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ABSTRACT DNA polymerase b (pol b) is a 39-kDa
protein that functions in DNA repair processes in mammalian
cells. As a first step toward understanding mechanisms of
polymerase fidelity, we developed a genetic method to identify
mammalian pol b mutator mutants. This screen takes advan-
tage of a microbial genetics assay and the ability of rat pol b
to substitute for Escherichia coli DNA polymerase I in DNA
replication in vivo. Using this screen, we identified 13 candi-
date pol b mutator mutants. Three of the candidate mutator
mutants were further characterized in vivo and shown to
confer an increased spontaneous mutation frequency over
that of wild-type polb to our bacterial strain. Purification and
subsequent analysis of one of our putative mutator proteins,
the pol b-14 protein, showed that it possesses intrinsic
mutator activity in four different assays that measure the
fidelity of DNA synthesis. Therefore, residue 265, which is
altered in pol b-14 and another of our mutant proteins, pol
b-166, is probably critical for accurate DNA synthesis by pol
b. Thus, our genetic method of screening for pol b mutator
mutants is useful in identifying active mammalian DNA
polymerase mutants that encode enzymes that catalyze DNA
synthesis with altered fidelity compared with the wild-type pol
b enzyme.

DNA polymerases catalyze the template-directed incorpora-
tion of a dNMP into a growing DNA primer and function in
essential cellular processes, including DNA replication, DNA
repair, and recombination (1). While catalyzing the synthesis
of DNA, polymerases commit errors that may become fixed as
mutations during subsequent rounds of replication. DNA
polymerases are postulated to be a significant source of
mutations in cells, some of which may result in tumorigenesis
or tumor progression (2). Therefore, it is important to eluci-
date the mechanisms polymerases employ to synthesize DNA
accurately.
Studies of mutational spectra with purified proteins (3–5)

and kinetic analysis (6, 7) of wild-type (WT)DNApolymerases
reveal that these enzymes actively discriminate between the
correct and the incorrect dNTP. Furthermore, different poly-
merases seem to employ different mechanisms of dNTP
discrimination (4, 7). For example, polymerases may discrim-
inate between the correct and the incorrect dNTP at the initial
binding step, at a step after initial binding occurs during a
conformational change, during chemical formation of the
nascent phosphodiester bond, or when the polymerase at-
tempts to add the next dNMP to the primer terminus (7).
Characterization of mutant DNA polymerases indicates that

specific amino acid residues of DNA polymerases are critical
for accurate DNA replication. Many amino acid side chains of

prokaryotic and bacteriophage DNA polymerases, such as
Escherichia coliDNA polymerase III and T4, which most likely
function in the fidelity of DNA synthesis, have been identified
by mutation, through the use of genetic screens and selections
(8–10). Because there have been few genetic screens for
rapidly identifying mutant mammalian or viral DNA poly-
merases, little information is available regarding amino acid
side chains of mammalian polymerases which affect the fidelity
of DNA synthesis. Current methods for isolating functionally
significant mammalian DNA polymerase mutants require res-
idues of mammalian polymerases to be altered individually,
based upon evolutionary conservation or structural informa-
tion (11–13). However, many site-directed mutations result in
inactive enzymes that cannot be used to probe function (14).
To identify amino acid side chains that function in mam-

malian DNA polymerase b (pol b) fidelity, we recently devel-
oped a genetic system to isolate rat pol bmutator mutants. pol
b is a mammalian DNA polymerase that most likely functions
in base excision repair (15, 16). Correlation of structure and
function of this polymerase is now possible because the crystal
structure of this enzyme complexed with DNA and a dideoxy-
cytidine residue was solved recently (17). When produced in E.
coli, pol b is an active enzyme which can functionally replace
DNA Polymerase I (pol I) in DNA repair, lagging strand
replication, and plasmid replication (18–20). This complemen-
tation system was used to obtain a large collection of func-
tionally significant pol b mutants that display altered pheno-
types in vivo (19, 21). The present study describes a new
method for identifying pol b mutants that confer a mutator
phenotype to an E. coli bacterial strain; we demonstrate that
a mutator mutant isolated using this method encodes an
intrinsically error-prone pol b enzyme. The mutant pol b
protein carries a single amino acid residue alteration in a
region of the pol b structure not predicted a priori to affect
polymerase fidelity. Thus, our method permits rapid genetic
identification of active mammalian pol b mutants that encode
enzymes with altered fidelities of DNA synthesis.

