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Abstract
Among several hypotheses to explain how translesion synthesis (TLS) by DNA polymerase η (pol
η) suppresses ultraviolet light-induced mutagenesis in vivo despite the fact that pol η copies DNA
with low fidelity, here we test whether replication accessory proteins enhance the fidelity of TLS by
pol η. We first show that the single-stranded DNA binding protein RPA, the sliding clamp PCNA,
and the clamp loader RFC slightly increase the processivity of yeast pol η and its ability to recycle
to new template primers. However, these increases are small, and they are similar when copying an
undamaged template and a template containing a cis-syn TT dimer. Consequently, the accessory
proteins do not strongly stimulate the already robust TT dimer bypass efficiency of pol η. We then
perform a comprehensive analysis of yeast pol η fidelity. We show that it is much less accurate than
other yeast DNA polymerases and that the accessory proteins have little effect on fidelity when
copying undamaged templates or when bypassing a TT dimer. Thus, although accessory proteins
clearly participate in pol η functions in vivo, they do not appear to help suppress UV mutagenesis by
improving pol η bypass fidelity per se.

Translesion synthesis (TLS1) is one mechanism of damage tolerance employed by cells when
synthesis by the major replicative polymerases is blocked by lesions. Several polymerases in
different families have been shown to bypass lesions in vitro (see ref 1 and references therein).
Of these, the role of pol η in the bypass of UV photoproducts is the best understood. In humans,
the loss of pol η causes the variant (XP-V) form of xeroderma pigmentosum (2,3), a disease
characterized by greatly increased susceptibility to sunlight-induced skin cancer (see refs 4 and
5 and references therein). A key property of human and yeast cells lacking pol η is increased
mutagenesis following exposure to ultraviolet light (6-13). A key property of human and yeast
pol η is its ability to bypass cyclobutane pyrimidine dimers (CPDs) with much higher efficiency
than that of other eukaryotic DNA polymerases (14-18). These facts imply that pol η
participates in the bypass of slowly repaired cyclobutane pyrimidine dimers in a manner that
avoids mutations such that in its absence, other polymerases perform mutagenic bypass that
ultimately results in skin cancer.
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Consistent with the participation of pol η in CPD bypass that avoids mutations are seminal
studies of single nucleotide insertion (17,19,20), demonstrating that yeast and human pol η
preferentially insert dAMP opposite both template thymines of a cis-syn thymine-thymine
dimer (TTD). This selectivity for inserting a correct nucleotide undoubtedly contributes to CPD
bypass in cells that reduces UV-induced mutagenesis in humans, mice, and yeast. The actual
rate of base substitutions generated per CPD bypass event in human cells is unknown.
Fortunately, quantitative in vivo measurements in S. cerevisiae are available and indicate that
bypass of TC and CC dimers generates less than one base substitution per 1000 bypass events
(10). This represents a higher accuracy than that predicted by the low fidelity of TTD bypass
by human pol η in vitro, which generates a T to C substitution at the 3′ T of a cis-syn TTD at
an average rate of 1 in 27 (15). However, error rates for a complete TTD bypass reaction by
yeast pol η are not yet available. For that reason, one goal of the present study is to determine
these rates.

Several non-exclusive explanations could account for how a polymerase with intrinsically low
fidelity contributes to suppressing damaged-induced mutagenesis. It is possible that the
observed TTD bypass fidelity of human pol η is sufficient to suppress UV-induced mutagenesis
and sunlight-induced skin cancer because CPDs are rarely encountered by the replication fork
in cells that can remove most photoproducts using the nucleotide excision repair pathway. It
is also possible that TLS errors made at the replication fork are corrected, for example, by
extrinsic proofreading (14,21-23) and/or by DNA mismatch repair (24). Yet another possibility
is that accessory proteins may modulate the fidelity of a TLS reaction. Obvious candidates
include RPA, the three subunit eukaryotic single strand DNA binding protein complex, and
PCNA, the eukaryotic sliding clamp. In human cells, PCNA co-localizes with pol η after UV
light irradiation (25-28), and human and yeast pol η interact with PCNA in a manner that
reportedly increases DNA synthesis without altering processivity (29,30). In addition, it has
recently been shown that post-translational mono-ubiquitylation of PCNA by the Rad6/Rad18
complex is a key event in lesion bypass, triggered by a stalled replication fork (31-33). Pol η
has been reported to preferentially associate with modified PCNA (28,33,34), and one study
showed that the bypass of an AP site is stimulated by about 2-fold by monoubiquitylated PCNA
in comparison to unmodified PCNA, under conditions allowing many cycles of synthesis to
occur (35). The main goal of the present study is to investigate whether the accessory proteins
RPA, PCNA, and the hetero-pentameric clamp loader replication factor C (RFC) affect the

