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Abstract
In their seminal publication describing the structure of the DNA double helix1, Watson and Crick
wrote what may be one of the greatest understatements in the scientific literature, namely that “It
has not escaped our notice that the specific pairing we have postulated immediately suggests a
possible copying mechanism for the genetic material.” Half a century later, we more fully
appreciate what a huge challenge it is to replicate six billion nucleotides with the accuracy needed
to stably maintain the human genome over many generations. This challenge is perhaps greater
than was realized 50 years ago, because subsequent studies have revealed that the genome can be
destabilized not only by environmental stresses that generate a large number and variety of
potentially cytotoxic and mutagenic lesions in DNA, but also by various sequence motifs of
normal DNA that present challenges to replication. Towards a better understanding of the many
determinants of genome stability, this chapter reviews the fidelity with which undamaged and
damaged DNA is copied, with a focus on the eukaryotic B and Y family DNA polymerases, and
considers how this fidelity is achieved.

Introduction
In order to pass genetic information from one generation to the next, all organisms must
accurately replicate their genomes during each cell division. This includes the nuclear
genome and mitochondrial and chloroplast genomes. These are normally replicated with
high fidelity that is achieved through the combined action of accurate DNA polymerases and
DNA mismatch repair. The major replicative DNA polymerases have evolved mechanisms
to strongly favor correct over incorrect dNTP incorporation. In addition, several DNA
polymerases contain an associated 3′→5′ exonuclease activity that can excise incorrect
bases from the growing DNA chain, allowing another attempt at correct synthesis. In the
event that the polymerase makes an error that escapes this proofreading activity, post-
replication DNA mismatch repair monitors the DNA for errors, excises the error in the
newly synthesized strand and then re-synthesizes DNA. In total, these three discrimination
steps result in an in vivo mutation rate estimated to be lower than 1 ×10−9, i.e., less than one
error for every billion (or more) bases pairs copied (Figure 1A). Moreover, at each step of
the process, there are competing forces (Figure 1B) that can affect the fidelity with which
DNA is replicated. In this review, we focus on the contributions and mechanisms of DNA
polymerase selectivity and proofreading. Readers interested in DNA mismatch repair
(MMR)a can consult recent comprehensive reviews of that subject2, 3. The focus of this
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chapter will be on eukaryotic DNA polymerases in the B and Y families, with discussion of
links to human disease where possible.

DNA replication requires the combined activity of dozens of proteins4, a subset of which are
shown in Figure 2. Three members of the B-family5 of polymerases are involved in the bulk
of DNA replication, pols α, δ, and ε. After the DNA duplex is unwound, likely by the
MCM2-7 helicase complex6, synthesis is initiated on both the leading and lagging strand by
the four subunit pol α-primase complex that synthesizes a short RNA-DNA hybrid primer.
For leading strand synthesis, a polymerase then binds and extends the primer in a continuous
fashion for as long as the polymerase is able to stay bound. For replication of the lagging
strand, a discontinuous mode of synthesis occurs in patches of ~250 base pairs called
Okazaki fragments, each of which must be initiated by pol α-primase activity4. The
complexity of the system is illustrated by the fact that five decades after the discovery of the
structure of DNA, uncertainty still remains as to the identity of major leading and lagging
strand DNA polymerase(s)4, 7. In mitochondria, pol γ is responsible for all DNA synthesis
activities8, 9. The importance of accurate replication of mitochondrial DNA will be
discussed below.