MATERIALS AND METHODS

Bacterial Strains and Media. Strain SC18–12 is derived
from E. coli Byr and has the genotype recA718 polA12 uvrA155
trpE65 lon-11 sulA1 (22). The SC18–12 strain was used in
screening of a cDNA library of pol bmutants (19). DH5aMCR
has the genotype mcrA D(mrr-hsdRMS-mcrBC)
f80dlacZDM15 (lacZYA-argF)U169 deoR recA1 endA1 phoA
supE44 thi-1 gyrA96 relA1 and was used in cloning experiments.
NR9099, MC1061, and CSH50 F9 are strains used in the M13
fidelity assays and have genotypes as described (23). The strain
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used to detect mutations in theHerpes simplex virus thymidine
kinase gene (HSV-tk) was strain FT334 and has the genotype
recA13 upp tdk (24).
ET medium was E salts (25) supplemented with 0.4%

glucose and 20 mgyml Trp. Eglu medium is ET without Trp.
Transformants were selected on Luria–Bertani agar (26) sup-
plemented with 30 mgyml chloramphenicol (Cam) and 12
mgyml tetracycline. Nutrient broth was prepared according to
the manufacturer’s directions (Difco). Minimal agar and soft
agar used in M13 assays was as described by Bebenek and
Kunkel (23). HSV-tk selection medium is described by Eckert
and Drinkwater (24).
Generation of Rat pol b Mutants. Mutants were generated

using two different methods. The first method involved treat-
ment of the rat pol b cDNA (supplied by S. H.Wilson, National
Institute of Environmental Health and Safety, Research Tri-
angle Park, NC) with nitrous acid as described (19) and
transformation of this library into the SC18–12 strain to yield
approximately 10,000 transformants (19).
The second method we employed to create mutants was to

amplify the rat pol b cDNA using PCR under mutagenic
conditions as described (27). This resulted in mutation of an
area of the pol b gene which is hypothesized to be near to the
dNTP binding site. These 89 bp of the rat pol b cDNA lie
between the single ClaI and SphI sites within the rat pol b
cDNA and correspond to amino acid residues 255–285 of the
pol b protein (19). To mutate this section, we used the 5771

primer which has the sequence 59-GCTGGATCCTGAGTA-
CATCGC-39 and the 10462 primer which has the sequence
59-CGCTCCGGTCCTTGGGTTC-39. The PCR conditions
were 948C for 1 min, 608C for 1 min, 728C for 1 min for a total
of 30 cycles. After the PCR, the ClaI–SphI 89-bp pol b
fragment was purified by agarose gel electrophoresis and
ligated into the vector pb-lacZa, which had been digested with
ClaI and SphI. The pb-lacZa vector is pbL (19), carrying the
lacZa fragment from the pCRII vector (Invitrogen) in place of
the 89-bp ClaI–SphI pol b fragment. This library of pol b
mutants was transformed into the DH5aMCR strain by elec-
troporation, and approximately 7000 transformants exhibiting
no b-galactosidase activity were pooled. DNA was prepared
from this pool and used to transform the SC18–12 strain.
These transformants were screened for mutator activity in the
Trp1 reversion assay as described below.
Trp1 Reversion Assay to Detect pol b Mutator Mutants.

The 15 pol b mutants that were previously identified in a
functional complementation assay, pol b-5 to -20 (21), and the
mutants generated by PCR-mediated mutagenesis were ana-
lyzed in the Trp1 reversion assay. Individual SC18–12 trans-
formants were picked into 2 ml of Luria–Bertani broth con-
taining 1 mM isopropyl b-D-thiogalactopyranoside, and were
incubated in 24-well microtiter plates (Falcon) with aeration
for 16–24 hr at 378C. After centrifugation, the cells were
resuspended in saline, and an aliquot of the cells was spread
onto Eglu agar. The plates were incubated at 308C for 3 days,
and Trp1 revertants were counted. Transformants which pro-
duced 10 or more Trp1 revertants were judged to be candidate
mutator mutants. In this assay, the SC18–12 strain carrying the
WT pol b cDNA (pol b-WT) usually produces 0–1 Trp1