1Abbreviations:

TLS  
translesion synthesis

pol  
polymerase

RPA  
replication protein A

PCNA  
proliferating cell nuclear antigen

RFC  
replication factor C

XP-V  
Xeroderma pigmentosum-variant

CPD  
cyclobutane pyrimidine dimer

TTD  
thymine-thymine dimer
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efficiency and/or the fidelity of TT dimer bypass by yeast pol η. We also report on the fidelity
with which yeast pol η copies undamaged DNA, either alone or with the accessory proteins,
and compare the results to those obtained when the same assay is applied to other S.
cerevisiae polymerases.

EXPERIMENTAL PROCEDURES
Materials

Plasmid, phage, and bacterial strains and other materials for the assays described here were
from previously described sources (36,37). DNA modification enzymes and restriction
enzymes were purchased from New England Biolabs (Ipswich, MA). Gel-purified DNA
oligonucleotides were purchased from Oligos Etc., Inc. (Wilsonville, OR). Streptavidin was
purchased from Roche Applied Science (Indianapolis, IN). Radiolabeled nucleotides and
unlabeled dNTPs were purchased from Amersham Biosciences (Piscataway, NJ).

DNA Substrates
Gapped DNA substrates for the forward mutation assay are the same as those previously
described (36). The template strand used in the TT dimer lesion bypass assays was a 70-mer
(5′-
ATGACCATGATTACGAATTCCAGCTCGGTACCGGGTTAGCCTTTGGAGTCGACC
TGCAGAAATTCACTGG) with a 5′-biotin moiety, and was either undamaged or contained
a cis-syn thymine-thymine dimer (underlined TT). Two primers, BP14 (5′-Bio-
CCAGTGAATTTCTG) and 30Fid (5′-Bio-
CCAGTGAATTTCTGCAGGTCGACTCCAAAG) also contained a 5′-biotin moiety, while
primer LP18C (5′-GACTCCGACTCCAAAGGC) was unmodified. For bypass efficiency
assay substrates, primer LP18C was labeled at the 5′-end using 32P-γ-ATP and T4
polynucleotide kinase. Substrates were prepared by mixing template oligonucleotide with 1.2×
molar equivalents of both BP14 and LP18C in 50 mM Tris-Cl (pH 7.5) and 1× SSC and
incubating at 75 °C for 5 min, followed by cooling to 25 °C over 3-4 h, protected from light.
Substrates were stored at 4 °C until further use. For bypass fidelity assay substrates, the same
procedure was used with unlabeled 30Fid primer. The template strand used in the AP site
bypass assays was a 102-mer (5′-
CCTTTGCGAATTCT25GCGGCTCCCTTCTTCTCCTCCCTCTCCCTTCCCTT29) with both
5′- and 3′-biotin moieties and was either undamaged or contained a synthetic AP site
(tetrahydrofuran) residue at the underlined position. The primer used (5′-
AGGGAAGGGAGAGGGAGGAGAAGAAG) pairs with the italicized region. AP site bypass
substrates were prepared as described above using a 1.2× molar excess of template to the 5′-
end-labeled primer.

Protein Purification
S. cerevisiae polymerase η was purified as described previously using the plasmid obtained
from Dr. Zhigang Wang (38). S. cerevisiae proliferating cell nuclear antigen, replication factor
C complex, and replication protein A were purified as previously described (39-41).

