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Abstract

The eukaryotic genome is in a constant state of modification and repair. Faithful transmission of
the genomic information from parent to daughter cells depends upon an extensive system of
surveillance, signaling, and DNA repair, as well as accurate synthesis of DNA during replication.
Often, replicative synthesis occurs over regions of DNA that have not yet been repaired,
presenting further challenges to genomic stability. DNA polymerase & (Pol 8) occupies a central
role in all of these processes: catalyzing the accurate replication of a majority of the genome,
participating in several DNA repair synthetic pathways, and contributing structurally to the
accurate bypass of problematic lesions during translesion synthesis. The concerted actions of pol &
on the lagging strand, pol e on the leading strand, associated replicative factors, and the mismatch
repair (MMR) proteins results in a mutation rate of less than one misincorporation per genome per
replication cycle. This low mutation rate provides a high level of protection against genetic defects
during development and may prevent the initiation of malignancies in somatic cells. This review
explores the role of Pol 6 in replication fidelity and genome maintenance.
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INTRODUCTION

There are 15 known DNA-dependent polymerases in eukaryotic cells [Hubscher et al. 2002;
Sweasy et al. 2006]. Bulk DNA replication is accomplished by a suite of three polymerases:
the primase DNA polymerase a (Pol a), and the main replicative polymerases DNA
polymerase & (Pol 6) and DNA polymerase e (Pol &), which catalyze DNA synthesis on
opposite strands [Nick McElhinny et al. 2008]. Others, known as specialized, bypass, or
translesion polymerases, participate in various DNA transactions related to repair, genome
stability, and the generation of antibody diversity. The eukaryotic polymerases are well-
conserved in terms of overall architecture and sequence, especially within the catalytic
domain. In this review, we focus on the main replicative polymerase, Pol §, and its roles as a
highly accurate DNA replicase, repair enzyme, and tumor suppressor.

In Saccharomyces cerevisiae, Pol 6 is composed of 3 separately encoded subunits—the
catalytic subunit Pol3p, and structural subunits Pol31p and Pol32p [Boulet et al. 1989; Gerik
et al. 1998; Sitney et al. 1989]. Small angle X-ray scattering studies of yeast Pol &
demonstrate that the holoenzyme is a heterotrimer [Jain et al. 2009]. The C-terminus of the
catalytic subunit possesses a cysteine-rich domain at the end of a flexible tether; Pol31p
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associates with this cysteine-rich domain, and Pol32p is tightly associated with Pol31p.
Mammalian Pol & is composed of 4 subunits: the catalytic subunit p125 (encoded by

POL D1, corresponding to yeast POL3), p5S0 (POLDZ, corresponding to yeast POL31), p68
(POLD3 corresponding to yeast POL32), and p12 (POLD4), for which there is no known
homologue in S. cerevisiae [Byrnes et al. 1976; Hughes et al. 1999; Lee et al. 1984; Liu et
al. 2000] (Fig. 1A).

Pol & is an essential protein in eukaryotes, and it has a major role in genome maintenance
through its involvement in replicative DNA synthesis and multiple synthetic repair processes
[Bell and Dutta 2002; Burgers 2009; Loeb and Monnat 2008]. In addition to its 5 —3’
DNA-directed polymerase activity, Pols possesses 3'—5" exonuclease activity that imparts
the ability to remove newly added non-complementary nucleotides during replication
[Byrnes et al. 1976; Morrison et al. 1993; Simon et al. 1991]. The distinguishing
characteristics of the replicative polymerases Pol & and Pol e are high fidelity and high
processivity, but with limited capacity to copy damaged template DNA.

Structure of Pol &

The Pol 6 holoenzyme participates in replicative synthesis in concert with the processivity
factor PCNA (proliferating cell nuclear antigen) [Bravo et al. 1987]. A heterodimer
composed of p125 and p50 comprises the core mammalian enzyme, which is capable of
being stimulated by PCNA [Wang et al. 2011b; Zhou et al. 2012b]. The minimal
combination of mammalian subunits for processive DNA synthesis is the core enzyme
complexed with either p68 or p12, as demonstrated in the presence of the processivity factor
PCNA on M13 gapped plasmid [Zhou et al. 2012a]. The p12 subunit can enhance
processivity of the p125-p50-p68 subassembly by up to 15-fold [Podust et al. 2002]. The
enhanced rate of DNA synthesis /n vitro afforded by the contributions of PCNA and p12
come at the cost of reduced base selection fidelity, possibly by increasing the likelihood of
bypass of DNA lesions that would otherwise stall the polymerase [Hashimoto et al. 2003;
Meng et al. 2010; Mozzherin et al. 1996; Mozzherin et al. 1997]. This has biological
significance as both factors may be targeted by the DNA damage response [Freudenthal et
al. 2011; Kirchmaier 2011; Prives and Gottifredi 2008; Ulrich 2009; Zhang et al. 2007].
While most of the factors that influence the fidelity of Pol 8-directed DNA synthesis are
intrinsic to the catalytic subunit, there are many potentially important interactions between
the non-catalytic subunits and nuclear signaling and repair proteins that may also contribute
to fidelity and genome stability (see [Bell and Dutta 2002; Rahmeh et al. 2012; Thommes
and Hubscher 1990]).

The p125 catalytic subunit of Pol §, as with almost all known DNA polymerases, has a
distinctive architecture that resembles a right hand [Joyce and Steitz 1995] (Fig 1B). The
downstream single stranded DNA is covered by a cleft between the exonuclease and N-
terminal domains [Swan et al. 2009]. Nucleotide addition is catalyzed in a pocket formed by
the amino acids of the palm, fingers, and thumb domains. The palm makes contact with the
nascent duplex DNA, providing the catalytic side chains, and the thumb covers the duplex
like a clamp. The fingers and thumb are mobile domains. Based on comparisons of
structures of RB69 polymerase, the twin a-helices of the fingers domain rotate away from
the catalytic site to create the open conformation, and perform the reverse to create the
closed, active conformation [Franklin et al. 2001]. The thumb secures the DNA duplex, and
contributes to chaperoning the primer strand to the exonuclease domain for exonucleolytic
editing to occur [Franklin et al. 2001; Swan et al. 2009]. The C-terminal domain contains
two cysteine-rich sites at the end of an unstructured tether, and contains a subdomain that is
critical for interactions with the p50 subunit [Brocas et al. 2010; Cullmann et al. 1993] (see
section on Translesion Synthesis for more discussion of this region).
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The roles of Pold in DNA replication