revertants.
Confirmation of a Mutator Phenotype. The phenotype of

each of the candidate mutators was confirmed as described
(21). The spontaneous mutation frequencies were calculated
using the method of Vaccaro and Siegel (28).
Purification of the pol b-WT and -14 Proteins. The rat pol

b cDNA was subcloned into pPR977 (New England Biolabs)
to generate pMBP-b. This construct carries the pol b cDNA
fused at its 59 end to the maltose binding protein gene with a
linker between the two that encodes a thrombin cleavage site.
Upon induction of expression with isopropyl b-D-thiogalacto-

pyranoside, a fusion protein of approximately 85 kDa is
produced.
pol b protein was purified according to the manufacturer’s

directions (New England Biolabs) with the following modifi-
cations. Cells containing both pMBP-b and pLysS (Novagen),
a plasmid which expresses lysozyme, were grown as described
(New England Biolabs) and lysed by one cycle of freezing and
thawing. After affinity purification of the fusion protein, the
protein was cleaved with thrombin in 50 mM TriszCl pH 7.4y5
mM CaCl2y100 mM NaCly0.5 mM EDTAy0.011 mg of throm-
bin (Sigma) per mg of fusion protein for 45 min at 218C in a
total volume of 1 ml. After cleavage, the reaction mix was
loaded onto a 1-ml single-stranded DNA cellulose (Sigma)
column. The maltose binding protein was present in the void
volume, and the pol b protein remained bound to the column
and was eluted with 10 volumes of column buffer containing
1 M NaCl and 15% glycerol; pol b was present in the first few
1-ml fractions. One liter of cells yielded approximately 1 mg of
pol b protein. The amount of protein was quantitated by the
method of Bradford (29). The amino-terminal sequence of the
39-kDa band (determined by the Keck Center for Biotechnol-
ogy at Yale University) was Gly-Ser-Met-Ser-Lys-Arg-Lys-
Ala-Pro-Gln-Glu; the Met residue is followed by eight amino
acid residues that are identical to the pol b protein, thus
identifying the 39-kDa band as pol b. The Gly and Ser residues
just before the Met are derived from the maltose binding
protein fusion peptide and remain after cleavage with throm-
bin. The pol b-14 protein was purified exactly as the pol b-WT
protein (data not shown). The protein preparations were at
least 95% homogeneous based on Coomassie blue staining.
Steady-State Kinetic Measurements. Standard methods of

kinetic analysis were employed, and linearity was observed as
a function of time for initial rate determinations (30, 31).
Activated DNA was prepared by the method of Spanos and
coworkers (32). The concentration of WT enzyme used was 10
nM, and the concentration of pol b-14 enzyme was 106 nM. Km
and kcat parameters were derived from Hanes–Woolf plots
using the ENZYME KINETICS computer program (Trinity Soft-
ware). For measurements made with activated DNA, each
value was obtained from at least two independent experiments
and is reported with a standard error. For measurements made
with the substrate employed in the kinetic fidelity assay, data
are presented as the averages of at least four independent
experiments.
M13mp2-Based Reversion Assays. The fidelity of pol b-WT

and -14 was measured using two M13mp2-derived templates,
each of which contain a 390-bp gap opposite the lacZa gene
and were constructed as described (23). All bacteriophages
and their corresponding strains were obtained from Thomas
Kunkel (National Institute of Environmental Health and
Safety, Research Triangle Park, NC). For gap-filling DNA
synthesis, 0.1 pmol of gappedDNAwas incubated with 20 pmol
of rat pol b-WT or 200 pmol of pol b-14 in 30 ml of buffer
containing 50 mM TriszCl (pH 8.4), 10 mM MgCl2, 50 mM
NaCl, 1 mM DTT, 200 mgyml BSA, 500 mM dNTPs, and
[a-32P]dTTP (800 Ciymmol; 1 Ci 5 37 GBq) at 378C for 1 hr
at 378C, and the reactions were terminated by the addition of
EDTA to a final concentration of 15 mM. An aliquot of each
reaction was analyzed on a 0.8% agarose gel containing
ethidium bromide to be certain that the gap was filled com-
pletely (23). In each case, the reaction products comigrated
with a double-stranded nicked molecular size standard, indi-
cating that the gap had been filled to completion within our
limits of detection ($90%). Aliquots of each reaction were
also transfected into the MC1061 strain, and the polymerase-
induced mutation frequency was calculated from the ratios of
mutant (blue) and nonmutant (colorless) plaques on CHS50 F9
indicator E. coli as described (23).
HSV-tk Forward Mutation Assay. This assay was used to