Lesion Bypass Efficiency Assay
TT dimer bypass efficiency reactions (30 μL) were performed in a manner similar to those
previously described (15,42), with the following modifications. Substrate DNA was first
incubated at 30 °C for 10 min with a 10-fold molar excess of streptavidin in 40 mM Tris-Cl
(pH 7.8), 75 mM NaCl, 2% glycerol, and 100 μg/mL BSA. All reactions contained 1 pmol of
DNA substrate and 5 fmol of polymerase (200:1 substrate to enzyme ratio). Where indicated,
1.2 pmol each of PCNA trimer, RFC complex, and RPA was added. Reactions contained 40
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mM Tris-CL (pH 7.8), 75 mM NaCl, 5 mM MgCl2, 1 mM ATP, 0.1 mM each dATP, dCTP,
dGTP, and dTTP, 2 mM DTT, and 100 μg/mL BSA. All components except polymerase were
mixed on ice and then incubated at 30 °C for 2 min. Polymerase was added to initiate the
reaction, and samples (6 μL) removed at 2, 4, and 6 min were added to 12 μL of formamide
loading buffer (95% deionized formamide, 25 mM EDTA, 0.1% bromophenol blue, and 0.1%
xylene cyanol). Products were heated to 95 °C for 5 min, fractionated on a 12% denaturing
polyacrylamide gel, and quantified on a Molecular Dynamics Typhoon 9400 imager. Bypass
parameters were calculated as described previously (42). Polymerase cycling was calculated
by multiplying the percentage of primer used by the amount of starting substrate and then
dividing by the amount of polymerase in the reaction. The maximum number of incorporations
was determined visually from the gel images. AP site bypass reactions were performed and
analyzed similarly using 0.1 pmol of substrate, 0.2 pmol polymerase, 0.3 pmol RFC complex,
0.5 pmol PCNA trimer, and 1 pmol RPA.

Lesion Bypass Fidelity Assay
The lesion bypass fidelity assay was performed essentially as previously described (37) in the
presence of ∼50 μCi (3000 Ci/mmol) α-32P-dCTP. Substrates contained a single primer (30Fid)
and were blocked with streptavidin as described above prior to use. Reaction conditions were
as described above and contained 4 pmol of substrate and 0.8 pmol of pol η (5:1 substrate:
enzyme ratio) and were incubated at 30 °C for 20 min. Where indicated, 4.8 pmol each of
PCNA trimer, RFC complex, and RPA was added. All components except polymerase were
mixed on ice and incubated at 30 °C for 2 min, and then polymerase was added to initiate the
reaction. Reactions were brought to a total volume of 50 μL in the presence of 0.1% SDS, 25
mM EDTA, and 0.2 mg/mL proteinase K and incubated at 37 °C for 10 min, followed by the
removal of the unincorporated radioactive nucleotide by G25 sephadex spin column
chromatography. Reaction products were purified by phenol/chloroform extraction and ethanol
precipitation. Reaction products were digested with 10 U each of EcoRI and PstI in buffer
recommended by the manufacturer. Recovery of the synthesized strand, annealing to gapped
M13 DNA molecules, transfection into E. coli cells, and determination of the mutation rates
and spectra were performed as previously described (15,37,42).

Undamaged DNA Forward Mutation Assay
Gapped M13 DNA (5 fmol) was incubated with pol η (1250 fmol) either in the absence or
presence of RPA, PCNA trimer, and RFC complex. When present, 7.5 fmol of PCNA trimer
and RFC complex were added, and 100 fmol of RPA was added, which is approximately 1.5
times the amount needed to completely coat the 407 base gap present in the substrate, assuming
a minimal binding footprint of ∼30 bases (43,44). Reactions (25 μL) contained 40 mM Tris-
CL (pH 7.8), 75 mM NaCl, 5 mM MgCl2, 1 mM ATP, 0.1 mM each dATP, dCTP, dGTP, and
dTTP, 2 mM DTT, and 100 μg/mL BSA. All components except polymerase were mixed on
ice and then incubated at 30 °C for 2 min. Polymerase was added to initiate the reaction and
incubated for an additional 1 h at 30 °C. Details of the reaction protocol, plaque color
determination, and sequence analysis are as described previously (36).