In addition to the major replicative polymerases, there are a number of other DNA
polymerases that have specialized roles in replicating the nuclear genome. Several of these,
including the B-family member pol ζ, and multiple members of the Y-family (η,κ, ι, Rev1)
are involved in bypassing DNA lesions that otherwise impede the major replicative
polymerases. At least one of these, pol η, not only has the remarkable ability to copy
damaged DNA more efficiently than the equivalent undamaged sequence, it can also ‘sense’
that the lesion has been bypassed, triggering a lesion dependent dissociation from the
DNA10. This results in the simple model for translesion synthesis (TLS) shown in Figure
3A. Other results using different combinations of polymerases and lesions give rise to the
“multiple-polymerase” model shown in Figure 3B11, wherein one polymerase may insert
opposite a lesion and another extends from the resulting primer terminus. Given the range of
possible lesions and number of TLS polymerases, it is possible that both models occur,
depending on both the lesion and polymerase involved. Adding another layer of complexity,
it may be that TLS can in some instances occur at the replication fork, whereas for other
lesions, bypass may occur during gap-filling after the fork has moved on (Figures 3C and
D)12. There is currently no data indicating that either the 1 or 2 polymerase model would be
specific to a certain timing of TLS. In addition to their roles in TLS, many of the specialized
polymerases have also been implicated in other DNA transactions, including somatic
hypermutation (SHM; pols ζ, η, ι, Rev1)13, 14, homologous recombination (pol η)15,
nucleotide excision repair (pol κ)16, and base excision repair (pol ι)17. The Y-family
member Rev1 is G-template specific deoxycytidyl transferase and it has a non-catalytic role
in TLS as well18, 19. Rev1p interacts with multiple polymerases20 and is required for in vivo
mutagenesis, although the transferase activity of the enzyme is dispensable21. In addition,
although not covered in detail here (except for family A pol γ), there exist several
mammalian family A and X polymerases with widely varying fidelities and whose in vivo
functions are the subject of intense investigation5.

With this brief background, we first consider DNA replication fidelity and how defects in
the steps required for high fidelity lead to genome instability (Figure 1B). After describing
the fidelity of the major A and B-family replicative polymerases, we then discuss how
nucleotide selectivity and proofreading help maintain genome stability during DNA

aAbbreviations used: MMR, mismatch repair; pol, polymerase; TLS, translesion synthesis; SHM, somatic hypermutation; indel,
insertion/deletion; 8-oxo-dG, 7,8-dihydro-8-oxo-guanine; PEO, progressive external ophthalmoplegia; Dpo4, DNA polymerase 4 from
Sulfolobus solfataricus; TTD, cis-syn thymine-thymine cyclobutane pyrimidine dimer.

McCulloch and Kunkel Page 2

Cell Res. Author manuscript; available in PMC 2013 April 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



synthesis. We then consider the role that replication accessory proteins have in modulating
DNA synthesis fidelity, followed by a discussion of the fidelity of the translesion synthesis
polymerases and the lesion bypass process. We conclude with a discussion of how defects in
several of these pathways are associated with human disease.

High fidelity of eukaryotic replicative DNA polymerases when copying
undamaged DNA

The bulk of DNA synthesis in a eukaryotic cell occurs during replication of undamaged
DNA templates. This synthesis is catalyzed by the B-family polymerases α, δ, and ε for
nuclear DNA and by the A-family polymerase γ for mitochondrial DNA. These four DNA
polymerases are highly accurate, generating on average less than one single base substitution
or single base insertion/deletion (indel) for every 10,000 correct incorporation events (Table
1). Such low error rates are consistent with other reports using homologous polymerases and
different methods of analysis22–25. The rates listed in Table 1 are averages for all 12
possible single base-base mismatches and for a variety of single base indels in different
sequence contexts. Rates for individual base substitutions and indels can vary by more than
100-fold, depending on the composition of the mismatch and the DNA sequence flanking
the mismatch (error rate ranges are shown as purple boxes in Fig. 1A). Each of the different
polymerases listed in Table 1 also differs to some degree from the others regarding error
specificity (see references listed in Table 1 for examples).

High nucleotide selectivity
Consistent with the need to accurately replicate billions of base pairs during every cell
division cycle, the major replicative polymerases almost always initially insert the correct
dNTP onto properly aligned primer-templates. Among the three major steps, high selectivity
against misincorporation provides the single greatest contribution to replication fidelity. This
is illustrated by the low base substitution and indel error rates of pol α, which naturally lacks
proofreading activity, and by the low error rates of derivatives of pols δ, ε and γ that have
been engineered to inactivate their intrinsic proofreading activities (Table 1, top). The
fidelity of all four enzymes is much higher than that of polymerases involved in translesion
DNA synthesis, which are also naturally exonuclease-deficient (Table 1, bottom). The
importance of high nucleotide selectivity to genome stability, and its relationship to disease
outcomes, is illustrated by recent studies of the effects of conservative amino acid
substitutions in the active site of replicative DNA polymerases. When a highly conserved
residue in the active site of S. cerevisiae B-family polymerases that is predicted to interact
with the incoming dNTP is replaced with a different amino acid, the mutant enzymes have
decreased DNA synthesis fidelity in vitro and they generate mutator phenotypes in
vivo26–30. The amino acid changes introduced (L868F in pol α, L612M in pol δ and M644F
in pol ε) do not greatly affect the overall activity of the polymerases, and error rates are
elevated for only certain types errors that differ among the polymerases. Mice with
replacements for the homologous residue (L604G or L604K) in murine pol δ display
homozygous lethality, and heterozygotes have a decreased lifespan, increased genomic
instability and accelerated tumorigenesis31. A second example of the importance of
polymerase selectivity is the Y955C substitution in human pol γ. This change reduces pol γ
fidelity in vitro when copying undamaged DNA and when bypassing template 8-oxo-
dG32, 33, and the Y955C substitution is associated with autosomal dominant progressive
external ophthalmoplegia (PEO)8.