A large body of evidence supports the major role of Pol & as that of the primary lagging
strand replicase, while the somewhat more processive and accurate Pol e copies the leading
strand [Burgers 2009]. A substitution at the corresponding catalytic site residue in yeast Pol
6 (L612) and Pol e (M644) imparts lower fidelity and a distinct error signature to each
enzyme [Li et al. 2005; Pursell et al. 2007a; Pursell et al. 2007b; Venkatesan et al. 2006].
Importantly, each of these polymerase mutants makes a specific error with elevated
frequency, but rarely makes the reciprocal error. A strand preference of the two polymerases
during DNA replication has been demonstrated by analyzing the sequence of DNA that is
copied by either of these polymerase mutants for the signature mutations produced by each.
Sequence changes between replication origins in yeast cells expressing the mutant
polymerases reveal that the Pol & error signature is predominantly on the lagging strand, and
the Pol e error signature is predominantly on the leading strand [Nick McElhinny et al.
2008]. These data have been determined both /n vitro, using constructs containing defined
yeast origins, and /n vivo, using deep sequencing to examine regions surrounding yeast
origins [Larrea et al. 2010]. Considering the essentiality of DNA replication, it is surprising
that Pol e catalytic activity is dispensable in yeast [Kesti et al. 1999]. Presumably, Pol & is
capable of copying the leading strand in the absence of Pol e. An alternate model of the
processing replication fork suggests that portions of the leading strand are copied by Pol 6 in
normal cells. It is possible that Pol & can replace Pol ¢ in situations when the leading strand
is unoccupied by a polymerase, such as at replication restart after a stalling event [Kunkel
2011; Pavlov and Shcherbakova 2010](Fig. 2). Each of these possibilities is open to
experimental verification by sequencing DNA replicated in Pol e mutants.

Genetic and biochemical studies in yeast have identified the enzymes involved in the
coordinate processes of lagging strand synthesis and Okazaki fragment maturation [Zheng
and Shen 2011]. The lagging strand is first primed by Pol a, which catalyzes the
incorporation of a short RNA fragment, followed by 20-30 deoxynucleotides. Pol & is
loaded at the 3”-OH of this primer, bound to PCNA, and it replicates 200-300 bases until it
encounters the next primer. There, it works in concert with the flap endonuclease, Fenl, to
undertake two distinct activities: strand displacement synthesis and nick translation. In
strand displacement synthesis, pol 6 displaces the entire RNA primer while synthesizing
DNA complementary to the template strand. Nick translation refers to the coordinate
activities of pol & strand displacement and Fenl endonuclease activity regularly resecting a
1-5 nucleotide flap of RNA to move a single nucleotide nick along the length of the RNA
primer, until the entire RNA/DNA duplex has been replaced and the nick can be ligated
[Ayyagari et al. 2003; Jin et al. 2003].

The 3" —5" exonuclease activity of Pol &6 may direct an alternative pathway for flap
processing [Jin et al. 2001]. Pol & is capable of restricting the extent of strand displacement
synthesis by 7dling on the DNA, carrying out repetitive extension and removal of one
nucleotide, until the flap of displaced DNA or RNA can be resected by Fenl, or by a
combination of Fenl and Dna2 [Garg et al. 2004]. This inhibition of strand displacement
synthesis protects against the generation of single strand segments of DNA, the cleavage of
which could result in double strand breaks. In the absence of Fenl, idling may also provide a
means of presenting a ligatable nick to achieve fragment maturation and prevent genomic
instability

POL & IN DNA REPLICATION

Base selection and proofreading

The rate of nucleotide misincorporation by budding yeast Pol & has been reported in the
range of 1.8 x 1078 to 4.4 x 1077 errors per generation, depending on the assay used [Daee
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et al. 2010; Fortune et al. 2005; Li et al. 2005; Morrison and Sugino 1994; Nick McElhinny
et al. 2007; Pavlov et al. 2001; Venkatesan et al. 2006]. This low base substitution rate is a
result of the serial processes of base selection, proofreading, and mismatch repair. The loss-
of-function mutants for any combination of these processes often exhibit a synergistic
increase in mutation rate over that of the single mutants [Morrison et al. 1993; Pavlov et al.
2001]. /n vitro mutation rate measurements from purified wild type yeast Pol & and
proofreading-deficient Pol 6 (Po/3-01) on M13mp2-/acZ gapped plasmid indicate that base
discrimination alone catalyzes approximately 0.3 to 1 base substitutions per 100,000
nucleotides, and that proofreading contributes 10-fold or more to the overall fidelity of Pol &
[Fortune et al. 2005; Nick McElhinny et al. 2007]. Purified human Pol & holoenzyme
exhibits slightly higher fidelity in the same assay, with a similar enhancement by
proofreading [Schmitt et al. 2009].

A few mechanisms that govern replicative fidelity appear to be universal among DNA
polymerases, as demonstrated in kinetic and structural studies using enzymes from a wide
range of phyla. These basic steps and constraints to the synthetic reaction, elaborated below
in brief, provide a basis for understanding the Pol 6 mutants described in this review. With
respect to base selection fidelity, the initial step is discrimination of the incoming nucleotide
at the active site (reviewed in [Kunkel and Bebenek 2000]. The exact details of the next step
are not fully elaborated, but evidence from kinetics studies suggest that there is a brief
opportunity for the nucleotide to adopt a favorable conformation with the template base.
After the nucleotide binds in the active site, the fingers are triggered to close. Closure
depends on correct nucleotide binding, as demonstrated by tracking variances in
fluorescence from labeled primer-template constructs in Pol &-related T7 DNA polymerase
[Luo et al. 2007]. Based on kinetic measurements of a fluorescence-labeled E514C
substitution in the T7 DNA polymerase, binding of the incorrect nucleotide results in a
mismatch-specific conformational change in the fingers domain, and a sharp reduction in the
rate of nucleotide addition, which favors nucleotide disassociation [Tsai and Johnson 2006].
Binding of the correct nucleotide induces a different conformational change, and increases
the rate of nucleotide addition. The nucleotidyl transferase reaction then occurs at a pair of
magnesium ions that are coordinated by amino acids of the palm domain [Joyce and Steitz
1995; Swan et al. 2009]. Studies in T7 polymerase indicate that pyrophosphate release
triggers another conformational change prior to translocation to the next template position to
begin the cycle over again [Patel et al. 1991].

