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DNApolymerase � (pol �) is a high fidelity eukaryotic enzyme
that participates in DNA repair and is essential for DNA repli-
cation. Toward the goal of dissecting its multiple biological
functions, here we describe the biochemical properties of Sac-
charomyces cerevisiae pol � with a methionine replacing con-
served leucine 612 at the polymerase active site. Compared with
wild typepol�, L612Mpol�hasnormal processivity and slightly
higherpolymerase specific activity. L612Mpol� alsohasnormal
3� exonuclease activity, yet it is impaired in partitioning mis-
matches to the exonuclease active site, thereby reducing DNA
synthesis fidelity. Error rates in vitro for L612M pol � are ele-
vated for both base substitutions and single base deletions but in
a highly biased manner. For each of the six possible pairs of
reciprocal mismatches that could arise during replication of
complementary DNA strands to account for any particular base
substitution in vivo (e.g. T-dGMP or A-dCMP for T to C transi-
tions), L612M pol � error rates are substantially higher for one
mismatch than the other. These results provide a biochemical
explanation for our observation, which confirms earlier genetic
studies, that a haploid pol3-L612M S. cerevisiae strain has an
elevated spontaneousmutation rate that is likely due to reduced
replication fidelity in vivo.

DNA polymerase � (pol �),2 one of four eukaryotic B family
polymerases, is required for replicating the nuclear genome and
also synthesizes DNA during recombination, mismatch repair,
and excision repair of DNA damage (1). Although complete
disruption of the Saccharomyces cerevisiae POL3 gene encod-
ing pol � is lethal, conditional pol3 alleles have effectively been
used to probe several functions of pol � in vivo. For example,
studies using pol3 alleles that inactivate the intrinsic 3� exonu-
clease activity of pol � but leave the polymerase activity intact
have provided important insights into the contribution of the 3�
exonuclease of pol � to proofreading of replication errors (2, 3),
suppression of cancer in mice (4), and generation of ligatable

nicks at the 5� ends of Okazaki fragments during lagging strand
replication (5). These studies add to growing evidence (for
review, see Ref. 6) that pol � participates in lagging strand
replication.
To better understand where and when pol � and other

eukaryotic B family DNA polymerases operate during replica-
tion of large and complex nuclear genomes, we have been
searching for newalleles ofDNApolymerases that retain robust
replicative capacity while also generating a mutator phenotype
in cells due to reduced DNA synthesis fidelity. Identifying po-
lymerases with reduced fidelity has been facilitated by elegant
structural information. For example, numerous studies (e.g. for
review, see Ref. 7) have shown that non-conservative replace-
ments of conserved amino acids in the nascent base pair bind-
ing pockets ofmanyDNApolymerases can reduce their fidelity,
albeit often with concomitant reduction in catalytic efficiency.
In addition to simply having lower fidelity, an ideal property for
assigning a polymerase to a particular DNA transaction in vivo
would be a distinctive error specificity that generates a specific
mutational signature. We were encouraged that mutator poly-
merases with distinctive error signatures could be constructed
by the observation that an amino acid substitution in the nas-
cent base pair binding pocket of the large Klenow fragment of
Escherichia coli DNA polymerase I (E710A) not only reduced
fidelity but did so only for a subset of the 12 possible single
base-base mismatches (8, 9). For example, E710A Klenow po-
lymerase was 75-fold less accurate than the wild type polymer-
ase for errors involving A-dCMP mismatches, but it retained
normal fidelity for errors involving T-dGMP mismatches (9).
Glu-710 of Klenow polymerase is located in the highly con-

served sequencemotif A, which alongwithmotifs B andC form
the polymerase active site. Motif A is conserved in multiple
polymerases, including B family enzymes like pol �, and its
homologs, pol �, pol �, and pol � and bacteriophage T4 and
RB69 pols. Interestingly, the crystal structure of RB69 pol (10)
revealed that Tyr-416 in motif A occupies a position in the
polymerase active site (Fig. 1A) that is structurally similar to
that of Glu-710 of Klenow polymerase, which when mutated
reduced fidelity for some but not all mismatches, as described
above.On that basis, in a previous studywe replaced the homol-
ogous tyrosine residues in S. cerevisiaepol�, pol �, pol �, and pol
� (Fig. 1B) with alanine and constructed haploid yeast strains
with each of these four mutant polymerase alleles. The pheno-
types of these strains (11) strongly suggested that these mutant

* This work was funded in part by the Intramural Research Program of the
NIEHS, National Institutes of Health (to T. A. K.) and in part by National
Institutes of Health Grant GM32431 (to P. M. J. B.). The costs of publication
of this article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

1 To whom correspondence should be addressed. Tel.: 919-541-2644; Fax:
919-541-7613; E-mail: kunkel@niehs.nih.gov.

2 The abbreviation used is: pol �, polymerase �.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 282, NO. 4, pp. 2324 –2332, January 26, 2007
Printed in the U.S.A.