RESULTS
Processivity and Lesion Bypass Efficiency of Yeast Pol η with and without Accessory
Proteins

The DNA substrate depicted in Figure 1A was used to investigate whether S. cerevisiae RPA,
RFC, and PCNA affect the TT dimer bypass properties of yeast pol η. This template-primer
contains 38 nucleotides of single stranded template, sufficient for RPA to bind downstream of
the primer terminus, and biotin-streptavidin complexes on the 5′-ends of both DNA strands to
prevent PCNA from diffusing off the DNA ends after it has been loaded by RFC. Reactions

McCulloch et al. Page 4

Biochemistry. Author manuscript; available in PMC 2008 April 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were performed with a 200-fold excess of DNA over pol η, and aliquots were removed at times
sufficient to extend only a small proportion of primers. Under these conditions, each
polymerase molecule cycles multiple times but largely to previously unused primers such that
the majority of product chains result from a single processive encounter with polymerase
(42). Using such conditions, when copying undamaged DNA yeast pol η predominantly adds
1-10 nucleotides, while also generating smaller amounts of longer chains, including full-length
products (Figure 1B, lanes 2-4). As in an earlier study (14), many of these products are
considerably longer than those generated by human and mouse pol η during a single cycle of
processive synthesis (15, 19, 20, 29, 45), confirming that yeast pol η is somewhat more
processive than its mammalian homologues. Inclusion of RPA, RFC, and PCNA had a small
effect on overall product distribution (Figure 1B, lanes 5-7) but slightly stimulated the
production of full-length chains (compare full-length band intensities in lanes 2-4 and 5-7 in
Figure 1B). The number of times the polymerase cycled was also slightly increased, from ∼10
cycles per minute in the absence of accessory proteins to ∼14 cycles per minute with accessory
proteins present (Figure 2A).

With the damaged template, yeast pol η alone efficiently bypassed the TTD, and the distribution
of products (Figure 1B, lanes 9-11) was similar to that seen with the undamaged template.
Inclusion of the accessory proteins did not strongly affect the overall product distribution but
did slightly increase the production of full-length DNA chains (Figure 1B, compare lanes 9-11
with 12-14) and the ability of pol η to cycle to a new template primer (Figure 2A; ∼15 and
∼20 cycles per minute, without and with accessory proteins, respectively). Importantly, the
termination probability patterns (Figure 2B) and the relative TLS efficiency (Figure 1B,
bottom) are similar with and without RPA, RFC, and PCNA. We also performed reactions
using an AP site-containing template and an excess of polymerase over substrate. These
reactions, in which nearly 100% of the starting primer is used, the addition of RPA, RFC, and
PCNA stimulates bypass of the more difficult to bypass AP site by ∼5-fold, similar to previous
reports using this same template (35). This verifies that the proteins used here are active using
these reaction conditions.

TT Dimer Bypass Fidelity of Yeast Pol η with and without Accessory Proteins
To determine if RPA, RFC, and PCNA affect the fidelity of TTD bypass by yeast pol η, we
copied a substrate similar to that depicted in Figure 1A but containing a single 30-mer primer,
using sufficient pol η and incubation time to achieve complete bypass of the majority of primer-
template molecules. We then recovered the nascent strand, hybridized it to gapped M13mp2
DNA, and introduced these molecules into an E. coli lacZ α-complementation strain to score
errors made during TLS (see Experimental Procedures). The relevant 3′ T in this substrate is
in a TAG codon in the lacZ α-complementation gene of M13mp2 that when copied correctly
yields a light-blue M13 plaque phenotype. Stable misincorporation (i.e., misinsertion followed
by mismatch extension) of dGMP, dCMP, or dTMP opposite this 3′ T yields dark-blue plaques
whose frequency is one measure of misincorporation opposite the lesion. The frequency of
dark-blue plaques was similar for the products of reactions copying undamaged or TTD-
containing templates by yeast pol η alone or with RPA, RFC, and PCNA (Table 1). Sequence
analysis of the lacZ α-complementation gene from independent dark-blue plaques defined the
substitutions at the 3′ T, while T to C substitutions (T-dGMP mismatch) at the 5′ T were
monitored by plaque hybridization (15). This information was used to calculate error rates for
complete bypass of a TT dimer, and these rates were compared to error rates for copying the
equivalent thymines in the undamaged template (Figure 3).