Early studies of polymerases identified an inverse relationship between the extent of base
misincorporation and the exonuclease activity of the enzyme [Muzyczka et al. 1972]
(reviewed in [Reha-Krantz 2010]). Partitioning of activity between the polymerase and
exonuclease domains is usually described in the context of kinetics. The rate of the
nucleotide addition reaction dictates the likelihood of whether the enzyme will remain in
polymerase mode or switch to an editing mode [Beard et al. 2002; Johnson 1993]. Mispaired
nucleotides usually adopt a distorted structure in relation to the templating base, due to non-
canonical hydrogen bonding geometries, leading to a momentary delay in DNA synthesis
[Goodman 1997; Johnson and Beese 2004; Kool 2002]. A delay might also indicate a
mismatch in one of the upstream base pairs, which could change the presentation of the
primer or template strand, making it difficult for any incoming nucleotide to adopt a
favorable orientation. Alternatively, the amino acid side chains that line the catalytic pocket
and make extensive contacts with the minor groove of the nascent DNA duplex might
induce a delay if a distortion is detected [Carver et al. 1994; Doublie et al. 1998; Ng et al.
1989; Thompson et al. 2002]. Purified polymerases often stall or are delayed at positions
where a mismatch is forced, as in primer extension assays in which deoxynucleotide pool
choice is restricted. [Echols and Goodman 1991]. Conversely, increasing the rate of
polymerization appears to result in (or from) a reduced level of proofreading and,

Environ Mol Mutagen. Author manuscript; available in PMC 2013 June 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Prindle and Loeb

Page 5

subsequently, a higher rate of errors [Mozzherin et al. 1996]. A reduced level of
proofreading can result from a relaxed base selectivity, from reduced exonuclease
partitioning, or from higher concentrations of free deoxynucleotides (reviewed in [Mathews
2006] and [Reha-Krantz 2010]).

Frameshift mutagenesis

Microsatellite instability (MSI) describes the tendency of short repeated tracts of sequence
in DNA to undergo shrinkage and expansion, usually due to errors in DNA synthesis that
result in a loss or gain of one or more repeat units [Sia et al. 1997; Streisinger et al. 1966]. It
is a measurable phenotype that is used as a marker in human disease, such as colorectal
cancer, and has been linked to defects in mismatch repair [lonov et al. 1993; Leach et al.
1993; Umar et al. 2004]. Polymerases have much lower fidelity with respect to insertions
and deletions when copying repetitive sequence than when copying non-repetitive
sequences. The effect of iterative DNA sequence on insertion/deletion (indel) fidelity
depends on the length of the repeat unit (inverse), the number of repeat units (inverse), and,
in the case of homopolymeric runs, on whether the template is purinic or pyrimidinic [Harfe
and Jinks-Robertson 2000; Kroutil et al. 1996; Sia et al. 1997].

Forward mutation assays and reversion assays with either wild type or exonuclease-deficient
Pol & in yeast indicate that, generally, Pol & is very good at proofreading base selection
errors and single base additions or deletions in non-repetitive sequence, but has limited
capacity to proofread single base deletions in homopolymeric runs. For example, in a run of
five thymidines in the LacZ sequence in M13mp2 gapped plasmid, wild type yeast Pol & has
a reversion frequency of 6.6 x 1074, and this increases to 1.7 x 1073 when the length of the
run increases to seven thymidines [Fortune et al. 2005]. In a reporter assay featuring a 10-
unit run of dinucleotide repeats, Pol & exhibited an 8-30-fold increase in frameshift
mutagenesis in the repeat region compared to a control region [Abdulovic et al. 2011].
Interestingly, this rate only increased slightly when an exonuclease-deficient Pol & was used
in the same assay, highlighting the limited capacity of Pol & for detecting these types of
errors, and the dependence of eukaryotic cells on mismatch repair for suppression of
frameshift mutagenesis.

The prevailing models for frameshift mutagenesis all invoke a strand misalignment
mechanism in which the primer terminus realigns to form the correct base pairing with
either the +1 or —1 base on the template strand [Kunkel and Soni 1988] and reviewed in
[Bebenek and Kunkel 2000]. The unpaired base would be flipped out of the duplex—a
wrinkle in the strand—evading detection by intrinsic proofreading, but detectable by
mismatch repair. Evidence for this mechanism in polymerases comes from a set of crystal
structures from the error-prone human X-family polymerase Pol A, which capture a
slippage-mediated deletion event [Garcia-Diaz et al. 2006]. This highly deletion-prone
polymerase is capable of realigning on the template to permit the next template base
(originally at the —1 position) to pair with the bound nucleotide by flipping the intervening
base into an extrahelical position. This configuration does not alter the conformation of the
enzyme, and does not distort the position of the primer-template at the active site, as it is
stabilized by a correct base pair at the T1P; position. While it is unknown if the same
structure can be accommodated by the tighter binding pocket of pol &, and hence would
represent a common mechanism for —1 frameshift mutagenesis, it fulfills the criteria of a
structure that could evade detection by intrinsic proofreading.

DETERMINANTS OF FIDELITY IN THE POL & CATALYTIC SUBUNIT

Multiple amino acids that line the catalytic pocket, as well as others that are located outside
the catalytic site, contribute to the base selection fidelity of the enzyme (Fig 1C). Although
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the sequences corresponding to the conserved motifs A and B in DNA polymerases have
been extensively modified through targeted or random mutagenesis in a variety of
prokaryotic organisms, only a limited number of conserved side chains in the catalytic site
have received close scrutiny in eukaryotic replicative polymerases. These are summarized in
Table I, and an extensive list of antimutator pol 6 variants can be found in [Herr et al. 2012].
Small, but important differences exist among the various polymerase families, so the
following survey of informative fidelity mutants in the various regions of the catalytic site is
restricted to Pol 6 wherever possible, and to other B-family polymerases when necessary.
Unless otherwise stated, all amino acid positions will refer to the S. cerevisiae sequence.

The palm: motifs A and C

The structure and sequence of the palm domain is the most conserved feature of DNA
polymerases, and overlaying structures of polymerases from different families reveals
remarkable agreement with respect to the spatial organization of key sequences and the
catalytic center [Venkatesan et al. 2006; Wang et al. 1997]. Two Mg?* ions contribute to the
polymerization reaction by activating the 3" primer hydroxyl for nucleophilic attack on the
a-phosphate of the incoming nucleotide, and a third MgZ* ion binds the pyrophosphate
leaving group [Swan et al. 2009]. The two active site aspartate residues (D608 and D764), in
conjunction with E802, coordinate three Mg2* ions in yeast Pol & [Swan et al. 2009].
Substitution at cognate metal-coordinating sites in other polymerases, such as the Klenow
fragment of Pol I, results in a dramatic decrease in polymerase activity and diminished
fidelity /n vitro [Joyce and Steitz 1995; Patel and Loeb 2000; Polesky et al. 1992].

Discrimination between dNTPs and ribonucleotides in DNA polymerases has been
postulated to depend on a simple steric mechanism involving a single active site position
and the 2" OH of the ribonucleotide [Joyce 1997]. A surprisingly high level of
ribonucleotide incorporation has been demonstrated to occur in wild type yeast, but an
increase in this level can lead to genomic instability [Nick McElhinny et al. 2010a; Nick
McElhinny et al. 2010b]. In Pol 6, a palm-associated residue, Y613, appears to interact
directly with the sugar of the incoming deoxynucleotide [Swan et al. 2009]. Modification of
this position in a variety of prokaryotic and viral polymerases results in a sharp reduction in
ribonucleotide discrimination, leading to an increase in the rate of rNTP incorporation into
replicating or damaged DNA [Astatke et al. 1998; DeL ucia et al. 2006; Joyce 1997].
Modification of the identical position in the B-family polymerase RB69 (Y415A) drastically
reduces discrimination against ribonucleotide incorporation [Yang et al. 2002a]. A Y613A
substitution in haploid yeast, however, is lethal, and the same substitution in yeast pol € is
severely growth limited. The neighboring residue in pol e, M644 (L612 in Pol &) exhibits an
11-fold reduction in ribonucleotide selectivity when changed to a glycine, but a 4-fold
higher level of discrimination when changed to a leucine, suggesting that the site of sugar
discrimination is unclear in eukaryotic B-family polymerases [Nick McElhinny et al.
2010b]. The lethal and growth-restricted phenotypes seen for Y613A substitutions for Pol &
and Pol e, respectively, suggest that Y613 may be required for catalysis in eukaryotes.