assess all possible errors committed by each polymerase and
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can detect large deletion or addition errors, multiple muta-
tions, and complex mutations in addition to single-base sub-
stitution and frameshift mutations within a variety of sequence
contexts. The assay focuses on polymerase-mediated errors in
the 59 region of the HSV-tk gene target, which contains the
sequence encoding the 32-aa ATP-binding site of the thymi-
dine kinase enzyme. DNA templates were created by hybrid-
ization of single-strandedHSV-tk containing DNA to a 20-mer
oligonucleotide at a 1:1 molar ratio, such that DNA synthesis
is initiated 34 nt downstream of the ATP-binding site. The
polymerase reactions contained 2 pmol of template DNA, 50
mM TriszCl (pH 8.5), 50 mMNaCl, 1 mMDTT, 1 mM dNTPs,
200 mgyml BSA, and either 20 pmol of pol b-WT or 300 pmol
of Pol b-14 enzyme. All reactions were incubated at 378C for
1 hr and terminated by the addition of EDTA to 15 mM. The
extent of DNA synthesis was determined in a parallel reaction,
supplemented with 5 mCi of [a-32P]dCTP (3000 Ciymmol).
Reaction products were separated on an 8% denaturing poly-
acrylamide gel, and autoradiography was used to determine if
DNA synthesis had proceeded past the 59 end of the muta-
tional target. The DNA reaction products were digested with
MluI and EcoRV restriction enzymes, and 203-bp DNA frag-
ments were purified and analyzed for HSV-tk-inactivating
mutations (unpublished work). Briefly, the fragments were
hybridized to a gapped duplex molecule, and the resulting
heteroduplex plasmid molecules were used to transform recA
upp tdk E. coli strain FT334 (24). Selection of the bacteria with
50 mgyml Cam ensures exclusive analysis of mutations derived
from the DNA strand produced during in vitro synthesis.
HSV-tkmutant plasmids are selected by plating the bacteria in
the presence of 59-f luoro-29-deoxyuridine. The resulting
HSV-tk mutant frequency is calculated as the number of
colonies resistant to both 59-f luoro-29-deoxyuridine and Cam
divided by the total number of Cam-resistant colonies.
Kinetic Gel Fidelity Assay. The mispair formation efficien-

cies of purified pol b proteins in vitro were quantified kinet-
ically using a gel fidelity assay (33, 34). 59-32P-end-labeled
20-mer (35) and nonlabeled 46-mer oligodeoxyribonucleotides
(HPLC-purified from Operon Technologies, Alameda, CA)
were hybridized under conditions yielding .90% DNA•DNA
duplex (36) to form the primer•template:

[59- 32P]GCAGGAAAGCGAGGGTATCC
GTCCTCGTCCTTTCGCTCCCATAGGGTGTTTCAGGT-

CGCATGGTAT-59

The efficiencies of incorporation of each dNMP opposite
template G21 (underlined) were determined in polymerization
reactions (10 or 20 ml) containing pol b-WT or pol b-14, 20 nM
primer•template, and a single dNTP at 0–2500 mM in 50 mM
Tris•HCl, pH 8.0 (228C)y10 mM MgCl2y2 mM DTTy20 mM
NaCly20 mM KCly2.5% glyceroly0.2 mg/ml BSA. After pre-
incubation of reactionmixtures for 5min at 378C in the absence
of dNTPs, polymerizations were initiated by the addition of a
single dNTP, and incubations were continued for an additional
3–15 min until termination by mixing with an equal volume of
0.5 M EDTA. Primers (20-mers) and extension products
($21-mers) were separated by PAGE (8 M ureay16% poly-
acrylamide gel) and then quantified using a phosphorimager
and IMAGEQUANT software (Molecular Dynamics). VmaxyKm
values for correct (dCTP) and incorrect (dATP, dGTP, and
dTTP) nucleotides were determined from the initial slopes of
Michaelis–Menten plots (33), and the frequencies of nucleo-
tidemisincorporation ( f ) were calculated as described (33, 34).
Enzyme concentrations and incubation times were adjusted to
optimize detection of misincorporation products, while ensur-
ing that all reactions were conducted in the steady-state within
the linear range of substrate utilization (,25% primer exten-
sion). Relatively high concentrations of pol b-14 were required
(6 and 60 nM for correct and incorrect dNTPs, respectively)
compared with pol b-WT (0.5 and 5 nM, respectively) due to

the lower specific activity of the mutant protein. As expected
in steady-state, Vmax values were directly proportional to
enzyme concentration; appropriate adjustments were made in
the calculations for misincorporation frequencies.