Error rates for TTD bypass by yeast pol η without accessory proteins (Figure 3, right panel,
white bars) range from <5 × 10-4 for misincorporation of dCMP opposite the 3′ T of the dimer
to 280 × 10-4 for misincorporation of dGMP opposite the 3′ T of the dimer. These rates are
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similar to but uniformly lower than those for human and mouse pol η (Figure 3, data table
below graph; human and mouse data were reproduced from refs 15 and 45). Overall, yeast pol
η alone copies the 3′ T of the TT dimer with relatively low fidelity, particularly for
misincorporation of dGMP that results in T to C transitions (Figure 3). The rate for this error
is similar when copying the undamaged T and the 3′ T of the dimer (240 vs 280 × 10-4). Rates
for misincorporation of dGMP opposite the 5′ T are 3-fold lower with the undamaged substrate
(240 vs 83 × 10-4) and 16-fold lower with the dimer (280 vs 17 × 10-4), compared to that
opposite the 3′ T. Thus, like mammalian pol η (15,45), yeast pol η is relatively inaccurate for
TTD bypass but does copy the damaged 5′ template T with relatively higher fidelity than it
copies the corresponding undamaged T or the 3′ T of the TTD.

Most relevant to the main objective of this study are the error rates for TTD bypass with and
without accessory proteins. For the major mistake made by yeast pol η, dGMP misincorporation
opposite the 3′ T of the TTD, there is less than a 2-fold difference in error rate in the absence
or presence of the accessory proteins (Figure 3, right panel). Similarly, dGMP misincorporation
rates opposite the 5′ T of the TTD differed by less than 3-fold (17 × 10-4 and 7 × 10-4, without
and with accessory proteins, respectively). Misincorporation of dTMP opposite the 3′ T of the
TTD was potentially higher in the presence of the accessory proteins as compared to their
absence (19 vs 5 × 10-4), although this difference is still less than 4-fold. Importantly, the bias
in fidelity between the 3′ and 5′ Ts is still present when the accessory proteins are present. The
bias on undamaged DNA is still ∼3 fold (170 vs 59 × 10-4), but it is 24-fold when copying the
TT dimer. From this data, we conclude that the accessory proteins do not strongly alter the
fidelity with which yeast pol η bypasses a TT dimer.

Yeast Pol η Fidelity when Copying Undamaged DNA with and without Accessory Proteins
Because yeast pol η was more accurate than human or mouse pol η when copying the thymines
in the substrates used above (Figure 3, data table below graph), we decided to examine the
fidelity of DNA synthesis by yeast pol η in a more comprehensive manner when copying an
undamaged template. Synthesis of a 407-nucleotide gap template encoding the lacZ α-
complementation gene within gapped M13mp2 DNA was performed using yeast pol η alone
or with RPA, RFC, and PCNA. In this assay, errors are detected as light-blue and colorless
lacZ mutant plaques among dark-blue plaques resulting from correct synthesis (36). Because
the assay monitors the loss of a gene function that is not essential for M13 plaque formation,
it scores a broad range of errors, including all 12 possible single base substitutions in a variety
of sequence contexts and additions and deletions of many different template nucleotides.

Synthesis either by yeast pol η alone or with accessory proteins generated products that yielded
∼20% lacZ mutants (Table 2). Sequence analysis of DNA from independent lacZ mutant
plaques revealed that most mutants contained more than five sequence changes (Table 2),
distributed nonrandomly within the 407-nucleotide template (Supporting Information, Figure
S1). These changes include a large number of single base substitutions and smaller numbers
of tandem double base substitutions, single base insertions, single base deletions, and various
other changes involving more than one base pair (Table 2). This information was used to
calculate error rates (Table 3) that were compared with human pol η (data from ref 46) as well
as with data from several other yeast DNA polymerases (Figure 4) obtained using the same
assay.