Yeast Pol & L612 has been extensively studied as a site that is important for fidelity in T4,
Taq, and £. coliPoll, and has been modified in the mouse (L604) and human (L606)
proteins [Niimi et al. 2004; Patel et al. 2001; Reha-Krantz and Nonay 1994; Schmitt et al.
2010; Shinkai et al. 2001; Venkatesan et al. 2007; Zhong et al. 2008]. Early work on an
analogous position in T4 DNA polymerase revealed a sensitivity to the pyrophosphate
analogue phosphonacetic acid (PAA) [Reha-Krantz and Nonay 1994]. This L612M
mutation, when modeled in yeast cells, exhibits a phenotype that is consistent with reduced
proofreading [Li et al. 2005]. The crystal structure of yeast Pol & in ternary complex with
DNA and dCTP indicates that L612 forms a hydrogen bond with the incoming nucleotide
[Swan et al. 2009]. This intimate association with the primer end could indicate a
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mechanism for the reduced proofreading observed in the L612M variant that results in a 60—
80 fold increase in base substitutions and 1000-fold more frameshifts in a mismatch repair
deficient background, compared with mismatch repair-deficiency alone [Li et al. 2005].
Additionally, the L612M mutant exhibited a 75-fold increase in frameshift mutations on an
Exol-deficient background, suggesting that the role of Pol 6 exonuclease activity in
mismatch repair may be affected by this mutation.

A screen of all possible amino acid substitutions at L612 in yeast revealed eight viable
mutants [Venkatesan et al. 2006]. The mutants had a variety of cell cycle phenotypes, from
near-normal to a few (L612G and L612N) undergoing G2/M arrest. Most of the variants
exhibited a characteristic error spectrum from CANZ forward mutation experiments,
showing a strong bias towards G->A and T->C transitions, but not C->T or A->G. The wild
type enzyme has a similar bias, though its frequency of substitutions is much lower. The
range of phenotypes that can be generated by manipulating this position is astonishing, and
reflects the sensitivity of the active site to perturbation.

Motif C is a p-turn-p-loop located in the palm domain that contains the second aspartate
(D764) responsible for coordinating Mg2* ions at the active site. Additionally, D762 and
T763 are positioned to have a role in sensing distortions in the minor groove at the first and
second positions of the duplex (T1P1 and T,P,) [Swan et al. 2009]. While no studies of Pol
& have concentrated on motif C specifically, a mutagenesis screen in motif C of Taq
polymerase revealed that different combinations of substitutions at 782—784 (Pol & 759—
761) yielded a range of phenotypes with respect to mismatched primer extension,
highlighting the importance of this region for enzyme-duplex interactions that affect fidelity
[Strerath et al. 2007].

There are residues outside of the three conserved motifs that also appear to make functional
contacts with the nascent duplex, particularly in the minor groove. These include K444 in
the exonuclease domain, Q586 and Y587 in an unstructured loop near the N-terminal
domain, and K814, R815, and R839 in the palm [Swan et al. 2009]. With the exception of
Q586 and R839, these positions are absolutely conserved in B-family polymerases
[Copeland et al. 1993; Jacewicz et al. 2007; Yang et al. 2005]. It is possible that these sites
are indeed necessary for sensing mismatches to engage the active site switch to
exonucleolytic proofreading. Alternatively, they may be simply required to stabilize the
duplex DNA, and mismatch-induced distortions in the DNA molecule itself are transmitted
to the active site via the template strand, as suggested by Johnson and Beese [Johnson and
Beese 2004].

motif B

The fingers domain is a highly mobile part of the catalytic subunit, and its structure varies
greatly among the various polymerase families and in different organisms [Sawaya et al.
1994; Swan et al. 2009; Wang et al. 1997]. However, a more highly conserved sequence,
motif B, is usually found on one of the a-helices of the fingers domain. The extensive work
that has been done with mutagenesis of motif B side chains of RB69, of family A
polymerases (Pol | from E. coli and T. aguaticus), as well as the family B polymerase Pol a
from S. cerevisiae, has revealed the major determinants of fidelity in the fingers domain
[Bell et al. 1997; Ogawa et al. 2003; Suzuki et al. 1996; Suzuki et al. 2000; Yang et al.
2002b].

The basic structure of motif B is remarkably conserved, in that certain key residues,
following the periodicity of the helix, occur from virus to eukaryotes at the same positions
along the helical edge [Ogawa et al. 2003]. These side chains (R696, K701, N705, Y708)
bind to and orient the incoming nucleotide at the active site. Structural analysis suggests that
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Y708 interacts with the primer end and may contribute to creating a favorable electrostatic
environment for correct base pairing [Swan et al. 2009; Wang et al. 2011a]. Pavlov, et al.
introduced an alanine substitution at this position, and found that the mutant strain exhibited
a mild mutator phenotype with genomic instability that was greatly exacerbated in the
context of reduced mismatch repair [Pavlov et al. 2001]. Attempts at randomly
mutagenizing the entire region in DNA polymerase a suggested that two residues, K944 and
G952 (pol 6 K701 and G709 ), are essential [Ogawa et al. 2003]. Ogawa, et al. made and
purified variants at G952, and found that they had at least 80-fold less activity than wild type
Pol a.

The N-terminal amino acid of motif B in human Pol &, R689, was found to be substituted by
tryptophan in human DLD-1 colon cancer cell lines [Flohr et al. 1999; Popanda et al. 1999].
Modeling this mutant in yeast (R696W) revealed it to be a lethal substitution in haploid cells
[Daee et al. 2010]. Titrating the relative expression of R696W with wild type Pol & in
diploid yeast demonstrated a strong mutator phenotype, as shown by scoring mutations and
sequencing the CANZ locus in Can" mutant cells. The error spectrum was strikingly similar
to that of the Aprtlocus in DLD-1 cells, suggesting that this mutant polymerase exerts a
detectable influence on the mutation profile of these cells. Purified R696W showed a strong
bias toward incorporation of thymidine opposite guanine, and had much lower catalytic
activity than wild type Pol 6. Structural analysis of R696W by modeling the substitution on
the published yeast Pol & ternary structure suggests that its location between the polymerase
active site and the exonuclease site may affect active site switching [Swan et al. 2009].
Alternatively, a slight change in its interactions with residues on the N-terminal domain may
alter the position of amino acids at the end of the rigid P-helix that are more proximal to the
catalytic site.

