).
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M. Concluding Remarks
Pol ε plays a central role in replication fork establishment, progression, and maintenance of
fork stability (Fig 1). In addition, Pol ε plays important roles in the establishment and
maintenance of a silenced chromatin state, the repair of DNA base damage, and the restart of
stalled replication forks. Each of these processes must occur faithfully and in a regulated
manner in order to allow duplication of the eukaryotic genome and stable transmission of
this genetic information to the daughter cells. Disruptions to these processes can lead to
mutagenesis, genome instability, aneuploidy and cell death. Pol ε also plays a role in DNA
transactions at the rDNA locus and at telomeres, both of which are important in regulating
the aging process. It will therefore be important to continue to characterize in detail the
precise functions of Pol ε in order to determine how Pol ε contributes directly to genome
stability and ultimately human health.
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Figure 1. Pol ε: At the Intersection of Complex and Diverse Cellular Processes
Pol ε is involved in a wide array of diverse cellular processes. Its involvement is depicted
here with the direction and size of the arrows meant to reflect the direction of influence and
relative importance of its involvement in each process, respectively. By functioning as the
leading strand polymerase in normal replication, a large arrow points from DNA replication
towards Pol ε (see text in section E). However, some data suggest that, while important for
normal replication, the essential function of Pol ε lies in its role as a checkpoint sensor
during replication (see section F), influencing both replication itself as well as cell cycle
progression. Thus large arrows point away from Pol ε toward these processes. Pol ε is also
implicated in the repair of damaged DNA, though the degree to which it operates in
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specialized repair pathways remains unclear (see sections I and J). Pol ε contributes to
altering chromatin status, typically by promoting a silenced state either transiently or in a
heritable, epigenetic manner (see sections G and H), thus arrows point from Pol ε toward
these processes. Additionally, alterations to chromatin or epigenetic modifications may
target Pol ε to these regions, thus arrows point from these processes toward Pol ε. The
interaction of Pol ε with other factors (see section C) as well as the intrinsic fidelity and
other biochemical properties of Pol ε (see section D) play important roles throughout each
of these processes. Proper cell cycle progression, DNA damage repair and DNA replication,
and possibly chromatin and epigenetic states as well, serve the overall goal of maintaining
genome stability.
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Figure 2. Pol ε Catalytic Subunit
(A) A schematic of the Pol ε catalytic subunit. Conserved motifs in the exonuclease and
polymerase domains are shown in yellow, with the C-terminal protein-protein interaction
region in red. DEAD-box cleavage sites in human Pol ε are shown as black arrows. (B) The
structure of the Pol ε homologue RB69 DNA polymerase complexed with an incoming
(correct) dTTP and primer-template DNA is shown using coordinates from PDB accession
number 1IG9 (11). The fingers, palm, thumb, and exonuclease domains are shown in blue,
purple, green, and brown, respectively. The duplex DNA is yellow and dTTP shown at the
polymerase active site is red. The light blue spheres represent the divalent metal ions in the
polymerase and exonuclease active sites. (C) Alignment of the amino acid sequences of
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conserved polymerase motifs A, B, and C from Pol ε and other representative B family
polymerases. Conserved catalytic aspartate residues are shown in the black boxes. The
conserved motif A methionine that differs between Pol ε and the other B family
polymerases is shown in a gray box with a magenta star. Pol2, p261, and cdc20 are Pol ε
from S. cerevisiae, H. sapiens, and S. pombe, respectively. Pol1 and Pol3 are S. cerevisiae
pols α and δ, respectively. RB69 and ϕ29 are bacteriophage DNA polymerases. (D) Ribbon
diagram depicting an overlay of the structures of polymerase motifs A, B, and C from three
B family DNA polymerases. Coordinates from PDB accession numbers 2PYL (ϕ29 pol,
cyan), 1IG9 (RB69 pol, magenta), 1TGO (Tgo pol, gray), and 1QQC (D.tok pol, yellow)
were used to align the structures with PyMol. The conserved Leu/Met that was altered to
generate the mutator alleles described in the text is shown as a magenta star in the RB69 Pol
structure. (E) Alignment of the amino acid sequences of conserved exonuclease motifs I, II,
and III from Pol ε and other B family polymerases. Conserved catalytic carboxylates are
shown in black boxes. DNA polymerases are as in (C).
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Figure 3. Pol ε Holoenzyme
(A) Schematic representation of each of the three Pol ε accessory subunits. Sites of known
in vitro and potential in vivo phosphorylation (17) are shown as red and black circles,
respectively. Histone-fold motifs are shown in orange. (B) Cartoon of four-subunit Pol ε
holoenzyme. Each subunit is drawn approximately to scale, based on its predicted molecular
weight. Human (and yeast) gene names are indicated next to each subunit. (C) Cryo-EM
structure of four-subunit yeast Pol ε (from (23). The open conformation is shown on the left,
while the right depicts a model of a closed conformation with duplex DNA bound. This
image is reprinted from (23) with permission from the authors.
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Figure 4. Nascent Base Pair Binding Pocket of A B Family Polymerase
Surface representation of the nascent base pair and several amino acids in RB69 Pol that
form the DNA minor groove edge of the binding pocket at the polymerase active site
(Adapted from (212) with the author’s permission). Met644 in yeast Pol ε (in parentheses)
aligns with Leu415 in RB69 Pol (green). The adjacent Tyr416 in RB69 Pol aligns with
Tyr869 in yeast Pol α, which, when substituted with alanine, results in a mutator phenotype.
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Figure 5. Model of A Eukaryotic Replication Fork
This model is based on the currently favored hypothesis that Pol ε is primarily responsible
for leading strand synthesis, shown in blue, and Pol δ is primarily responsible for lagging
strand synthesis, shown in green. Pol α-primase cooperates with Pol δ to conduct lagging
strand synthesis, with the initiating RNA primers shown in red. RPA heterotrimers are
shown in violet. The CMG replicative helicase is shown as a heterohexameric MCM
complex (orange) associated with the GINS complex (green) and Cdc45 (light red).
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Figure 6. Model of Histone-Fold Subunits-DNA Interaction
Shown is a structural alignment of the heterodimer DmCHRAC-14/DmCHRAC-16 (shown
in red/blue, respectively) from (138) with the DNA-bound heterodimer of histone H2A–
H2B (magenta/light blue, respectively) from (213). DmCHRAC-14 is the same as DmPol ε-
p17. The blue circle indicates where the KKK→AAA triple mutant of Dpb3 that results in
loss of DNA-binding and telomeric silencing (52) maps to the structure. The green circle
represents where the S/T→KK mutant in Dpb4 that partially suppresses the KKK→AAA
Dpb3 mutant maps to in the structure. The α1, α2, α3, and αC helices on each HFM subunit
are indicated. N- and C-terminal ends of histones are indicated.
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Table 1