The results lead to three main conclusions. First, as predicted by kinetic studies of misinsertion
(17,47), yeast pol η is a highly inaccurate DNA polymerase, having much higher fidelity for
single base substitutions than the other yeast DNA polymerases that have also been
characterized by this approach (Figure 4). Second, yeast pol η is several-fold more accurate
than human pol η. This is the case for the average rates for the five types of errors listed in
Table 2 and for error rates for most of the 12 possible single base-base mismatches, where
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differences vary between 2- and 25-fold (Table 3). Third, the accessory proteins RPA, RFC,
and PCNA have little if any affect on the fidelity of yeast pol η (Tables 2 and 3).

DISCUSSION
Although human pol η by itself synthesizes DNA with low fidelity when copying a cis-syn TT
dimer (14,15), the increase in UV light-induced mutagenesis in cells lacking functional pol η
(6,7,45) clearly illustrates that pol η does indeed participate in a TLS pathway in vivo that
suppresses UV mutagenesis. This prompted the present study to determine if accessory proteins
improve the bypass properties of pol η. The observation that RPA, RFC, and PCNA slightly
increase yeast pol η processivity and cycling (Figures 1 and 2) is consistent with previous
studies showing that pol η is stimulated by PCNA (29,30,35). In the present study, using assays
that allow for analysis of a single round of DNA/polymerase interaction, we report that these
stimulatory effects are small and similar with damaged and undamaged templates such that the
relative and high efficiency with which yeast pol η bypasses a cis-syn TT dimer is largely
unchanged. Also, the previously reported switch from lower to higher termination after the
lesion has been copied is still evident in the presence of the accessory proteins (e.g., compare
termination probabilities at the 5′ T and +1 positions on undamaged and TT dimer templates
in Figure 2B). This is consistent with a role of these accessory proteins in modulating the switch
back to a major replicative polymerase following lesion bypass (15).

Our results also show that RPA, RFC, and PCNA have little effect on the fidelity with which
yeast pol η bypasses a cis-syn TT dimer. The observations with undamaged DNA are consistent
with recent studies showing only small effects of the accessory proteins on the fidelity of DNA
synthesis by yeast pol δ and pol ζ (Figure 4) (48,49). The small effects of yeast accessory
proteins on fidelity are generally consistent with studies in other replication systems (50,51),
all indicating that replication fidelity is primarily determined by the polymerase catalytic
subunits, as seen here with yeast pol η. This is not surprising, given the open active site of Y-
family polymerases (52-54).

It is particularly interesting that yeast pol η, which suppresses UV-induced mutagenesis in
yeast (9-13), is about 10-fold less accurate for base substitutions than yeast pol ζ (Figure 3),
which promotes UV-induced mutagenesis in yeast (10,55). This difference in the fidelity of
the two polymerases is maintained in the presence of RPA, RFC, and PCNA (Figure 4).
Moreover, yeast pol η fidelity remains low whether copying undamaged DNA or a TT dimer.
Because accessory proteins do not improve the low fidelity of yeast pol η, we continue to
entertain other possible explanations for how this (or other) intrinsically low fidelity
polymerase participates in TLS that suppresses UV-induced mutagenesis. One possibility is
that errors made by pol η are extrinsically proofread by the 3′ exonuclease activity of another
protein. We have previously shown that errors made by pol η during in vitro TT dimer bypass
can be proofread by pols δ and ε (14) and also that errors made during the replication of
undamaged DNA are subject to proofreading (21). In addition, extrinsic proofreading has been
shown to occur in other DNA replication pathways and systems (22,23,56). Another
mechanism to potentially increase the in vivo fidelity of TLS is correction by DNA mismatch
repair, as has been previously suggested (57). There is ample evidence that the main mismatch
recognition complex hMutSα can bind to mismatched photoproduct lesions (57-59), and a
recent report suggests that mismatch repair does indeed aid in controlling mutagenesis induced
by UV light (60). These error correction processes seem feasible because, unlike certain other
types of lesions, the template bases in CPDs retain Watson-Crick and Hoogsteen base pairing
potential (61,62). If the lesion bypass reaction takes place at the replication fork during active
DNA replication, either mechanism would be expected to be available. It should be noted that
recent reports (63,64) providing support for an early model of TLS (65) that suggested that
bypass occurred separate from the replication fork movement do not necessarily contradict this
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model. It is possible that lesions that are difficult to bypass are in fact skipped by the replication
machinery and then bypassed behind the fork, whereas lesions that are easy to bypass (i.e., a
TT dimer, 8-oxoguanine) could be bypassed at the fork itself. In this respect, it is important to
note that both pol η and ι have been reported to be a part of the replication machinery (26,
27).