The thumb: DNA binding and active site switching

The primary function of the thumb domain appears to be to stabilize the nascent duplex, as
mutations in the thumb of T7 RNA polymerase and £. co/i Pol | cause a loss of processivity
and catalytic activity in copying an undamaged template [Beese et al. 1993; Bonner et al.
1994; Minnick et al. 1996]. However, the thumb also has a major function in enhancing
fidelity by contributing to primer translocation during proofreading, and possibly by aiding
in the detection of mismatches in the duplex. The thumb domain in B-family polymerases
has two subdomains connected by a flexible hinge. One subdomain is proximal to the palm,
and encloses the DNA double helix, and the other (the “tip” of the thumb) is packed against
the exonuclease domain, which is opposite the palm domain and polymerase active site
[Swan et al. 2009]. In Pol &, a long B-hairpin from the exonuclease domain extends into the
DNA major groove, while a shorter loop appears in crystal structure of RB69 polymerases
[Shamoo and Steitz 1999; Wang et al. 1997] (Fig 1B).

A comparison of crystal structures of RB69 in the polymerizing and proofreading states
reveals a change in thumb position suggesting that the thumb tip may be involved in
translocation of the primer end [Franklin et al. 2001]. Mutational analysis of T4 DNA
polymerase showed that active site switching mutants were primarily located in the two
active sites, in the thumb and in the p-hairpin [Stocki et al. 1995]. B-hairpin mutants in the
B-family polymerase RB69 exhibit a strong mutator phenotype that is based on reduced
exonuclease activity [Trzemecka et al. 2009], and a genetic study of yeast Pol & with a base
substitution at L523 in the exonuclease domain that exhibited a strong defect in active site
switching revealed mutants that were similar to Pol & mutants that lack exonuclease activity
[Jin et al. 2005]. The current model of B-family polymerase proofreading holds that the
thumb tip associates with the primer strand, uses the p-hairpin placement along the major
groove as a guide to melt the nascent duplex, and relocates the primer end to the
exonuclease active site [Hadjimarcou et al. 2001; Reha-Krantz 1998; Stocki et al. 1995;
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Subuddhi et al. 2008]. The amount of primer end translocation appears to be limited to just a
few base pairs, and the partitioning involves coordinated movements of the thumb tip, the
fingers domain, and the exonuclease domain, as shown in crystal structures of RB69
complexed with DNA containing an abasic site analogue in the active site [Hogg et al.
2004].

Exonuclease domain

Pol & exonuclease activity is a major factor affecting the fidelity of DNA synthesis, allowing
for the removal of terminally mismatched primer strand bases, and is likely required for
extrinsic editing of sequence catalyzed by Pol a [Morrison et al. 1991; Pavlov et al. 2006;
Perrino and Loeb 1990; Simon et al. 1991]. The exonuclease domain of Pol & is adjacent to
the major groove of the duplex DNA, and it harbors the metal-coordinating site that
catalyzes the removal of the terminal nucleoside from the primer strand [Beese and Steitz
1991; Swan et al. 2009]. Amino acid substitutions for either the coordinating aspartate or the
glutamate residues abolishes exonucleolytic activity, effectively rendering the enzyme
proofreading-deficient [Morrison et al. 1991; Morrison et al. 1993; Simon et al. 1991]. The
pol3-01 mutant (D321A/E323A), lacking exonuclease activity, consistently exhibits a 10—
100-fold higher rate of mutation than wild type Pol & [Fortune et al. 2005; Jin et al. 2001;
Morrison et al. 1993; Venkatesan et al. 2006]. Careful analysis of the types of mutations that
arise from J/n vitro synthesis of a /acZreporter in a gapped plasmid shows that proofreading
by Pol 6 exonuclease activity reduces base substitution errors that are introduced by the
polymerase active site by approximately 60-fold [Fortune et al. 2005]. Abolishing
exonuclease activity has a much less dramatic effect on single base and larger deletions
between repeat sequences, at least /n vitro, indicating that these errors are more likely to be
detected by mismatch repair surveillance (see section on frameshift mutagenesis).

Across the catalytic subunit: insights on fidelity from antimutator variants

While the majority of variants discussed in this review contain substitutions that lead to an
increased mutation rate, there is an extensive literature devoted to polymerase variants that
exhibit decreased mutation rates [Drake and Allen 1968; Herr et al. 2011; Reha-Krantz
1998]. These antimutator variants can illuminate intrinsic determinants of fidelity because
they seem to often arise in response to a specific mutation or environmental condition that
leads to reduced fidelity [Drake 1993]. A notable exception is the p-hairpin residue G447S,
modeled onto yeast Pol & from an analogous site on T4 polymerase. On T4, this substitution
caused an increase in mutations and a defect in partitioning to the exonuclease domain,
while in Pol §, it produced an antimutator phenotype, especially toward frameshift mutations
[Hadjimarcou et al. 2001]. The L612M substitution in Motif A that results in PAA
sensitivity can be partially rescued by another substitution, L758M, which attenuates its
increase in mutation rate, its PAA sensitivity, and synthetic lethality with mismatch repair
deficiency [Li et al. 2005]. Herr, et al, examined po/3-01/Msh6A yeast, which are synthetic
lethal in the haploid state, to look for variants that escape lethality [Herr et al. 2012]. Most
of the variants they identified on the Pol3 subunit were in or near the catalytic pocket or
DNA “sensing” regions, implying that these substitutions probably affect base
discrimination and/or the ability to extend a terminal mismatch.

POL & AS A REPAIR PROTEIN

The contribution of Pol & to genome stability and prevention of mutagenesis goes beyond its
role in replicative fidelity. Most of the DNA repair processes in eukaryotic cells appear to
involve Pol & in mechanisms that still are not adequately defined.
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Mismatch repair

Base substitution errors and frameshifts that escape polymerase proofreading are usually
detected and corrected by post-replicative mismatch repair (MMR) [Kunkel and Erie 2005;
Li 2008; Modrich 2006]. In canonical MMR, DNA distortions that indicate mispaired bases,
or loops that are formed by frameshift mutations, are detected by a complex of either Msh2/
Msh6 or Msh2/Msh3. On the lagging strand, the exonuclease Exol is responsible for the
removal of tens to thousands of nucleotides, followed by polymerase-directed repair
synthesis and ligation of the 3 nick by the DNA ligase Ligl. Genetic analysis of MMR
deficient yeast and biochemical analysis of human MMR proteins suggest that Msh2/Msh6
or Msh2/Msh3 use nicks at the 5" end of Okazaki fragments, and/or interactions with
PCNA, to identify the nascent strand [lams et al. 2002; Pavlov et al. 2003; Umar et al.
1996]. These nicks may serve as an entry point for exonuclease digestion of regions
harboring mismatches by Exol on the lagging strand [Modrich 1997].