RESULTS

Screen to Identify pol b Mutator Mutants in E. coli. We
developed a genetic screen to identify mammalian pol b
mutator mutants. Our screen is based upon the fact that pol b
is able to substitute for E. coli pol I in DNA replication and
repair in the SC18–12 strain (18). Briefly, pol b increases the
rate of joining of Okazaki fragments on the lagging strand
during DNA replication, and it confers methylmethane sulfo-
nate resistance to this otherwise methylmethane sulfonate-
sensitive strain, suggesting that it also substitutes for pol I in
base excision repair. By using this genetic screen we identified
13 candidate pol b mutator mutants. Three of the mutator
mutants were characterized further in vivo and were shown to
confer a mutator phenotype to the SC18–12 strain. One
mutant protein, pol b-14, was purified to relative homogeneity
and was shown to possess intrinsic mutator activity in vitro.
To identify putative pol b mutator mutants, we made use of

the fact that the SC18–12 strain possesses a chromosomal
mutation of the trpE gene, referred to as the trpE65 allele. The
trpE65 allele contains an ochre mutation at an unidentified
location within the trpE structural gene (37), resulting in the
inability of the SC18–12 strain to synthesize anthranilate
synthetase, an enzyme needed by the cell to produce Trp.
Therefore, this strain must be maintained on medium con-
taining a source of Trp. A detectable Trp1 phenotype can be
produced by five out of six possible base substitution errors
which may occur by either direct reversion at the site of the
TAA nonsense codon or at the anticodon loop of one of three
tRNAs to generate a suppressor mutation, resulting in inser-
tion of either Ser, Tyr, or Gln across from the nonsense codon
during protein synthesis (38). We developed a screen which
scores for the number of Trp1 revertants produced by a single
transformant, as diagrammed in Fig. 1. By employing this
screen, we identified 13 pol b transformants that yielded
increased numbers of Trp1 revertants. We detected mutants
which produced between 10 and 60 Trp1 revertants in the
screen. Two of these candidate mutators were identified in a
previous screen as mutants which were partially able to
substitute for E. coli pol I in DNA repair (21), and 11 of the
candidate mutator mutants were from the pool of 800 trans-
formants generated by PCR-mediated mutagenesis.
The pol b Mutants Confer a Mutator Phenotype to the

SC18–12 E. coli Strain. To confirm that the candidate mutants
we identified in the screen possessed true mutator phenotypes,
we compared the spontaneous mutation frequencies of three
of these mutants with that of the pol b-WT strain. As shown
in Fig. 2, the pol b-166 and -5 mutants have spontaneous
mutation frequencies approximately 10-fold higher than the
pol b-WT strain, whereas the pol b-14 mutant has a sponta-
neous mutation frequency that is 30-fold higher than the pol
b-WT strain (21). Analysis of the types of Trp1 mutations
resulting from the pol b-5 and -14 mutants, by cross-streaking
with T4 phages possessing nonsense mutations in essential
genes (38) shows that pol b-5, -14, and -WT produce nearly
equal numbers of true revertants and suppressor tRNA mu-
tants. Among the tRNA mutants, our data show that the pol
b-14 and -5 mutants produce predominantly transversion
mutations in tRNA genes while substituting for pol I of E. coli.
Twenty-eight of 35 suppressor mutations generated by pol b-14
were GC to TA transversions, and 51 of 58 suppressor muta-
tions produced by pol b-5 were GC to TA transversions,
whereas 26 of 27 suppressor mutations generated by pol b-WT
were GC to AT transition mutations. The pol b-14 mutation
alters Tyr-265 of the protein to Cys, and the pol b-5 mutation