Pol ε Gene Names

Organism
Gene

Name

Number of
Amino

Acid
Residues

Predicted
Molecular

Weight
(kDa)

Also Known
As

S.cerevisiae POL2 2222 255

DPB2 689 78

DPB3 201 23

DPB4 196 22

H.sapiens POLE1 2286 261 p261

POLE2 527 59 p59

POLE3 117 12 p12

POLE4 147 17 p17/CHRAC-17

S.pombe cdc20 2199 253

dpb2 594 67

dpb3 199 22

dpb4 210 24
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Table 2

Physical Interactions with Pol ε

Process Name Organisma Reference

Replication

Dpb11p Sc (25)

TopBP1 Hs (33)

PCNA Hs (20)

Claspin Xl (206)

Repair

PCNA Hs (20)

LigI Hs (159)

Other

Sister Chromatid Cohesion Trf4 Sc (140)

Chromatin Remodeling CHRAC (complex)b Sc/Hs/Dm (124,125,130)

Transcription/Repair? RNAPII (complex) Hs (35)

Cell Cycle Mdm2 Hs (39)

Recombination LigIII Bt (178)

a
Bt: B. taurus; Dm: D. melanogaster; Hs: H. sapiens; Sc: S. cerevisiae; Xl: X. laevis

b
Dpb4 (and its homologs) is a subunit of CHRAC. There is no evidence that Pol ε interacts with CHRAC directly.

(25) (33) (20) (206) (20) (159) (140) (124,125,130) (35) (39) (178)
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Table 3

Fidelity of Yeast DNA Polymerase ε Compared to Other Yeast DNA Polymerases.

Enzyme Family

Base
Substitution
Error Rate

(x10-5)

Single-base
Deletion

Error Rate
(x10-5) Reference

Pol ε (exo−) B 24.0 5.60 (57)

Pol ε (exo+) B ≤2.0 ≤0.05 (57)

Pol δ (exo−) B 13.0 5.70 (207)

Pol δ (exo+) B ≤1.3 1.30 (208)

Pol α B 9.6 3.10 (209)

PolIV X 320.0 360.00 (210)

Pol η Y 950.0 93.00 (211)

(57) (57) (207) (208) (209) (210) (211)
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