Recent evidence using fluorescently-tagged MMR components suggests that replication and
MMR may be temporally and spatially coupled [Hombauer et al. 2011]. Modrich showed in
1997 that HeL a cell nuclear extracts that lacked mismatch repair activity could be
complemented either by a subfraction of repair proficient cell-extract that co-purified with
Pol §, or by purified calf thymus Pol & alone, demonstrating the role of Pol & as the repair
polymerase in MMR [Longley et al. 1997]. Further, an Exol-independent mechanism for
MMR depends on the ability of Pol & to undertake strand displacement synthesis, whereby a
nicked strand is melted away from its complementary strand by the advance of a replicating
Pol §, creating a flap of DNA that is cleaved by Flap Endonuclease 1 (Fenl) [Kadyrov et al.
2009]. This strand displacement repair also requires the p68 subunit. Thus, the few errors
that are generated by Pol & during replication and which escape proofreading are usually
addressed by Pol & again as part of mismatch repair.

Translesion synthesis

Although cells have adapted highly efficient repair systems to limit the amount of
spontaneous and endogenously-generated DNA damage, the replication machinery will
nonetheless encounter these lesions [Branzei and Foiani 2010; Friedberg 2005]. Many of
these lesions are capable of blocking progression of Pol & /n vitro, though sequencing of
genomic sites after treatment with oxidative or methylating agents demonstrates that error-
prone synthesis by Pol & can still occur past such lesions /n vivo [Pavlov et al. 2002].
Blocking lesions, replication stress, and alternate DNA structures can stall the replication
fork, which can lead to fork collapse, strand breaks, and genomic rearrangements [Tourriere
and Pasero 2007]. Commonly encountered base modifications such as 8-oxo-deoxyguanine
or 6-methyl-deoxyguanine can be used as templates by a replicating Pol & with reduced
efficiency, but the altered base pairing properties of these lesions usually results in a mispair
that pol & is not able to extend [Fazlieva et al. 2009; McCulloch et al. 2009]. When Pol &
encounters an abasic site, it has a tendency to incorporate an adenine, possibly due to a
highly conserved tyrosine (Y708) which acts as a mock template, and which has a more
favorable electrostatic interaction with adenine [Obeid et al. 2010; Schaaper et al. 1983]].
Thus, Pol & can occasionally bypass lesions encountered during replication, but it does so
with reduced fidelity.

Translesion, or specialized polymerases can copy correctly across from specific lesions, but
are generally not processive or accurate (see [Sale et al. 2012] for a review). However, for
specific lesions, they can be more accurate than the replicative polymerases [Zahn et al.
2011]. For translesion polymerases to function on the lagging strand, Pol & must be
displaced from the replisome or template. Following bypass of the lesion, Pol & would need
to be reloaded onto the template. A model was recently proposed in which a cysteine-rich
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region in the C-terminal domain of the catalytic (p125) subunit serves as a point of
regulation for the rest of the holoenzyme by controlling the interaction of the p125 subunit
with the non-catalytic subunits (p50 and p66) [Netz et al. 2011]. Decades of work on various
yeast mutants have supported a role for the p125 cysteine-rich domains in holoenzyme
stability and, subsequently, a role for Pol & in protecting genome stability [Chanet and
Heude 2003; Cullmann et al. 1993; Giot et al. 1997; Hanna et al. 2007; Huang et al. 2002;
Sanchez Garcia et al. 2004]. Netz, et al demonstrated that the cysteine-rich region, Cys B,
formed an iron-sulfur cluster, while Cys A, the other cysteine-rich sequence, is likely a Zn-
binding region [Netz et al. 2011].

The catalytic subunit of Pol C has a C-terminal region that is very similar to that of Pol §,
and was shown to be able to bind to p50-p66 with an affinity similar to that of the Pol &
catalytic subunit, leading to the proposal of a model where the catalytic subunits of Pol &
and Pol C exchange at the site of a blocking lesion [Baranovskiy et al. 2012]. Pol ¢ was not
capable of binding to subunits of Pol a or Pol e. Johnson, et al. demonstrated that a four-
subunit complex of Revlp, Rev7p, Pol31p and Pol32p could be purified from yeast in a
1:1:1:1 stoichiometry, and put forth a competing model in which the Pol ¢ holoenzyme
normally exists as a four-subunit complex containing Pol31 and Pol32 [Johnson et al. 2012].
There is an entire exchange of Pol 6 and Pol € holoenzymes in this model, which is
supported by their observation that Revl and Rev7 aggregate in the absence of Pol31/Pol32.
Further experimentation is required to refine the model of polymerase exchange at sites of
damage, both with Pol € and with other translesion polymerases and the replicative
polymerases.

Base excision repair

Base excision repair (BER) involves the removal of specific damaged bases, and generally
requires a stepwise application of glycosylase and phosphodiesterase activity to excise the
base and introduce a nick in the phosphodiester backbone (for review, see [Parikh et al.
1999; Wilson et al. 2000]. Depending on the type of lesion and the proteins involved, BER
could involve the non-processive replacement of a single nucleotide, or strand displacement
synthesis to replace a stretch of nucleotides [Dianov et al. 1992; Matsumoto and
Bogenhagen 1991]. Left unrepaired, such damaged bases can cause Pol & to mispair or stall,
which could lead to genomic instability. While it is clearly established that Pol g is the
major polymerase responsible for base excision repair (BER), there is strong evidence that
Pol & can play a situational role in repair of methylation damage.

The first evidence for a potential role for Pol 6 in BER came from yeast cells harboring a
temperature sensitive mutant of Pol 6. These were shown to be sensitive to methyl
methanesulfonate, but not to UV light, at the elevated temperature. This sensitivity was
found to be suppressed by introduction of a plasmid bearing mammalian Pol p [Blank et al.
1994]. Parsons, et al., demonstrated the requirement for Pol & in the repair of single base
adducts that are 3" proximal to a single strand break [Parsons et al. 2007]. The BER
glycosylases NTH1 and OGG1 cannot excise such complex lesions in Pol &
immunodepleted HeLa cell extracts. Repair activity was restored by addition of purified Pol
8, and was shown to depend on Pol & exonuclease activity. This was further confirmed by
using a damaged luciferase reporter in mouse embryonic fibroblasts (MEFs) lacking Pol &
exonuclease activity. Another group also used Pol & immunodepleted cell extracts from Pol
B-deficient MEFs and complemented the extracts with recombinant Pol 8, uncovering a
possible role for the p12 subunit in modulating the activity of Pol & in BER with respect to
short or long-patch repair [Zhou et al. 2012a]. Also, yeast Pol 6 mutants lacking the pol32
subunit were synthetically lethal in combination with mutant repair glycosylases, revealing a
possible requirement for this subunit in abasic site synthesis by Pol 8, or for subsequent
extension by Pol € [Auerbach and Demple 2010].
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Nucleotide excision repair

Some DNA adducts, such as those produced by UV light, are refractory to BER, and can
cause replication fork stalling if left unrepaired. Nucleotide excision repair (NER) addresses
these lesions by removing a 25-30 bp segment of the strand that contains the lesion,
followed by repair synthesis [Lehmann 2011]. The first evidence that Pol & was a potential
polymerase in NER came from quantitation of nucleotide incorporation in UV irradiated
human fibroblasts using an inhibitor, butylphenyl-2’dGTP that discriminates between Pol &
and Pol a, and aphidicolin, which restricts Pol & activity [Dresler et al. 1988; Hunting et al.
1991; Wright et al. 1994]. Subsequent reconstitution of NER repair from purified
components confirmed that both Pol & and Pol &, as well as Pol «, could contribute to repair
synthesis, though they are recruited via different mechanisms, and possibly to different types
of lesions [Araujo et al. 2000; Ogi et al. 2010].