2324 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 282 • NUMBER 4 • JANUARY 26, 2007

 at N
IH

 N
IE

H
S

 Library on January 19, 2007 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org


polymerases all had significantly reduced catalytic activity. The
strongest phenotype was for the Y613A mutant of yeast pol �,
which resulted in lethality. This is consistent with the major
role that pol � plays in replicating the nuclear genome, and the
inference that Tyr-416 in RB69 pol is critical for efficient catal-
ysis because it directly interacts with and properly positions the
correct incoming dNTP (Fig. 1A).

More recently, we have turned our attention to the immedi-
ately adjacent leucine residue. In RB69 pol (Fig. 1A), this leucine
(Leu-415) does not directly interact with the dNTP, but it does
interact with Tyr-416. We reasoned that if the homologous
residue in yeast pol � (Leu-612) was replaced with a somewhat
conservative amino acid, this might indirectly reduce fidelity
without strongly reducing polymerase activity. This prediction
was partly based on seminal studies of B family polymerases
from three other laboratories. The first studies were of the B
family homolog T4 pol, where substituting conserved Leu-412
with methionine resulted in phage with a normal DNA synthe-

sis rate but a modest mutator phe-
notype (12). The purified L412M
enzyme had normal polymerase
activity except that it was more sen-
sitive than wild type T4 pol to inhi-
bition by phosphonoacetic acid, a
pyrophosphate analog (12). Inter-
estingly, although L412M T4 pol
retains normal 3� exonuclease activ-
ity, this mutant was less efficient in
proofreading due to a defect in par-
titioning between the polymerase
and exonuclease active sites (12–
14). The second studies were of
yeast pol �, where an L868M
mutant was found to have normal
polymerase specific activity (3, 15)
but enhanced mismatch extension
capacity (3) and reduced DNA syn-
thesis fidelity in vitro (3, 15). Yeast
strains harboring this pol � mutant
allele had elevated spontaneous
mutation rates that were strongly
enhanced by inactivating mismatch
repair (15), indicating reduced rep-
lication fidelity in vivo. Themutator
effect of the pol � L868M mutant
allele was also strongly elevated by
inactivating the 3� exonuclease
activity of pol � (3), suggesting that
the 3� exonuclease activity of pol �
may excise errors made by pol �, a
type of extrinsic proofreading (16,
17). The third, and most recent
studies were published after we ini-
tiated this work and reported the
phenotypes of yeast strains harbor-
ing mutant alleles of pol � contain-
ing replacements for Leu-612. One
study (18) showed that the pol3-

L612M strain is very sensitive to phosphonoacetic acid, is non-
viable in the absence of RAD27, and has an elevated spontane-
ous mutation rate that is strongly enhanced when mismatch
repair is inactivated.Another very extensive study (19) reported
the phenotypes conferred by different substitutions for Leu-
612. Of the 19 possible amino acid replacements for Leu-612, 8
pol3-L612X strains were viable, but their sensitivities to treat-
ment with hydroxyurea and methylmethane sulfonate, their
cell cycle behavior, their cellular morphology, and their effect
on spontaneous mutagenesis varied over a wide range. Among
the eight alleles examined, the phenotypes of the pol3-L612M
strain were most similar to the wild type strain, with the excep-
tion that the spontaneous mutation rate was elevated 7-fold,
suggesting reduced replication fidelity in vivo (19).
Collectively, the studies described above predict that yeast

pol � containing the L612M amino acid replacement should
have several biochemical properties: it should retain robust
polymerization activity and normal 3� exonuclease activity but