How is high nucleotide selectivity achieved? Hydrogen bonding between template bases and
incoming dNTPs is clearly important for replication fidelity34. However, this alone is
unlikely to explain high selectivity, since the free energy difference between correct and
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incorrect base pairs in solution35–37 accounts for error rates of ~1:100, while the selectivity
of the exonuclease-deficient major replicative polymerases is much greater than this (Table
1). Several ideas have been put forth to account for high selectivity. One is enthalpy-entropy
compensation36, 38. In order for the incoming dNTP to hydrogen bond to a template base,
water molecules that are hydrogen bonded to the base of the incoming dNTP must be
stripped away, thereby decreasing the entropy of the system. This magnifies the contribution
of enthalpy to the free energy difference (ΔΔG° = ΔΔH°−TΔΔS°), thereby increasing
nucleotide selectivity. Consistent with this idea, the error rates of Y-family enzymes (Table
1, bottom), which have solvent accessible active sites (see below), are in the range predicted
if enthalpy-entropy compensation was not contributing to selectivity. Kinetic analysis of
insertion of non-polar base analogs by yeast pol η further support that they do not use
enthalpy-entropy compensation to increase selectivity39.

A wealth of evidence supports the idea that the high nucleotide selectivity of accurate DNA
polymerases results partly from the exquisite shape complementarity of their nascent base
pair binding pockets34, 36, 37, 40. The four canonical Watson-Crick base pairs are nearly
identical in size and shape, and numerous structural studies reveal that these correct base
pairs fit snugly with the binding pocket, without steric clashes34, 41. Among many beautiful
and informative structures now available (alas, none yet with pols α, δ, ε or γ), Figure 4
(panels B and D) shows the structure of T7 DNA polymerase, a highly accurate family A
homolog of Pol γ, with a correct base pair bound in its nascent base pair binding pocket.
While the correct pair fits snugly in the active site, the presence of mismatches, which have
different and variable geometries40, 42, are predicted to create steric clashes that would (1)
reduce incorrect dNTP binding affinity, (2) affect subsequent conformational changes
needed to set up the proper geometry for catalysis, and/or (3) reduce the rate of
phosphodiester bond formation, i.e., chemistry. The relative contribution of these three
parameters to the fidelity of DNA replication has and continues to be the subject of many
structural and kinetic investigations that elegantly employ mutant and wild type DNA
polymerases and modified dNTPs. Of particular recent interest in the field is the extent to
which incorrect incorporation is limited by chemistry or by a dNTP-induced conformational
change that has been inferred from kinetic studies. The latter possibility also raises the
important issue of the nature of the relevant conformational change among many that occur
to assemble the active site, and whether the rate limiting conformational change differs for
different replication errors. These issues are not considered in further detail here because
they have been discussed at length in recent articles that interested readers can consult43–45.

Polymerization errors due to substrate misalignments
In addition to direct misincorporation of an incorrect dNTP resulting in a base substitution
error, all four major eukaryotic replicative polymerases (and TLS polymerases) also insert
and delete one or more nucleotides during DNA synthesis. These errors result from strand
misalignments that generate one or more unpaired bases, either in the primer strand, leading
to additions, or in the template strand, leading to deletions. Several ideas have been
proposed to account for how these misalignments initiate and are stabilized for continued
synthesis to generate a mutation, including DNA strand slippage46, misinsertion followed by
primer relocation47, melting-misalignment48, and misalignment of a nucleotide at the active
site49, also referred to as dNTP stabilized misalignment50. Extensive biochemical and initial
structural support for several of these three models has recently been comprehensively
reviewed51.