Double strand break repair

In the event of double strand breaks and some alternate DNA structures, cells undergo non-
homologous end joining (NHEJ) or homologous recombination (HR) to repair the break,
depending on the type of lesion and the timing of the cell cycle [Daley et al. 2005; Maher et
al. 2011]. Failure to promptly and effectively repair these breaks can lead to genomic
instability or apoptosis. Much of the early evidence that Pol & is involved in (HR) came
from genetics studies demonstrating synthetic lethality of a variety of conditional Pol &
mutants in yeast with loss of recombination factors like rad51, rad52, and rad53 [Giot et al.
1997]. However, these data came from studies of pol3-13, which is multiply substituted in
the region of the Fe-S cluster involved in maintaining holoenzyme integrity. It is more likely
that the lethal phenotype in these cells is due to an increase in stalled or collapsed forks due
to instability of the holoenzyme [Brocas et al. 2010; Chanet and Heude 2003].

Studies of the pol3-ct mutant (deletion of C-terminal LSKW), which also perturbs
holoenzyme stability, but to a lesser extent than pol3-13, reveal the following phenotypes: a
mild phenotype in meiotic crossing over resulting in shorter crossover tracts; an increase in
spontaneous inter- and intra-chromosomal rearrangements; and a failure to complete break-
induced recombination, resulting in damage-prone half-crossover structures [Galli et al.
2003; Maloisel et al. 2004; Smith et al. 2009]. Deletion of the pol32 subunit in yeast, which
is thought to coordinate recruitment of Pol 6 to PCNA on DNA, results in a reduced base
substitution rate, but increased deletions and breaks at the replication fork that may reflect
collapsed fork structures [Hanna et al. 2007; Huang et al. 2002]. These results suggest that
pol3-ct and pol3-13 are holoenzyme destabilizing mutations that reduce processivity,
resulting in a failure to complete repair synthesis, particularly in recombinatorial processes
[Brocas et al. 2010].

More direct evidence for participation of Pol & in recombination comes from a reconstituted
D-loop extension system, whereby PCNA binds to a hybrid DNA loop and recruits Pol & to
achieve loop extension [Li et al. 2009]. Pol & was also shown by 2-D electrophoresis of
MMS-treated samples to be required for the formation of an X-structure that could
correspond to an early step in template-switch recombination [Vanoli et al. 2010]. Break-
induced recombination is a form of HR that occurs when an advancing replication fork
encounters a double strand break. Pol & can perform the synthesis portion of the repair, and
the pol32 subunit, but not exonuclease activity, is essential, as demonstrated by use of a
mating type switching-based assay in budding yeast [Holmes and Haber 1999; Lydeard et al.
2007]. This work also demonstrated the effect of PCNA on mating type switching,
suggesting that the mode of recruitment of Pol & to recombination intermediates that result
from different types of lesions may be similar.
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POL & IN CANCER

The role of mutations in Pol & in human cancer remains to be defined. In the case of DNA
Pol B, a variety of mutant enzymes possessing a wide range of activity have been found in
tumors arising in diverse tissue types [Donigan et al. 2012]. One might expect that mutations
in Pol & would be a common finding in cancers that express a mutator phenotype and
contain large numbers of mutations. However, mutations in the catalytic domain of Pol &
almost invariably reduce catalytic activity, and cells harboring these mutant genes may
replicate more slowly and be outcompeted during the evolution of a tumor. Thus, the
advantage that is conferred by the expression of a mutator would be greatest early in
tumorigenesis, and the presence of Pol 6 variants would only be detected in subclones using
deep DNA sequencing methods [Beckman and Loeb 2006]. Fortunately, accurate methods
for next-generation DNA sequencing are being developed and can be applied to identifying
rare mutations within human cancers. A recent publication from the Cancer Genome Atlas
Network reported that 25% of colorectal cancer biopsies had coding substitutions in Pol e or
mismatch repair genes, correlating with the more hypermutated, MSI-positive samples. Of
the eighteen Pol e substitutions, three were found in the exonuclease domain, one had been
previously reported in dbSNP (www.ncbi.nlm.nih.gov/SNP), and one was in the conserved
Pol VI region. Two Pol & substitutions were reported, one of which (human R808, yeast
R815) is predicted to make extensive contacts with the minor groove of the duplex (Fig.
1C).

Mouse models of Pol &

While there have been no clear links established between Pol & and human carcinogenesis,
several mouse models of Pol 6 mutants demonstrate that Pol & is a tumor suppressor
[Preston et al. 2010]. Mice homozygous null for Pol & exhibited peri-implantation lethality,
with poor blastocyst outgrowth /7 vitro, confirming the essentiality of the gene that was
noted in yeast [Uchimura et al. 2009]. A point mutation that inactivates the exonuclease
domain of Pol & was exploited by gene targeting to generate Polg1P400A/D400A mice
[Goldsby et al. 2002; Goldsby et al. 2001]. Mice lacking Pol & proofreading develop
normally to adulthood, but then succumb to a variety of cancers, notably thymic lymphomas
and squamous cell carcinomas. A similar phenotype was seen in Pold12400A* mice
[Uchimura et al. 2009]. It is notable that the tumor types that were observed in the absence
of Pol 6 proofreading were distinct from those seen in mouse models of MMR deficiency
and those seen in proofreading-deficient Pol e mice, indicating that the mutations introduced
by the mutant Pol & contribute to tissue-specific tumorigenesis [Albertson et al. 2009].