*

FIGURE 1. Conservation of Leu-612 in pol � and putative contribution to the nascent base pair binding
pocket. A, surface representation of the nascent base pair and several amino acids in RB69 pol that form the
DNA minor groove edge of the binding pocket at the polymerase active site (adapted after Fig. 3B in Ref. 10).
Leu-612 in yeast pol � (in parentheses) aligns with Leu-415 in RB69 pol (green). The adjacent Tyr-416 in RB69 pol
aligns with Tyr-869 in yeast pol �, which when substituted with alanine results in a mutator phenotype (11). The
two divalent metal ions at the polymerase active site are depicted as black spheres. The figure was made with
Molscript (34), Grasp (35), and Raster3D (36). B, alignment showing conservation of Leu-612 in yeast pol �.
Identical and conserved residues with respect to RB69 pol are shown in bold white letters against a black
background and bold black letters, respectively. The conserved leucine (residue 415 in RB69 pol) is shown in bold
white letters against a green background. Residues Tyr-416, Leu-566, Tyr-567, Gly-568, and Ala-569 in RB69 pol
(purple residues in panel A) are shown in bold purple letters against a black background. Sc, S. cerevisiae; Hs, Homo
sapiens. Secondary structure elements (depicted as arrows and rectangles) are as described in Wang et al. (37).
One of the three catalytic aspartic acid residues is labeled with an asterisk (*).
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have reduced DNA synthesis fidelity and impaired partitioning
of mismatched termini between the polymerase and 3� exonu-
clease active sites. One objective of the present studywas to test
these four predictions, all of which are fulfilled. Given its high
catalytic efficiency and reduced fidelity, a second objective was
to determine the error specificity of L612M pol � in detail
toward the goal of identifying an informativemutator polymer-
ase for in vivo studies. Fortuitously, the L612Mmutant of pol �
not only retains high catalytic activity, it also has a distinctive
error signature.

EXPERIMENTAL PROCEDURES

Materials—Yeast replication protein A, proliferating cell
nuclear antigen, and replication factor C were purified from
E. coli overproducing strains as described (20, 21). The three
forms of pol � (wild type, L612M, and 5-DV) were overex-
pressed and purified as previously described (22). All materials
for the fidelity assay were from previously described sources
(23, 24).
Construction of the Pol � L612M Mutant—The pol3-L612M

mutation was introduced into plasmid pBL335 (Bluescript, 2
�m ori, TRP1, M13 ori, GAL1–10 GST-POL3) by site-directed
mutagenesis. The identity of the entire pol3-L612M gene was
verified by sequencing. L612M pol � was overproduced in yeast
and purified exactly as described for the wild type enzyme (22).
Because of the presence of a glutathione S-transferase fusion to
the N terminus of L612M pol � encoded on plasmid pBL335-
L612M, the mutant enzyme could be purified free from chro-
mosomally encoded wild type pol � through glutathione-affin-
ity chromatography. After affinity purification, the tag was
removed proteolytically, and L612M pol � was further purified
by Mono S chromatography as described (22).
Measurements of Polymerase-specific Activity—The reaction

mixture (60�l) contained 20mMTris (pH 7.8), 200�g/ml bovine
serum albumin, 1 mM dithiothreitol, 90 mM NaCl, 16.5 nM
[�-32P]dCTP, 100 �M concentrations of each cold dNTP, 8 mM
magnesium acetate, and 1.5 �g of activated calf thymus DNA
(GE Healthcare). Reactions were initiated by adding 5 nM wild
type or L612M pol �. Reaction mixtures were incubated at
30 °C, and time points were stopped after 1, 2, 5, and 10 min by
adding EDTA to 20 mM. Duplicate samples were processed for
incorporation by adding 0.5 ml of 10% trichloroacetic acid.
After a 10-min incubation on ice, acid-precipitable material
was collected by filtration throughWhatman GF/C filters. The
filters were rinsed 3 times with 5 ml of 5% trichloroacetic acid,
1% sodiumpyrophosphate and oncewith 5ml of ethanol, dried,
and counted in scintillation fluid.
Measurements of Polymerase and Exonuclease Activities—The

substrate used for primer extension analysis (Fig. 2A) was gener-
atedby annealing a 32P-labeledprimer strand (5�-GTAACGCCA-
GGGTTTTCTCA-3�) to a template strand (5�-ACGTCGTGAC-
TGAGAAAACCCTGGCGTTACCCA-3�). Reactions (10 �l)
were performed with 1000 fmol (100 nM) of DNA substrate in a
buffer containing 20 mM Tris (pH 7.8), 200 �g/ml bovine serum
albumin, 1 mM dithiothreitol, 90 mM NaCl, 8 mM magnesium
acetate, and 100 �M concentrations of each dNTP. Reactions
were initiated by the addition of 2 fmol (0.2 nM) of polymerase
and transfer to 30 °C. Time points were stopped after 1, 3, and 5