The exonuclease-deficient major eukaryotic replicative DNA polymerases generate single
base deletions at rates that are similar to those for single base substitutions (Table 1, top).
Single base deletion error rates are typically substantially (10-fold or more) higher than for
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single base insertions, with possible explanations as discussed in51. It is also important to
note that the “average” error rates in Table 1 are perhaps somewhat misleading, because the
indel error rates of the replicative polymerases are highly dependent on sequence context,
being higher in repetitive rather than in non-repetitive sequences and increasing as the length
of a repetitive sequence increases51, 52, just as predicted by Streisinger over 40 years ago46.
For this reason (and see proofreading section below), long repetitive sequences in eukaryotic
genomes are “hot spots” for replication errors (reviewed in51).

Contribution of proofreading by intrinsic 3´ exonuclease activity to genome
stability

Once an incorrect dNTP is incorporated into DNA, the mismatched primer terminus is more
difficult to extend than is a correctly paired and properly aligned primer terminus. Extension
of such aberrant termini occurs with lower efficiency than does extension of a matched
terminus. For mismatch extension, the geometric and kinetic considerations mentioned
above are important. The delay in extension caused by a mismatch allows the primer
terminus to fray and move to the 3′ exonuclease active site (if present) for excision of the
incorrect nucleotide37, 38. Interestingly, among many mammalian DNA polymerases, only
those responsible for the bulk of chain elongation during replication (pols δ, ε, and γ)
contain intrinsic 3´ exonucleolytic proofreading activity. The contribution of proofreading to
base substitution fidelity is illustrated by the lower error rates of the exonuclease-proficient
pols δ, ε, and γ as compared to their exonuclease-deficient derivatives (Table 1; see also25

and references therein that demonstrate similar high fidelity for pol δ and pol ε isolated from
mammalian sources). Although not obvious from the “less than or equal to” error rates of
the exonuclease-proficient wild type polymerases in Table 1, a variety of in vitro studies
indicate that proofreading improves replication fidelity by factors ranging from a few-fold to
more than 100-fold, depending on the mismatch, the sequence context and the polymerase.
The critical role of proofreading in maintaining eukaryotic genome stability is illustrated by
genetic studies of yeast strains harboring genes for exonuclease deficient pol δ, ε and γ, all
of which have a mutator phenotype53–57. The importance of proofreading to suppressing
tumorigenesis is suggested by seminal studies showing that mice harboring exonuclease-
deficient pol δ have a shortened life span and increased susceptibility to several types of
cancer58, 59. Also in mice, inactivating the 3´ exonuclease of pol γ elevates levels of
mitochondrial DNA mutations and leads to loss of mitochondria and premature ageing60, 61.

Proofreading also corrects misaligned intermediates containing extra bases in one strand or
the other near the primer terminus, as illustrated by the higher indel error rates of
exonuclease-deficient pols δ, ε and γ (Table 1, top) when compared to their proofreading
proficient counterparts (Table 1, middle). However, the efficiency of proofreading of indels
decreases as the length of a repetitive sequence increases, both in vitro62 and in vivo63. This
is because the extra base in the misalignment substrate is protected from excision, since it
can be located far upstream of the polymerase active site. Such diminished proofreading
further contributes to the observation that long repetitive sequences are at risk for a high rate
of replication errors, as evidenced by the now well known “microsatellite instability”
phenotype of eukaryotic cells defective in DNA mismatch, especially including tumors from
humans and mice with mutations that inactivate mismatch repair.

