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ABSTRACT: DNA polymerasep is a small monomeric polymerase that participates in base excision repair
and meiosis [Sobol, R., et al. (1996ature 379 183-186; Plug, A., et al. (1997proc. Natl. Acad. Sci.

U.S.A. 94 1327-1331]. A DNA polymerasgs mutator mutant, F272L, was identified by an in vivo
genetic screen [Washington, S., et al. (19P7c. Natl. Acad. Sci. U.S.A. 94321-1326]. Residue 272

is located within the deoxynucleoside triphosphate (ANTP) binding pocket of DNA polynitegserding

to the known DNA polymerasg crystal structures [Pelletier, H., et al. (19%ience 2641891-1893;
Sawaya, M., et al. (1997Biochemistry 3611205-11215]. The F272L mutant produces errors at a
frequency 10-fold higher than that of wild type in vivo and in the in vitro H&\gap-filling assay.

F272L shows an increase in the frequency of both base substitution mutations and frameshift mutations.
Single-enzyme turnover studies of misincorporation by wild type and F272L DNA polymégtrase
demonstrate that there is a 4-fold decrease in fidelity of the mutant as compared to that of the wild type
enzyme for a G:A mismatch. The decreased fidelity is due primarily to decreased discrimination between
the correct and incorrect dNTP during ground-state binding. These results suggest that the phenylalanine
272 residue is critical for maintaining fidelity during the binding of the dNTP.

DNA polymerases play a central role in the replication, basesg). In fact, it has been shown that gbis most active
recombination, and repair of DNAL). They catalyze the  and accurate when it utilizes a 1-base pair gapped DNA
template-directed incorporation of a deoxyribonucleoside substrate containing d-phosphate, suggesting that this is
monophosphate (dNMP) substrate into a growing DNA the physiological DNA substrate of pgI(7, 8). Pol also
polymer. DNA polymerases discriminate between the correct functions in meiosisq). Although there is no evidence for
and incorrect dNTP mainly during binding of the substrate a role for polS in the essential process of DNA replication,
or by an induced-fit mechanisn®2)( Errors occur during  disruption of both copies of the p@l gene in mice results
DNA synthesis if a polymerase fails to discriminate between in embryonic lethality, suggesting that ppis essential for
the correct and incorrect dNTP substrates. The incorporationembryonic viability or developmentL().
of errors into the genome gives rise to mutations that may  The crystal structures of p@l complexed with dideoxy-
result in genetic disease or genomic instability, which cytidine triphosphate (ddCTP) and@cessed, 1-base pair
contributes to neoplastic disease and ag8g). Therefore, gapped, and nicked DNA templates have been determined
it is important to understand the molecular mechanisms that(11—13). These structures indicate that gobinds to DNA
DNA polymerases employ to synthesize DNA accurately. and to its dNTP substrate in an open conformation. Once

DNA polymerases is a 39 kDa protein that catalyzes the the substrate is bound, the polymerase assumes a closed
synthesis of DNA and the removal oferminal deoxyribose  conformation. It has been postulated that this conformational
phosphate (dRP) residues from incised apurinic and apyri- change is one of the mechanisms by which paliscrimi-
midinic sites B). Pol g functions in base excision repair nates between the correct and incorrect dNTP substtkges (
(BER) by filling in gaps that result from excision of damaged Other structural elements which may govern the fidelity of
pol 3 are (i) the interactions between key amino acid side
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To identify amino acid residues of pglthat are critical (21). In this screen, mutator mutants induce significantly
for fidelity, we employed a genetic screeR0( 21). This more Trp" revertants than cultures containing the gavild-
screen is based upon the discovery that rafgslbstitutes type gene. The mutation of each ghinutant was identified
for Escherichia coli(E. col) DNA polymerase | (Pol I) in by the dideoxy DNA sequencing method using Sequenase
DNA replication @2). We have isolated several gpmutator 2.0 (USB) according to the manufacturer’s directions.
mutants using this screen, including one that is altered from Spontaneous Mutation Frequency vt and F272L in
Tyr to Cys at position 265 (Y265C) and another that is the Trp" Reversion AssayTo confirm that F272L was a
changed from Phe to Leu at position 272 (F272L). The mutator mutant, we compared the spontaneous mutation
Y265C alteration appears to be in a hydrophobic hinge region frequencies of-wt and the F272L mutant iE. coli. Briefly,
that has the potential to participate in a conformational the SC18-12 bacteria containing the WT or mutant ol
change of the enzyme that is important for fidelity3(23). plasmid were cultured overnight in nutrient broth at°8D
Phenylalanine 272 is located within the hydrophobic dNTP overnight. The overnight culture was diluted 1:10000 with
binding pocket of the enzyme. In this report, we characterize LB broth containing 1 mM IPTG. The diluted culture was
the F272L mutator mutant of p@l. To elucidate the role of  aliquoted into 24-well microtiter plates, and the bacteria were
the F272 residue in maintaining pofidelity, we determined incubated at 37C overnight with aeration. After centrifuga-
the in vivo and in vitro spontaneous mutation frequencies tion and resuspension in 0.9% (w/v) NaCl (saline), 100
of the F272L variant and generated a mutation spectrum. aliquots of the bacteria from each well were plated onto Eglu
Using transient-state kinetic methods and rapid chemical plates. Appropriate dilutions of the culture were plated onto
guench techniques, we determined directly the fidelity value ET to determine the total number of colonies assayed. The
for F272L and compared it to that gFWT. Overall, we plates were incubated at 3T for 3 days and counted. The
show that F272L has a spontaneous mutation frequency thaimutation frequency was calculated by dividing the number
is 10-fold greater thafi-wt and that Phe 272 is critical for  of Trp™ colonies by the total number of colonie2l( 26).