min by the addition of an equal volume of formamide loading
dye and were analyzed by electrophoresis on a denaturing 12%
polyacrylamide gel. Products were detected and quantified
using a PhosphorImager and ImageQuant software (GE
Healthcare). The substrate used for analysis of single-stranded
exonuclease activity (Fig. 2B) was a 32P-labeled primer strand
(5�-GTAACGCCAGGGTTTTCTCG-3�). Reactions were per-
formed as described above, except that dNTPs were omitted.
Measurements of Polymerase-Exonuclease Partitioning—Ex-

tension of a T-dGMP mismatch (see Fig. 4, B and C) was ana-
lyzed using a substrate made by annealing a 32P-labeled primer
strand (5�-GTAACGCCAGGGTTTTCTCG-3�) to a template
strand (5�-ACGTCGTGACTGAGAAAACCCTGGCGTTAC-

FIGURE 2. Catalytic activities of L612M pol �. A, primer extension activity. A
32P-labeled primed template was present (100 nM) in all reactions. 0.2 nM wild
type (WT) or L612M (LM) pol � was added as noted. Reaction time was 1, 3, or
5 min. S, substrate; P, primer extension products. The % extension is plotted at
the right. B, single-stranded exonuclease activity. A 32P-labeled single-
stranded substrate was present (100 nM) in all reactions. 0.2 nM wild type or
L612M pol � was added as noted. Reaction time was 1, 3, or 5 min. The %
substrate remaining is plotted at the right. C, processivity of wild type and
L612M pol �. A primed single-stranded M13mp2 DNA substrate was present
(5 nM) in all reactions. 0.1 nM wild type or L612M pol � was added as noted.
Reaction times were 5, 10, or 15 min. A portion of the template sequence is
shown on the right. D, termination probabilities at each template position,
expressed in percentage as the ratio of products at each site to the products
at that site plus all greater-length products. The termination probability
shown is the average of the three time points shown in panel C. Error bars
denote the S.D. of the three averaged time points.
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CCA-3�) generating a terminal T-dGMP mismatch. Extension
of a T-dTMP mismatch (see Fig. 4, D and E) was performed
using a substratemade by annealing a 32P-labeled primer strand
(5�-GTAACGCCAGGGTTTTCTCT-3�) to a template strand
(5�-ACGTCGTGAATGAGAAAACCCTGGCGTTACCCA-
3�), generating a terminal T-dTMP mismatch. Reactions were
performed as described above except that 100 �M concentra-
tions of only the next correct dNTPwas added; for theT-dGMP
mismatch, dGTP was added, and for the T-dTMP mismatch,
dTTP was added.
Measurements of Polymerase Processivity—The substrate used

was primed single-stranded M13mp2 DNA with the primer
strand annealing to nucleotides �173 to �192 of the lacZ target
sequence. Reactions (30 �l) were performed in the standard
reaction buffer described above and contained 150 fmol (5 nM)
of primed single-strandedM13mp2 substrate, 1mM concentra-
tions of each dNTP, and 3 fmol (0.1 nM) wild type or L612Mpol
�. Reactions were incubated at 30 °C, and time points were
stopped by the addition of an equal volume of formamide load-
ing dye after 5, 10, and 15 min. Reactions were performed in
triplicate, and the termination probability at each template
position was determined as described previously (25). The ter-
mination probabilities for each of the three replicate reactions
were averaged for each time point, and then the three averaged
time points were averaged to obtain a final termination proba-
bility for each template position. Error bars in Fig. 2D denote
the S.D. of the three averaged time points.
Gap-filling DNA Synthesis Reactions and Product Analysis for