Genetics: Washington et al. Proc. Natl. Acad. Sci. USA 94 (1997) 1323
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changes Pro-312 to Ser (21). To identify the mutation present
within the pol b-166 cDNA, we determined its DNA sequence
as described (21) and found that it was also mutated at position
265, resulting in a Tyr-2653 His amino acid change. Both the
Pro-312 and Tyr-265 amino acid residues are located in the
carboxyl terminus of the pol b protein, exterior to the DNA
binding cleft. Preliminary analysis of the 10 remaining mutants
indicates that they are also mutators and characterization of
these mutants is ongoing (unpublished data). Each of these
mutants contains a single mutation resulting in an amino acid
alteration different from those of the pol b-14, -166, and -5
proteins.
pol b-14 Has Intrinsic Mutator Activity in Vitro. The in vivo

data demonstrate that the pol b-5, -14, and -166 mutants
confer a mutator phenotype to the SC18–12 E. coli strain. One
interpretation of these data is that the mutator phenotypes are
caused in a direct manner, by a mutator polymerase commit-
ting errors as it substitutes for pol I in DNA replication. To test
this hypothesis, we purified recombinant pol b-WT and -14
proteins (data not shown) and compared their fidelities of
DNA synthesis in four separate in vitro assays; the results are
shown in Table 1.
First, we used an opal codon reversion assay to detect eight

possible base substitution mutations that can be committed by
a polymerase at three adjacent template positions (39). In this

assay, the pol b-14 protein committed errors with a frequency
about 50 times higher than that of the WT protein.
Second, a kinetic assay (33, 34) was used to quantify the

relative rates of nucleotide misincorporation catalyzed by the
pol b-14 and -WT proteins opposite a single template G
residue in a synthetic 59-32P-end-labeled 20-mer primer•46-
mer template. As shown in Table 1, the pol b-14 protein was
on average 85 times more error-prone than the pol b-WT
protein for the three G:N mispairs examined at this template
site. The increase in misincorporation rate by pol b-14 was
similar for G:A (76 times), G:G (86 times), and G:T (100 times;
data not shown). Thus, the increased base substitution error
rate of pol b-14 is due, at least in part, to increased insertion
of the wrong nucleotide.
Third, to quantify frameshift fidelity, we employed a rever-

sion assay that detects minus-one base pair frameshifts at a
TTTTT sequence or at 36 other sites located elsewhere in the
lacZa gene (40). We obtained a spontaneous mutation fre-
quency of 4703 1024 for the pol b-14 protein in this frameshift
reversion assay, which is 240-fold higher than that of the WT
enzyme, as shown in Table 1. This demonstrates that the pol
b-14 protein commits frameshift errors at a much higher
frequency than the WT protein.
Finally, we used a forward mutation assay to assess all

possible errors committed by each protein (unpublished work).
The HSV-tk assay detects large addition or deletion errors and
multiple mutations, in addition to frameshift and base substi-
tution mutations. In this forward mutation assay, the pol b-14
protein commits errors at a frequency of 540 3 1024, which is
approximately 25-fold more frequent than errors committed
byWT protein. Together, these in vitro fidelity assays show that
pol b-14 catalyzes the synthesis of DNAwith lower fidelity than
the WT enzyme.

DISCUSSION

A Genetic Screen to Identify DNA pol b Mutator Mutants.
We have designed a new screen to identify mammalian pol b
mutator mutants. This screen is based upon our original
discovery that rat pol b is able to substitute for E. coli pol I in
DNA replication and repair in the SC18–12 E. coli strain. The
SC18–12 strain carries the trpE65 allele, rendering this strain
incapable of growth in the absence of Trp. Trp1 revertants
result from base substitution mutations at either the ochre
codon within the trpE gene or at one of four tRNA anticodon

FIG. 1. Protocol to detect pol b mutator mutants carrying a
randomly mutagenized pol b cDNA are picked into Luria–Bertani
broth containing 1 mM isopropyl b-D-thiogalactopyranoside and
grown in 24-well microtiter plates overnight at 378C. Aliquots of each
well are spread onto Eglu agar and incubated for 3 days at 308C. In this
assay the pol b-WT strain produces 0–1 Trp1 revertants and mutator
mutants such as pol b-14, -5, and -166 produce greater than 10 Trp1

revertants.

