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ABSTRACT

DNA polymerase zeta (pol z) participates in several
DNA transactions in eukaryotic cells that increase
spontaneous and damage-induced mutagenesis. To
better understand this central role in mutagenesis
in vivo, here we report the fidelity of DNA synthesis
in vitro by yeast pol z alone and with RFC, PCNA and
RPA. Overall, the accessory proteins have little
effect on the fidelity of pol z. Pol z is relatively
accurate for single base insertion/deletion errors.
However, the average base substitution fidelity of
pol z is substantially lower than that of homologous
B family pols a, d and «. Pol z is particularly error
prone for substitutions in specific sequence con-
texts and generates multiple single base errors
clustered in short patches at a rate that is unprece-
dented in comparison with other polymerases. The
unique error specificity of pol z in vitro is consistent
with Pol z-dependent mutagenic specificity reported
in vivo. This fact, combined with the high rate of
single base substitution errors and complex muta-
tions observed here, indicates that pol z contributes
to mutagenesis in vivo not only by extending
mismatches made by other polymerases, but also
by directly generating its own mismatches and then
extending them.

INTRODUCTION

In order to copy the many different types of DNA substrates
encountered during replication, repair and recombination,
eukaryotes encode multiple DNA polymerases. Among
these, DNA polymerase z (pol z) has a particularly important
role in cellular processes that result in mutagenesis (1). Pol z

is a heterodimer composed of proteins encoded by the REV3
and REV7 genes (2). REV3 encodes the catalytic subunit,
which contains a B family DNA polymerase domain at its
C-terminus. Genetic studies reveal that cells lacking Rev3p
or Rev7p have reduced levels of mutagenesis induced by a
variety of physical and chemical agents that damage DNA
(1). This strongly implicates pol z activity in translesion
DNA synthesis. Pol z function is also required for the major-
ity of spontaneous mutagenesis in wild-type yeast cells
(1,3–7), as well as for mutagenesis associated with transcrip-
tion (8), with double-strand break repair (9–11), and with
defective DNA repair (12–15). Vertebrate pol z also modu-
lates base substitution mutagenesis during somatic hypermu-
tation of immunoglobulin genes (16,17).

Unlike B family enzymes such as pol d and pol e that have
intrinsic 30 exonuclease activities and are highly accurate
(18–20), pol z lacks intrinsic 30 exonuclease activity (2),
and cannot proofread any misinsertions it may make. Steady-
state kinetic analyses of insertion of individual dNTPs at
specific primer–templates indicate that, depending on the
mismatch, yeast pol z discriminates against dNTP misinser-
tion by factors of 0.19–41 · 10�4, leading to the suggestion
that pol z synthesizes DNA with accuracy approaching that of
exonuclease proficient pol d (21). Also, with the exception of
a C–C mismatch, pol z (21) and pol a (22) exhibit a similar
range of dNTP misinsertion efficiencies, suggesting that these
two naturally exonuclease-deficient polymerases could have
similar base substitution fidelity.

Of importance to understanding the basis of mutagenesis
were steady-state kinetic analyses indicating that pol z dis-
criminates poorly against the insertion of correct dNTPs
onto mismatched primer termini (21,23,24). The promiscuity
of pol z in mismatch extension greatly exceeds that of pol
a, the other non-proofreading B-class enzyme (22,25).
Along with reports that pol z has a limited ability to insert
nucleotides opposite damaged template bases (26), this
mismatch extension promiscuity has led to the idea that the
role of pol z in translesion DNA synthesis is primarily to
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extend mismatches made by other DNA polymerases (1,27).
Those other polymerases could include pols a, d and e, which
have primary responsibility for replicating the undamaged
nuclear genome. In fact, among those polymerases examined
to date, the promiscuity of pol z in mismatch extension is
shared only by Y-family enzymes such as pol h (28) and
pol k (27) and by X family enzymes such as pol l (29)
and, for some mismatches, pol b (30,31).The X- and Y-
family polymerases are considerably less accurate than the
three major replicative polymerases in family B (see further
discussions below).

The studies mentioned above, and genetic evidence indi-
cating that pol z also participates in forming spontaneous sin-
gle base insertions and deletions and more complex
mutations (5,6,12,32), prompted the present study to define
the fidelity of DNA synthesis by Saccharomyces cerevisiae
pol z when copying undamaged DNA templates. Here we
do so in reactions containing all four dNTPs in direct com-
petition with each other, using an assay that defines rates
for single base errors and detects more complex errors in a
variety of sequence contexts, similar to those encountered
by pol z in vivo. This assay has been used previously to
describe the fidelity of many other DNA polymerases,
allowing direct comparisons to be made for copying the
same template bases. Our fidelity studies have been carried
out with the S.cerevisiae pol z heterodimer composed of
Rev3p (173 kDa) and Rev7p (29 kDa). Motivated by a recent
study (33) demonstrating that the efficiency of transles-
ion synthesis by pol z is strongly enhanced in the
presence of the PCNA processivity clamp and the single-
strand DNA-binding protein complex RPA, we also
report the effects of these accessory proteins on the fidelity
of pol z.