“Extrinsic proofreading” may also contribute to genome stability
Assuming that pol α, which lacks its own proofreading activity, synthesizes 10 nucleotides
of each ~250-nucleotide Okazaki fragment on the lagging strand, it synthesizes about 2% of
the human genome. Given its base substitution error rate of ~10−4 (Table 1, top), this
amount of replication would generate 12,000 mismatches during each replication cycle. This
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leads to the issue of whether such a potentially heavy load of replication errors might be
offset by proofreading of pol α errors by a separate exonuclease, a process referred to as
extrinsic proofreading. This possibility was recently examined in a genetic study of yeast pol
α with a Leu868Met substitution at the polymerase active site64. L868M pol α copies DNA
in vitro with normal activity and processivity but with reduced fidelity. In vivo, the pol1-
L868M allele confers a mutator phenotype. This mutator phenotype is strongly increased
upon inactivation of the 3´ exonuclease of pol δ but not that of pol ε. Among several non-
exclusive explanations that were considered, the results support the hypothesis that the 3´
exonuclease of pol δ proofreads errors generated by pol α during initiation of Okazaki
fragments. Given that eukaryotes encode many other specialized, naturally proofreading-
deficient DNA polymerases with even lower fidelity than pol α5, extrinsic proofreading
could be relevant to several other DNA transactions that control genome stability65, such as
base excision repair and possibly translesion synthesis by pol η (see below).

Modest contribution of accessory proteins to eukaryotic replication fidelity
In addition to polymerases, DNA replication requires the coordinated action of a large
number of other proteins4 (Figure 2). Thus, it is reasonable to ask whether these proteins
influence replication fidelity. Although relatively few investigations have been performed to
investigate this subject with eukaryotic replication accessory proteins, experiments to date
(see66 and references therein) suggest that replication accessory proteins like polymerase
clamps and single stranded DNA binding proteins generally have relatively small effects on
fidelity (i.e., typically a few-fold) in comparison to the large contribution of the polymerases
themselves. In maintaining the focus of this review on the eukaryotic replication, one
notable exception is the ability of RPA and PCNA to strongly suppress formation of large
deletion errors occurring between direct repeat sequences during synthesis in vitro by pol
δ67. PCNA and RPA may suppress large deletions by preventing the primer terminus from
fraying and/or by preventing primer relocation and annealing to the downstream repeat.

Fidelity of TLS polymerases when copying undamaged DNA
Complete replication of the nuclear genome occasionally requires translesion synthesis by
specialized polymerases, including family B pol ξ and family Y pols η, κ, and ι. These
polymerases all lack proofreading activity and they also have lower nucleotide selectivity
than the major replicative polymerases, as indicated by their higher error rates for base
substitutions and indels (Table 1, bottom). The extreme case is for pol ι, which although
reasonably accurate in preventing some mismatches (e.g., error rate of ~10−4 for A•dCTP),
preferentially inserts dGTP more often than correct dATP opposite template T68, 69.
Structural studies suggest that the low fidelity of family Y enzymes is partly due to relaxed
geometric selectivity in the nascent base pair binding pocket, which is more open and
solvent accessible (e.g., see Sso Dpo4, Fig. 4A and C) than those of more accurate DNA
polymerases. This fact is likely relevant to the ability of family Y polymerases to bypass
lesions that distort helix geometry more efficiently than can the major replicative
polymerases (see below). Pols η and κ are not only error-prone for base substitution, but
also for indels (Table 1, bottom). Indeed, over-expression of pol κ in cultured cells increases
indel mutations70. While not the focus of this review, much of the work on family Y
polymerases has been performed using bacterial enzymes, whose functions and properties
are reviewed elsewhere71, 72.

Another TLS polymerase is the B-family member pol ζ. When copying undamaged DNA,
pol ξ has somewhat higher fidelity than the Y-family polymerases, but lower fidelity than
the other B-family members (Table 1, bottom). The ability of pol ξ to generate both base
substitutions and indels at relatively high rates is consistent with its known role in
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generating a large majority of spontaneous mutations, as well as mutations induced by a
variety of DNA damaging agents21. The high base substitution error rate of pol ζ clearly
demonstrates that it has low nucleotide selectivity, consistent with a possible direct role in
mutagenic misinsertion of dNTPs in vivo. Also relevant are kinetic studies demonstrating
that pol ξ efficiently extends terminal mismatches21, 73, 74. This is true with undamaged
DNA as well as for extending primer termini opposite damaged template bases, the latter
being consistent with a role for pol ξ in the extension step of TLS in a 2-polymerase model
(Figure 3B). A similar role has also been proposed for pol κ, which like pol ξ, is
promiscuous for mismatch extension75. During in vitro DNA synthesis, pol ξ also generates
“complex” mutations that contain multiple substitutions and indels within a short tract of
DNA76. Consistent with this property, pol ξ also generates complex errors in vivo77, 78.
Most recently, two other eukaryotic DNA polymerases have been shown to have low fidelity
and are implicated in TLS, pol ν79, 80 and pol θ81, 82. Interestingly, both are members of the
family A group of polymerases, other members of which are high fidelity enzymes (e.g., T7
DNA polymerase, pol γ).