The motif A yeast Pol § mutants L612G and L612K were modeled in mouse (L604), and
resulted in remarkably different phenotypes [Venkatesan et al. 2007]. In both cases, the
homozygous mutants died in utero, but the heterozygotes were viable. Mouse embryonic
fibroblasts demonstrated 4 to 5-fold elevated spontaneous mutation rates via Aprt forward
mutation analysis, but the lysine substitution exhibited nearly twice the incidence of
chromosome instability in metaphase spreads (38-fold over wild type), and a much shorter
lifespan brought on, in part, by accelerated tumor formation. Further analysis of these
mutant polymerases with purified human Pol & preparations revealed that the lysine
substitution imparted an antimutator phenotype with regard to base selection, but was a
hypermutator with regard to deletions, while the glycine substitution induced a general
mutator phenotype with slightly enhanced lesion bypass capability [Schmitt et al. 2010]. The
lower lesion bypass capability and impaired replication fork progression demonstrated by
the lysine substitution strongly suggests that its higher base substitution fidelity comes at the
cost of an increase in stalled replication forks, which can lead to DNA breaks. Thus, the
more aggressive tumor presentation and lower lifespan of the L604K mice is likely due to
high genomic instability.
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Pol & in tumors and tumor cell lines

Studies of small cell lung cancer biopsies revealed a consistent reduction in the mRNA and
protein levels of the p12 subunit [Huang et al. 2010]. This subunit is targeted by the DNA
damage response to disassociate from the replicative complex, resulting in slower synthesis
with reduced bypass capability. Much like the effect of the lysine substitution at L604 in
mice, reducing the level of the p12 subunit in HCT116 colon cancer cells by sSiRNA
treatment results in a marked increase in broken chromosomes. Reducing the amount of the
p125 subunit is sufficient to induce genomic instability, as reduced expression of POL3in
yeast results in a striking mutator phenotype in which over half of the errors found by
sequencing the CANL1 locus are deletion events between direct repeats [Kokoska et al.
2000]. Another study linked lower expression of POL3to fragile site instability in yeast,
presumably by the induction of double strand breaks at stalled replication forks. [Lemoine et
al. 2008].

Mutations in Pol & have been found in a handful of cancer cell lines but few with changes in
the polymerase active site or exonuclease domain [da Costa et al. 1995; Flohr et al. 1999]. In
addition to the R689W variant mentioned earlier, the R506H (exonuclease domain) variant
was reported in the DLD-1 colon cancer cell line. The purified yeast version of this mutant
was found to have a mild (2.5-fold) increase in mutation rate in an MMR-deficient
background [Daee et al. 2010]. The R648Q variant, purified from rat hepatoma cells, is
located adjacent to the fingers domain, and exhibits an increased sensitivity to a commonly
used polymerase inhibitor, butylphenyl-dGTP, and to antineoplastic drugs, and may have an
increased tendency to mispair opposite O%-methyl-dG [Popanda et al. 1999].

Inhibitors to Pol & in the treatment of cancer

Perspective

Given the central role for Pol & in replication and DNA repair, and its many interactions
with other key proteins in cell proliferation and survival, it would seem to be an excellent
target for small molecule inhibitors of replication. Since cancer cells have been
demonstrated, in many cases, to accumulate mutations at a greater rate than healthy cells,
use of mutagenic polymerase substrates could increase the rate of lethal mutations in these
error-prone, rapidly dividing cells [Prindle et al. 2010]. Nucleoside analogs have been in use
as antineoplastic agents for decades, and they can often act as mutagens, in addition to their
more established role as inhibitors of deoxynucleotide metabolism [Longley et al. 2003;
Shao et al. 2006]. Alternatively, inhibitors could be developed that block replication, either
by binding to the active site or targeting the interaction domains between p125 and p68.
Alternatively, molecules that compete with p12 for binding to the catalytic subunit, or that
block the PCNA-holoenzyme interaction could be valuable, particularly in cancers in which
homologous recombination is already compromised, and which can be sensitized by
ionizing radiation [Punchihewa et al. 2012]. Inhibitors already exist for BRCA2, PARP,
ERCC1, and other DNA repair proteins in the treatment of cancer due to their roles in
recognition and repair of strand breaks [Janssen et al. 2009; Ljungman 2009]. Inhibiting Pol
& may have a broader reach, as it could be synthetically lethal with a variety of DNA repair
defects.

The field of DNA polymerase research began over 50 years ago, and Pol 6 has been studied
for over 35 years, but new and fascinating properties continue to emerge about this protein.
It has been a story of continual development and application of new biochemical and genetic
tools to address old questions--leading to the discovery of new tools, and new questions. We
are just beginning to get a clearer picture of the role of the non-catalytic subunits of Pol 6,
and of the role of Fe-S clusters in polymerase biology. Genomic technologies hold some
promise to address the role of Pol & in repair processes, as well as to define the role of
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replicative polymerases in cancer and other diseases. Studies of the kinetics of Pol 6, and
computer modeling of structural and kinetic data have shed light and raised questions about
the rate limiting steps and manner of base selection and translocation, and these methods
could be used to address a model of active site switching with various DNA mismatches.
We also look forward to more structures of yeast and human Pol §, with mismatches in the
active site, and a ternary structure in the open conformation. Eventually, a three-
dimensional, dynamic understanding of Pol & in replication and error correction at the
atomic level will emerge.
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Fig. 1.

Structure of the Pol & holoenzyme, catalytic subunit, and DNA binding pocket. A. A
conceptual depiction of the four-subunit human Pol & holoenzyme, based on demonstrated
interactions of subunits and a small-angle X-ray scattering study (see text). B. Cartoon
representation of the crystal structure of the p125 catalytic subunit in complex with DNA
and the incoming dCTP (black) bound at the active site. Ca2* ions are shown as purple
spheres, representing the location of the Mg?* atoms at the polymerase and exonuclease
active sites. C. Pol 6 active site and DNA binding channel, highlighting important side
chains for polymerase fidelity, as well as purported “sensing” side chains along the minor
groove. Palm residues are green, fingers residues are red, N-terminal domain residues are
silver, B-hairpin site is purple, DNA template strand is yellow, and DNA primer strand is
blue. The incoming dCTP and its template G are shown in black, and active site metals are
shown as light blue spheres. Hydrogen bonds (yellow) are shown for the nascent base pair
and for the active site metals. (Structure images generated in The PyMOL Molecular
Graphics System, Version 1.5.0.4 Schrodinger, LLC. from PDB accession code 3IAY).
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Fig. 2.

Model of the Eukaryotic Replication Fork. The current model, showing Okazaki fragments
at three stages of formation. Next to the MCM helicase, the primase Pol a synthesizes an
RNA primer (pink box with lines) and a small amount of DNA, beginning lagging strand
synthesis. Replication protein A (RPA) coats the single stranded DNA between the Pol a-
catalyzed primers. The next primer has been extended by the lagging strand replisome,
represented by Pol & and PCNA. The third Okazaki fragment has been completely extended,
and Okazaki fragment maturation, directed by Pol 8, Fenl, and Lig1, is underway. The
leading strand is shown as being copied by Pol e and PCNA, although Pol & may be
responsible for some leading strand synthesis as well. Several important cofactors are not
shown for simplicity. Figure inspired by and adapted from [Burgers 2009].
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