MATERIALS AND METHODS

Enzymes and reagents

S.cerevisiae Pol z was purified as described previously (33).
RPA, PCNA and RFC were purified from Escherichia coli
overproduction strains as described previously (34,35). Mate-
rials for the fidelity assay were from previously described
sources (19,36).

Preparation of complementary DNA substrates

In order to measure the fidelity of DNA synthesis when copy-
ing complementary strands of the same DNA sequence, two
new M13lac DNA substrates were constructed for the M13-
based forward mutation assay as follows. Double-stranded
M13mp2 DNA was digested with restriction endonuclease
HhaI and the fragment spanning nt �83 through +196
(where +1 is the first transcribed nucleotide of the LacZ
gene) was isolated by electroelution from a 2.0% agarose
gel. This fragment was treated with T4 DNA polymerase
in a reaction containing dGTP to generate a 275 bp
blunt-ended fragment whose ends were bp �81 and +194.
Double-stranded M13 DNA was digested with restriction
endonuclease AvaI, which cuts once at position 5825 in the

M13 genome. This DNA was similarly treated with T4
DNA polymerase in a reaction containing dGTP to generate
a linear, blunt-ended M13 vector. The two blunt-ended frag-
ments were ligated and introduced into competent E.coli cells
to score plaques having a blue-plaque phenotype. DNA from
several blue plaques was analyzed by DNA sequence analysis
to determine the sequence and orientation of the LacZ insert.
Two new vectors, one having an insert in the orientation
identical to that found in the original series of M13 lac
vectors and the other having the same insert in the opposite
orientation, were chosen for preparation of two different
gapped DNA substrates for fidelity assays. The restriction
enzymes used for gap construction were BanII and AvaI.
These cut both new constructs to yield a large 6218 bp frag-
ment. This fragment was purified using three cycles of PEG
precipitation at 37�C, in order to completely remove the
smaller DNA fragments with sticky ends. The 6218 bp primer
fragment was then hybridized to complementary single-
stranded circular M13lac DNAs, as described previously
(36). This generates duplex circular M13lac substrates
containing a 461 nt single-stranded DNA gap. These gapped
substrates were gel-purified and used in polymerization
reactions. One gap contains the (+) strand of the 275 base
lacZ a-complementation sequence, such that the template
being copied (Figure 1) is identical to that used in previous
studies of polymerase fidelity that involved the M13mp2
forward mutation assay. The other gap contains the (�) strand
as a template, thereby allowing parallel measurements of
error rates for synthesis instructed by each of the two comple-
mentary DNA strands.

Gap-filling DNA synthesis reactions and
product analysis

Reactions (25 ml) contained 20 mM Tris–HCl, pH 7.7, 8 mM
MgAc2, 60 mM NaCl, 0.5 mM ATP, 100 mM each dNTPs,
1 mM DTT, 100 mg/ml BSA, 25 fmol (1 nM) gapped
DNA, �1 pmol pol z and 0.1% Triton X-100. When
included, the amounts of accessory proteins used were
500 fmol PCNA, 200 fmol RFC and 5 pmol RPA. Reaction
mixtures without accessory factors were incubated for
45 min at 30�C, and those with accessory factors for 30
min, and DNA products were then analyzed by agarose gel
electrophoresis as described previously (36). All reactions
filled the gap [data not shown, but for typical result see
Figure 3 in Ref. (36)]. DNA products of gap-filling reactions
were introduced into E.coli cells and plated as described
previously (1) to score blue M13 plaques resulting from
correct synthesis and light blue and colorless plaques contain-
ing polymerization errors. The types of errors were deter-
mined by sequencing the lacZ a-complementation gene in
single-stranded DNA isolated from independent mutant
M13 plaques. Error rates were calculated according to follow-
ing equation: ER ¼ (Ni/N) · MF)/(D · 0.6), where Ni is the
number of mutations of a particular type, N is the total num-
ber of mutants analyzed, MF is the frequency of lacZ
mutants, D is the number of detectable sites for the particular
type of mutation and 0.6 is the probability of expressing a
mutant allele in E.coli (36). Error rates for phenotypically
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