The fidelity of translesion synthesis
There are numerous reports describing the TLS ability and fidelity of various Y-family (and
other) polymerases when encountering a wide range of structurally diverse lesions5, 83–85.
These studies show that for a given lesion, the bypass efficiency and fidelity is polymerase
specific. Many of these reports focus on the specificity and kinetics with which polymerases
insert individual correct or incorrect dNTPs opposite lesions, and/or their ability to extend
matched and mismatched termini opposite damaged bases. These studies have been
extremely valuable towards understanding two of the multiple steps needed to completely
bypass lesions. Rather than exhaustively review the details of these studies, here we focus
on what is known about error rates for complete bypass reactions that require insertion and
multiple extensions and are performed in the presence of all four dNTPs. Since such studies
are fewer in number, we discuss three common and biologically important lesions with
different coding abilities: an abasic site (non-coding), a cis-syn cyclobutane thymine-
thymine (TTD, which retains base coding potential), and 8-oxo-dG (highly ambiguous
coding potential).

Since an abasic site contains no base coding information for a polymerase to use to direct
dNTP insertion, it is not surprising that the “fidelity”, or more appropriately the
“specificity”, of abasic site bypass by multiple polymerases is low. Like a number of other
polymerases86, the archeabacterial DinB homolog Dpo4 of Sulfolobus solfataricus
preferentially inserts dAMP opposite an abasic site, and like many other DinB homologs,
also generates a significant level of −1 deletions87. Structurally, this has been suggested to
occur because the polymerase ‘loops out’ the abasic site and instead copies the next
available base88. Human pol η displays very similar abasic site bypass characteristics87. By
comparison, a crystal structure of the B-family polymerase from bacteriophage RB69
(family B) with a template abasic site in the active site shows that while dAMP is inserted
opposite the abasic site, the enzyme was unable to extend the resulting primer-terminus,
with no translocation of the DNA occurring and no ‘closing’ of the polymerase89. This helps
explain why the efficiency of bypass of abasic sites by replicative polymerases is low.

One of the most well studied lesions to date has been the TTD, one of the major DNA
lesions resulting from exposure to UV radiation. TTD’s contain two covalently linked
thymines, both of which retain base coding potential. The early characterization of TTD
bypass by pol η was termed “error-free” because dAMP was inserted more frequently than
other nucleotides90. Subsequent studies have determined that the error rate for TTD bypass
by yeast and human pol η is actually quite low, e.g., one dGMP incorporated opposite the 3
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´-T of the dimer for ~30 dAMP incorporations. This high rate is similar to that observed
when pol η copies the corresponding undamaged thymine91, 92. The error rate of
homologous Sso Dpo4 is even lower (approaching 1 error in every 10 bypass events), and in
this case is far higher than for copying the equivalent undamaged base91. Interestingly, both
enzymes are more accurate when copying the 5′-T of the TTD. A possible explanation for
higher fidelity at the 5´-T is provided by crystal structures of Dpo4 bound to TTD-
containing templates93. Incoming ddATP is paired with the 3′-T of the dimer in a normal
Watson-Crick pair, while ddATP orients in a syn configuration to accommodate the
template distortion resulting from covalent linkage to the 3´-T, such that the ddATP is paired
with the 5′-T of the dimer in a Hoogsteen pair. It may be that Hoogsteen bonded mispairs
are less stable, thereby disfavoring errors at this position.

Another well studied lesion is 7,8-dihydro-8-oxo-guanine (8-oxo-dG), a common lesion
generated by oxidative stress. 8-oxo-dG in an anti configuration can pair correctly with
dCMP, while in a syn configuration it pairs incorrectly with dAMP94, 95. Kinetic studies of
mammalian pol δ have shown that although dCMP is inserted more efficiently opposite the
lesion, it is the 8-oxo-dG:dAMP pair that is preferentially extended96. Moreover, the 8-oxo-
dG:dAMP pair interacts with bacteriophage T7 DNA polymerase in a manner that allows
this mispair to escape proofreading97, thereby further increasing the mutagenic potential of
this lesion. Readers interested in further information of mutagenesis resulting from 8-oxo-
dG can consult excellent reviews on this subject98, 99.