Saccharomyces cerevisiae has only two Y family members, REV1 and pol η, whereas
mammals have four: REV1, pol η, pol κ, and pol ι. Although pol η clearly has substantially
different properties from those of REV1, pol ι, and pol κ, we did not anticipate that yeast pol
η would differ in its catalytic properties from human and mouse pol η. It has previously been
reported that the yeast and human enzymes do differ when examined by pre steady-state kinetic
analysis (66). However, although the human enzyme was shown to incorporate dNTPs at a 50-
fold faster rate than the yeast enzyme, the binding affinity for dNTP was 50-fold lower, leading
to similar steady-state kinetics and overall calculated fidelity for the two enzymes (17,19,47,
67). Nonetheless, the present results and an earlier study of processivity (14) clearly indicate
that yeast pol η has somewhat higher processivity and higher fidelity than human and mouse
pol η. In fact, the processivity and fidelity of yeast pol η appears to be more like those of human
pol κ, which has somewhat higher processivity and higher fidelity than human and mouse pol
η (68). In this sense, yeast pol η may be a hybrid that could theoretically perform multiple
functions in yeast that require multiple polymerases (pol η, pol κ, and pol ι) in mammals. This
idea has also been proposed for yeast pol λ (pol IV), the X family polymerase with hybrid
properties and homology to four mammalian X family members, pol β, pol λ, pol μ, and TdT
(69). In considering what roles pol η might have in yeast other than TLS, it is worth noting that
human pol κ has recently been implicated in filling gaps during nucleotide excision repair
(70). It has also recently been reported that human pol η is involved in homologous
recombination (71,72). Whether or not yeast pol η performs similar and/or different functions,
function may give us further insight into the biological significance of the catalytic differences
between the two enzymes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Accessory protein effects on DNA synthesis by S. cerevisiae pol η. (A) Schematic diagram of
the substrate used in TLS assays. The 70-mer template oligonucleotides were either undamaged
or contained a cis-syn TT dimer (designated by V). Substrate ends were first blocked by
streptavidin, then RPA, RFC, and PCNA were loaded onto the DNA before the addition of the
polymerase to initiate the reaction. Polymerase assays were performed at 30 °C. (B) Gel image
of dPAGE showing the synthesis of the undamaged or TT dimer containing templates, in the
absence of any accessory proteins, or with RPA, RFC, and PCNA. These reactions contained
a 200-fold excess of substrate DNA over polymerase and are confirmed to be under single
interaction conditions. The positions of full length and the TT dimer are shown on the right of
the image. (C) Gel image of dPAGE showing the synthesis of the undamaged or AP site
containing 102-mer templates. These reactions contain a 2-fold excess of polymerase over
DNA substrate and are under multiple interaction conditions. The positions of the AP site and
full length products are shown on the right.
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Figure 2.
Properties of DNA synthesis reactions by pol η. (A) The number of times each polymerase
molecule cycled is plotted for both undamaged and TT dimer-containing reactions, without
and with the accessory proteins RPA, RFC, and PCNA. The values are the average (± standard
deviation) for 2, 4, and 6 min time points of reactions verified to be under single interaction
conditions. (B) Graph of the termination probability (calculated as described in ref 42) for
undamaged (left) and TT dimer (right) templates in the absence and presence of the accessory
proteins. The values are the average (± standard deviation) for 2, 4, and 6 min time points of
reactions verified to be under single interaction conditions.
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Figure 3.
Error rates during TT dimer bypass. Lesion bypass fidelity assays were performed as described
(see Experimental Procedures and refs 37 and 42). Mutant plaques were sequenced to determine
the error rate at the 3′ T. Plaque hybridization (15,37) was used to determine the rates at the 5′
T. Error rate values (×10-4) are given below the graph for yeast (this study), human (15), and
mouse (45) pol η for comparison.
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Figure 4.
Average error rates of yeast DNA polymerases when copying undamaged DNA. The average
error rates for base substitution and single base deletions were calculated from sequenced
samples of mutant plaques obtained after gap-filling experiments (see Tables 2 and 3). The
rates given for all enzymes except pol η are for detectable sites only, whereas the rates for pol
η are per incorporation (see footnote in Table 3). Pol α, 4 subunit holoenzyme (74); rates
recalculated from original data based on current number of known detectable sites. Pol δ, 3
subunit holoenzyme (48,75). Pol ε, 4 subunit holoenzyme (76). Pol ζ, dimer of Rev3p/Rev7p
(49). Pol λ, also known as Pol IV (69). Pol η, this study. + Acc. Prot. refers to data obtained in
the presence of RPA, RFC, and PCNA.
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Table 1
Mutation Frequencies for TT Dimer Bypass by S. cerevisiae Pol η with and without Accessory Proteins