Determining Fidelity—Reactions (25 �l) contained 20 mM Tris
(pH 7.7), 8 mM magnesium acetate, 90 mM NaCl, 0.5 mM ATP,
100 �M concentrations of each dNTP, 1 mM dithiothreitol, 100
mg/ml bovine serum albumin, 500 fmol of proliferating cell
nuclear antigen, 200 fmol of replication factor C, 5 pmol of rep-
lication proteinA, 150 fmol of pol � and 25 fmol (1 nM) of gapped
DNA that was prepared as described previously (26). Polymer-
ization reactionswere incubated at 30 °C for 3min.Under these
conditions, when DNA products were analyzed by agarose gel
electrophoresis as described (23), all reactions filled the gap
without obvious strand displacement (data not shown, but for a
typical result, see Fig. 3 in Ref. 23). DNA products of gap-filling
reactions were introduced into E. coli cells and plated as
described (23) to score blue M13 plaques (correct synthesis)
and light blue and colorless plaques (containing errors). The
types of errors were determined by sequencing the lacZ�
complementation gene in single-stranded DNA isolated from
independentmutantM13 plaques, allowing calculation of error
rates as previously described (27).
Measurements of Mutation Rates in Yeast—Forward muta-

tion rates at CAN1 were determined by fluctuation analysis
using 12 independent cultures as described (28, 29).

RESULTS

Specific Activity and Processivity of L612M Pol �—We first
measured the polymerase activity of the L612M pol � mutant
relative to wild type pol �. Using activated calf thymus DNA as
a substrate, wild type pol � incorporated 0.8 pmol of dCTP/
nmol of pol �/min, whereas L612Mpol � incorporated 1.6 pmol
of dCTP/nmol of pol �/min. L612M pol � was also �2-fold

more active than wild type pol � in a simple primer extension
assay (Fig. 2A). In a reaction containing a high DNA to enzyme
ratio such that products result from a single encounter between
pol � and the primer-template (Fig. 2C), L612M pol � extended
18% of the available primer and cycled 9 times, whereas wild
type pol � extended 10% of the available primer and cycled 5
times. Despite this 2-fold difference, the probability of termina-
tion of processive synthesis at each template position was sim-
ilar for wild type and L612M pol � (Fig. 2D). To determine
whether the increase in activity was specific to polymerase
activity or also included the 3� exonuclease activity of pol �, we
compared the ability of L612M pol � and wild type pol � to
digest single-stranded and double-stranded DNA. The 3� exo-
nuclease activity of L612M pol � was slightly increased relative
to wild type pol � when either single-stranded DNA (Fig. 2B) or
double-strandedDNA (data not shown)was used as a substrate.
However, the differences are slight, such that the L612Mmuta-
tion appears to selectively increase polymerase activity relative
to exonuclease activity. At a minimum, replacing Leu-612 with
methionine does not reduce polymerase activity or processivity
nor does it reduce the intrinsic exonuclease activity of pol �.
Fidelity of L612MPol �—Next we determined if L612M pol �

synthesizes DNAwith reduced fidelity during synthesis to copy
the lacZ� complementation sequence in gapped circular M13
DNA substrates (23). For comparison, parallel analyses were
performed with wild type pol � and an exonuclease-deficient
mutant of pol � (D520V(5-DV)) (attempts to construct and
purify exonuclease-deficient L612M pol � were unsuccessful,
possibly because the combination of the L612M and 5-DV
mutations in POL3 causes lethality in yeast due to error catas-
trophe). All reactions were performed in the presence of prolif-
erating cell nuclear antigen, replication factor C, and replica-
tion protein A because these accessory proteins operate with
pol � as it fulfills its in vivo functions. To define error specificity
when replicating complementary strand sequences, error rates
for all three forms of pol � were determined with two different
gapped DNA substrates, one containing the (�) strand lacZ
template and another containing the complementary (�)
strand lacZ template (26).
Wild type, L612M, and 5-DV pol � all filled the gaps in both

lacZ substrates (see “Experimental Procedures”). The DNA
products of these reactions were introduced into a lacZ�-
complementation E. coli strain, and the cells were plated to
score DNA synthesis errors as light blue and colorless M13
plaques among much greater numbers of dark blue plaques
resulting from correct synthesis (Table 1, top three rows).With
both templates, the lacZ mutant frequencies generated by
L612M pol � were about 6-fold higher than those for wild type
pol �, clearly indicating that L612M pol � has reduced fidelity.
Interestingly, the lacZ mutant frequencies were similar for
L612M and 5-DV pol � despite the fact that the L612M enzyme
retains robust 3� exonuclease activity (Fig. 2B), whereas the
5-DV polymerase is exonuclease-deficient.
To determine the types and locations of errors and to calcu-

late error rates, we sequenced the lacZ� complementation gene
in DNA isolated from collections of independent mutant
plaques (Table 1, the fourth and fifth rows). As expected based
on earlier results withwild type and exonuclease-deficient pol �
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