FIG. 2. pol b mutator mutants. The -fold increase over pol b-WT
represents the spontaneous mutation frequency of the mutant divided
by that of the pol b-WT. Each bar represents data averaged from three
independent experiments. The mutant number refers to the pol b
mutant cDNAwhich is present on the pbL vector and contained within
the SC18–12 strain. Error bars represent standard deviations.

1324 Genetics: Washington et al. Proc. Natl. Acad. Sci. USA 94 (1997)
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loop sequences (38).We reasoned that a pol bmutator enzyme
which substituted for pol I in lagging strand replication in the
SC18–12 strain would commit errors, resulting in a Trp1

phenotype, and allow us to identify E. coli strains carrying such
mutators. Using this assay, we identified 13 candidate pol b
mutator mutants; these mutators produced an increased num-
ber of Trp1 revertants compared with SC18–12 E. coli har-
boring the pol b-WT cDNA.
We confirmed that three of our mutants, the pol b-14, -5,

and -166 mutants, confer an increased spontaneous mutation
frequency over that of pol b-WT to the SC18–12 strain. In
addition, we demonstrated that one of these, the pol b-14
mutant, encodes an intrinsically error-prone polymerase as
determined in four different assays which measure the accu-
racy of DNA synthesis in vitro. Therefore, we conclude that our
screen is able to identify mutants which encode pol b enzymes
that catalyze the synthesis of DNA with less accuracy than the
wild-type protein.
Tyr-265 Is Important for pol b Fidelity. Amino acid residue

Tyr-265 of the pol b protein was altered in two of our mutator
mutants. The pol b-166 protein contains His at position 265,
whereas the pol b-14 protein has Cys at this position. The fact
that position 265 is found to be altered in two mutator mutants
out of a total 13 identified suggests that residue 265 plays an
important role in fidelity. Amino acid residue 265 is part of the
carboxyl terminus of the pol b protein. Some amino acid
residues of this domain directly interact with the DNA tem-
plate strand or with the dNTP substrate; this is not the case for
Tyr-265. In the crystal structure of pol b, residue 265 is located
in helix M in a small hydrophobic pocket exterior to the DNA
binding cleft, a position that suggests that Tyr-265 could
participate in intramolecular interactions which maintain the
overall structure of the pol b protein (17). Alteration of residue
265 might disrupt the structure of the pol b enzyme in the
vicinity of helix M, causing a change in the overall geometry
of the active site of the enzyme, and result in a polymerase
which synthesizes DNA less accurately than the WT protein.
Alternatively, Tyr-265 may interact with other residues of pol
b to facilitate a conformational change during the catalytic
cycle; conformational changes of this nature have been hy-
pothesized to play a role in DNA polymerase fidelity (7). This
hypothesis is substantiated by recent evidence suggesting the
existence of a hinge region within the pol b enzyme which is
lined with hydrophobic residues, including Tyr-265 (41). Pel-

letier et al. proposed that this hinge region is responsible for
movement of the carboxy terminus from an open conforma-
tion to a closed conformation which might represent a rate-
limiting step in replication fidelity (41). Further biochemical
and biophysical characterization of the pol b-5, -14, and -166
proteins is necessary to understand the contribution of Tyr-265
and Pro-312 to pol b fidelity.
Benefits of a Genetic Screen for Mammalian pol bMutator

Mutants.Molecular structure–function studies combined with
kinetic analysis of mutant proteins have the potential to yield
specific information concerning the molecular mechanism of
accurate DNA polymerization. The purpose of these studies is
to identify amino acid residues of a DNA polymerase that
affect the fidelity of DNA synthesis and to determine their
precise function.
Most structure–function studies of DNA polymerases have

focused on identifying residues of these enzymes that are
necessary for catalysis. The major strategy employed is to alter
single amino acid residues of the protein using site-directed
mutagenesis and to determine the resultant effects on catal-
ysis. These methods are used to change amino acid residues
believed to be located near to the active site of the enzyme or
which are thought to contact DNA or dNTP based upon
hypotheses generated from the enzyme’s crystal structure.
Because a three-dimensional structure is not available for the
majority of mammalian polymerases, amino acid residues
conserved among a family of polymerases are chosen for
alteration. The resulting mutant enzymes are then purified and
studied in vitro to determine if they are active proteins with
intrinsic mutator activity. These strategies have been success-
ful in some cases (13, 42, 43). However, the primary goal of the
majority of polymerase structure–function studies is to identify
catalytic residues of the protein. Catalytic residues might not
necessarily function in polymerase accuracy (30). Moreover,
mutation of a polymerase residue which functions in catalysis
is likely to result in an inactive protein, making it difficult to
characterize these mutant proteins in vitro (12, 14, 30, 44).
Another strategy to reveal amino acid residues of a DNA