The biological relevance of TLS is best illustrated by the observation that loss of pol η
function in humans and in mice results in sensitivity to sunlight and predisposition to skin
cancer100, 101. Knocking out mouse pol ι in a pol η deficient background further increased
susceptibility to UV light-induced skin cancer, suggesting that pol ι also has a role in
bypassing UV photoproducts102. Studies in cultured cells also implicate pol ι in UV-
induced mutagenesis either when pol η is absent or present103, 104. Pol ι has also been
linked to susceptibility of urethane induced lung cancers105. The importance of 8-oxo-dG
bypass fidelity is illustrated by the pol γ mutant described above (Y955C), which has a
higher propensity for inserting 8-oxo-dGTP and for bypassing template 8-oxo-dG in a
mutagenic manner33. Patients with this mutation have an autosomal dominant form of PEO
that manifests with a large number of clinical phenotypes. Finally, while the loss of pol ξ
results in embryonic lethality in mice106–108, cells lacking pol ξ display severe
chromosomal instability109. These examples clearly demonstrate the importance of the TLS
polymerases in maintaining genomic stability. While these examples predict an anti-
mutagenic effect of the polymerases, the process of somatic hypermutation during
immunoglobulin diversity requires the mutagenic properties of these polymerases for normal
functioning. In fact, a recent model of SHM invokes both pols η and ξ, possibly in the
bypass of abasic sites13, 14. Clearly, the mechanisms that control where, when and which
TLS polymerases have access to primer-templates are critical to genomic stability.

Controlling TLS
The low fidelity of family Y polymerases when copying undamaged DNA implies the need
to strictly limit their activities to specific circumstances, or too much error-prone synthesis
could lead to error catastrophe and cell death. One means of control is through the
polymerase clamp PCNA. Studies have shown that all three eukaryotic Y-family
polymerases interact with PCNA110–112, and it is known that upon replication fork stalling
induced by DNA damage, PCNA becomes mono-ubiquitylated113. It is currently thought
that this post-translational modification is important for delivering TLS polymerases to sites
of damage. However, no studies to date have indicated that PCNA, whether unmodified or
mono-ubiquitylated, affects the fidelity of TLS polymerases. The eukaryotic TLS
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polymerases also interact with Rev120, which as mentioned above plays a critical role in
mutagenesis independent on its DNA synthetic capacity. It is possible that Rev1, which
binds to single-stranded DNA and primer termini114, could help deliver the TLS
polymerases to gaps or sites of stalled replication forks, in effect becoming a polymerase
accessory protein. Again however, there is currently no evidence that Rev1/polymerase
interactions alters the fidelity of TLS. Thus the few studies that have been done so far come
to the same conclusions as the results with the major replicative polymerases, namely that
the polymerases themselves are the prime determinants of the fidelity of TLS92, 111.