Undamaged TT Dimer

- RPA/RFC/PCNA + RPA/RFC/PCNA - RPA/RFC/PCNA + RPA/RFC/PCNA

total plaques 6869 2974 6236 2884
dark blue plaques 121 49 111 41
frequency 1.8% 1.7% 1.8% 1.4%
revertants sequenced 52 40 55 37
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Table 2
LacZα Mutant Frequencies, Sequence Changes, and Average Error Rates (× 10-4) for Gap Filling Synthesis by
Yeast Pol η with and without Accessory Proteins

- RPA/RFC/PCNA + RPA/RFC/PCNA

number error ratea × 10-4

(human rate) number error ratea ×
10-4

plaques counted 889 704
mutants scored 176 143
(frequency) (20%) (20%)
lacZ mutants sequenced 37 40
total bases sequencedb 15030 16171
total sequence changes 188 222
average changes/mutant 5.1 5.6
single base substitutions 143 95 (320) 181 110
tandem base substitutions 6 4.0 (18) 2 1.2
single base insertions 13 8.7 (13) 22 14
single base deletions 14 9.3 (24) 9 5.5
other changesc 12 8

a
The error rates were calculated by dividing the number of a given type of change by the total number of bases sequenced. The data for human enzyme

comes from ref 46.

b
Bases sequenced are 407 per mutant, corrected for the total number of insertions and deletions detected.

c
Including substitution plus insertion/deletion and the deletions of two or more bases.
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Table 3
Single Base Substitution Error Rates of Pol η

error rate (× 10-4)a

human Pol η S. cerevisiae Pol η

mispair - RPA/RFC/PCNA - RPA/RFC/PCNA + RPA/RFC/PCNA

A → C A·dGMP 130 52 25
G A·dCMP 100 16 23
T A·dAMP 160 36 51

C → A C·dTMP 26 ≤ 2.2 2.0
G C·dCMP ≤ 5.0 4.4 10
T C·dAMP 100 4.4 10

G → A G·dTMP 140 5.7 7.9
C G·dGMP 27 14 11
T G·dAMP 48 5.7 2.6

T → A T·dTMP 83 24 25
C T·dGMP 560 180 220
G T·dCMP 50 2.2 10

a
The error rates for each possible base substitution were calculated from sequenced samples of mutant plaques obtained after gap-filling experiments

(Table 2). As described previously (46), because of the multiple changes observed in every mutant sequenced, all sites (opposed to phenotypically detectable
sites) become targets for change. Therefore, error rates are calculated by dividing the number of observed changes of a given type by the total number of
sequenced bases. Comparable rates for human pol η are shown for comparison (from ref 73).
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