polymerase which affect fidelity is to employ a genetic screen.
Genetic screens and selections have been used with good
results to identify mutator and antimutator mutants of several
DNA polymerases, including T4 and DNA polymerase III of
E. coli (8–10). Our screen designed to detect pol b mutator
mutants has three advantages over traditional methods of

Table 1. Fidelities of purified pol b-WT and pol b-14 in vitro

Type of error Assay

Error frequency, 31024

Increase, -foldpol b-WT pol b-14

Base substitution TGA reversion 1.9 6 0.10 87 6 19 46
G:N kinetics 9.8 6 6.0 830 6 460 85

Frameshift TTTTT reversion 1.9 6 0.7 470 6 20 240
All tk loss of function 21 6 0.5 540 6 0.7 25

The TGA target is in a modified version of the lacZa gene and refers to the opal codon reversion assay
which detects base substitution mutations. The TTTTT target is in a modified version of the lacZa gene
and refers to the frameshift reversion assay which detects predominantly frameshift mutations. For
M13mp2-derived assays with pol b-WT, at least 85,000 plaques were scored; with pol b-14, at least 15,000
plaques were scored. At least 30,000 colonies were analyzed for each HSV-tk experiment. Data represent
the averages of two independent experiments and are presented with standard errors. The values for the
kinetic assay are the average nucleotide misinsertion frequencies (f) of the three G:N mispairs examined.
Initial evaluation of the polymerase activities of these recombinant proteins on activated calf thymus DNA
showed that the Km (dTTP) for pol b-14, 1.9 6 0.3 mM, is quite similar to that of pol b-WT (1.2 6 0.2 mM).
In contrast, the mutant protein exhibited a Km (activated DNA) of 80 6 6.5 mMand kcat of 0.0015 sec21, which
are significantly lower than those of the pol b-WT protein (362 6 15 mM and 0.03 sec21, respectively).
Our recombinant pol b-WT protein and an independent preparation lacking the extra amino acids at the
amino terminus (supplied by Akio Matsukage, Aichi Cancer Center Research Institute, Nagoya, Japan)
yielded essentially identical values in these kinetic assays (data not shown). Initial evaluation of
polymerase activities on the DNA substrate employed in the kinetic fidelity assay showed similar trends
as that observed with activated DNA. The Km (app) was 190 6 45 mM for pol b-WT and 83 6 27 mM for
pol b-14. The kcat for WT using this DNA substrate was 2.6 sec21, and for pol b-14 in the kcat was 0.055
sec21.
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isolation and characterization of mammalian polymerase mu-
tator proteins. First, this screen has the potential to identify
large numbers of polymerase mutator mutants rapidly. Our
initial results with pol b suggest that pol bmutator mutants are
rare; in this study, they appeared at a frequency of about 1 out
of 100 screened, not taking into account the frequency of false
positives. Thus, the ability to screen large numbers of pol b
mutants is important to identify each amino acid residue of the
protein that affects fidelity. Second, this screen facilitates
mutagenesis studies that examine relatively large domains of
the protein without a priori assumptions about the role of
individual amino acids in fidelity. This is important because
alteration of Tyr-265 would not have been predicted to result
in an enzyme with mutator activity on the basis of homology
with other polymerases or by an examination of the structure
of the pol b ternary complex. Therefore, our genetic screen
complements the site-directed mutagenesis approach. Third,
our screen identifies pol b mutants that produce catalytically
active proteins which commit errors at higher frequencies than
pol b-WT. Because the screen is performed under conditions
that preclude growth of the SC18–12 strain in the absence of
functional pol b protein, mutants that are isolatedmust encode
an active pol b protein. This greatly facilitates subsequent
biochemical and biophysical studies of fidelity mechanisms.
Therefore, we envision that a genetic screen will be a very
useful tool in the identification of pol b mutants for further
study.
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