Concluding remarks
It has been hypothesized that multistage carcinogenesis requires a mutator phenotype115.
This idea is now supported by examples wherein defects in several pathways that determine
DNA replication fidelity result in decreased genome stability and increased susceptibility to
cancer. These defects include reduced dNTP selectivity31, loss of the 3´ exonuclease activity
of a replicative polymerase58, 59, defects in other nucleases involved in DNA replication116,
defects in MMR2, 3, and defects in translesion synthesis101, 102. While cancer is the most
cited example, a number of other diseases have some connection to defects in replication
fidelity and genomic stability. These include (but are not limited to) Alzheimers,
Cockayne’s Syndrome, Parkinson’s disease, Friedreich’s ataxia, Huntington’s disease,
tricothiodystrophy, a number of progressive neuropathies, and multiple mitochondrial
wasting diseases117, 118. Clearly, much work remains to be done in this area, with the goal of
not only better understanding, but ultimately of preventing and/or treating these diseases.
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Figure 1. Determinants of replication fidelity
A. The relative contribution levels of the three main components of replication fidelity are
shown above the scale, estimated from the mutation rates of systems defective in one or
more of the components. The overlapping ovals represent the fact that there is a range of
possible increases in the level of fidelity that each mechanism provides dependent on many
factors. The range of fidelity that a given mechanism is capable of providing is the critical
factor (i.e. MMR can still provide up to 4 orders of magnitude increase in fidelity for
polymerase errors that occur at a frequency of 10−2). The horizontal bars below the graph
show the ranges of in vitro determined error rates for the different families of polymerases
and the estimated mutation rate range of the in vivo complete replication complex. Within
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each family, the error rates can differ widely between polymerases and type of error. The
broken bars at the left and right ends indicate that the rates could be even higher and lower
than indicated. B. Graphic depicting the various means by which DNA replication can be
modulated. DNA is shown as a stylized double helix (backbone is black and gray), with
purine-pyrimidine base pairs indicated as red-green and blue-purple bars. The single strand
region is meant to depict the unwound DNA at a replication fork, with the kink in the DNA
representing the bend in the template strand identified by crystallography119. Red arrows
and text indicate conditions that lead to lower fidelity. Green arrows and text indicate
conditions that promote higher fidelity, green bars indicate conditions that block mutations.
M = Mutation; C = Correct.
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Figure 2. Simplified model of replication fork
A cartoon model of eukaryotic replication fork. Protein depictions are based on currently
accepted sub-unit composition of S. cerevisiae proteins but are not meant to be accurate
structure-based models. The assignment of pol ε to the leading strand is based on a recent
report120, but has not been definitively established for all replication. Pol δ is consequently
assigned to the lagging strand, consistent with earlier reports121–123. Helicase hexamer
(magenta); Replication protein A (RPA; light blue ovals); Proliferating Cell Nuclear Antigen
(PCNA; purple torus); pol α-primase complex (blue); RNA-DNA hybrid primer (red zig-zag
and arrow); pol δ (red); pol ε (green); Template strand DNA (black lines); Newly
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synthesized DNA (gray lines). Figure inspired by and adapted from Figure 1 in reference7

and Figure 7 reference4.
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Figure 3. Models of translesion synthesis
A. The 1-polymerase model of TLS, shown here for a thymine-thymine dimer, states that a
single polymerase is responsible for the complete bypass of a lesion, including insertion
opposite all lesion bases and extension from the primer termini opposite a damaged template
base. B. The 2-polymerase model of TLS, shown here for a thymine-thymine 6-4
photoproduct, states that different polymerases are responsible for the insertion steps at the
various lesion positions. In the example given, note that while pol ζ is responsible for
extension from the template-3´T primer terminus, it is also an insertion at the 5´ T position
of the lesion. For a single base lesion, the insertion step would be opposite undamaged
DNA. A more comprehensive listing of 2-polymerase/lesion combinations is given
elsewhere11. Note that for both examples given the actual TLS reaction is flanked relatively
closely both upstream (1–2 bases) and downstream (1–5 bases) of the lesion by replicative
polymerase synthesis. C. Model for TLS that occurs at a replication fork during the process
of ongoing synthesis. D. Model for TLS that takes place as a ‘gap-filling’ reaction, away
from the main replication machinery. Note that both of these models are consistent with
either the 1- or 2-polymerase model of TLS given in Panels A and B. In both cases, post-
translational modification of PCNA and possible other proteins is critical for the polymerase
switch. Note that Panels A and B are models of the actual TLS process while Panels C and
D depict models for the timing of TLS. As such (and as noted in the text), there is overlap
between the panels.
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Figure 4. Open and closed active sites of low and high fidelity polymerases
A and B. Shown are the molecular surfaces of Dpo4 from S. solfataricus and T7 DNA
polymerase with blue representing positively charged regions and red representing
negatively charged regions. Note the tighter fit of DNA (ball and stick model) to the higher
fidelity T7 DNA polymerase, evidenced by closer contact with polymerase regions. In
Dpo4, the DNA is located at further distance from the polymerase, and a ‘hole’ in the
polymerases structure is visible, indicating a much looser association of the DNA with the
polymerase. C and D. Closeup of the active site showing the templating base and nucleotide.
Again, note the relatively open and solvent accessible region in Dpo4 compared to the snug
fit in T7 DNA polymerase. Also note the increased amount of neutral region of protein in T7
DNA polymerase, indicating that it is the geometry of the replicative polymerase active site
that plays a role in fidelity, as noted in the text. This figure appears originally as Figure 7
in124 and has been reproduced with the permission of the authors.
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