fidelity during ground-state binding. Purification of g-wt and F272L ProteinsTo purify the
F272L andB-wt proteins, we used Ri chelation chroma-
MATERIALS AND METHODS tography. Briefly, thes-wt and F272L cDNAs were sub-

cloned into the pET-28 vector (Invitrogen) to generate pHis
and pHigF272L. The resulting proteins carry 6 consecutive
histidine residues fused to their N-termini. Protein expression
was induced by the addition of 1mM IPTG and purified by
using NF" chelation chromatography according to the
manufacturer’s instructions (Novagen). The protein was at
least 90% homogeneous on the basis of a Commassie blue-
was used t_o.dete.ct mutations in the herpes simplex virus‘i[allner?] gS)/[i%r(l)D AmGLE gjellt'u-:—:_eXIeslfe\ggj_;gﬁ)éo)l(('ir:;[iilya(sos'gy
type | thyrmdme kinase gene (HSW) (24). ) demonstrated that th&,, values for dTTP and activated DNA
ET medium was E salts supplement_ed W!th 0.4% _glucose and thekey values for both native and His-tagged polvere
and 20ug/mL tryptophan. Eglu medium is ET without iryally identical (data not shown). Therefore, the His-tagged
tryptophan g5). Transformants were selected on Luria- proteins were used in the in vitro mutagenesis assays and
Bertani agar supplemented with 8g/mL of chlorampheni-  yinetic studies reported here. We also measured the specific
col (Cam) and 12ug/mL tetracycline. HSMk mutant  gcivities (pmol of dNTP incorporation mifing?) of -wt
selection medium has been described by Eckert e2d). ( 5nd F272L proteins using a filter binding assay to detect the
Chemicals and Reagent#ll of the deoxynucleoside incorporation of a radiolabeled dNTP into activated DNA
triphosphates (dNTPs) and adenine triphosphate (ATP) were(27). By using this assay, we found that the specific activity
purchased from Sigma. The-f?P]JATP (6000uCi/umol) of F272L is half that off-wt.
was purchased from Amersham. All of the oligonucleotides  HSV-tk Forward Mutational Assayo determine if F272L
used in the study were synthesized by the Keck Molecular has intrinsic mutator activity2@, 24), we used the purified
Biology Center at Yale University and purified using p-wt or F272L protein to fill a 203-nucleotide gap in a
denaturing polyacrylamide gel electrophoresis (20% acryl- reaction that contained 50 mM Tris-HCI (pH 8.0), 10 mM
amide 8 M urea). MgCl, 0.2 mM DTT, 0.2 mg/mL BSA, 50@M dNTPs, 10
Identification of Mutator Mutants using the TrfiReversion pM gap DNA, and 100 pM WT or 200 pM F272L pg@l.
Assay.The F272L mutant was identified in a genetic screen The reactions were incubated at 37 for 1 h before being
developed in our laboratory to isolate gbinutator mutants ~ quenched with 33 mM (final concentration) EDTA and
(21). Briefly, we used the Trpreversion assay to identify  electroporated into FT334 cells. The spontaneous mutation
the mutator mutants from a library of random mutants frequency was calculated as described eark& 24). To
constructed between nucleotides 763 and 855; this fragmentensure the independence of selected mutant colonies for
encodes amino acids 25285 of polj (21). DNA from the mutational spectra, we aliquoted FT334 cells into multiple
pol 5 mutant library was used to transform the SC18-12 tubes containing SOC broth immediately after the electro-
strain. Individual transformants were inoculated into 2 mL poration, incubated them at 3T for 2 h, and plated them
of LB broth containing 1 mM isopropy$-p-thiogalactopy- separately on selection media. Mutation spectra were ob-
ranoside (IPTG) and were incubated in 24-well microtiter tained by sequencing one or two mutants from each tube
plates (Falcon) with aeration for 24 h at 37°C. Aliquots using the dideoxy sequencing method and Sequenase 2.0
of these cultures were plated onto Eglu medium as describedaccording to the manufacturer’'s protocol (USB).

Bacterial Strains and Media. E. Cdli/r SC18-12 has the
genotyperecA718polA12urA155trpE6S lon-11 sulAlnd
was used in the genetic screen for mutator mutadis. (
DH5a. with the genotypemcrA A(mrr-hsdRMS-mcrBC)
®80dlacAM15 (lacZYA-argF)U169 deoR recAl endAl
phoA supE44thi-1gyrA96relAlias used in cloning experi-
ments. The FT334 strain with the genotyieeA13 upp tdk
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Primer-Template Preparation for Kinetic Studé. one- Data AnalysisThe data were fit by nonlinear regression
nucleotide gapped DNA templatgrimer with a 5- using the program SigmaPlot version 4.14 (Jandel Scientific).
phosphate was used in all of the kinetic studies. The The data from the single-turnover experiments were fit to
template-primer substrate shown below was used to study a single-exponential equation: [productF Al -

T:A incorporation and T:G misincorporation: exp(—kobsd)), Where A is the amplitude andkpsq is the
observed first-order rate constant for dNTP incorporation.
5'GCCTCGCAGCCGTCCAACCAACTCA CCTCGATCCAATGCCGTCC The binding curve shown in Figure 2 was fit to the following

hyperbolic equation:Kepsa = koo[dNTP)/(Kg + [dNTP]),
where thek,o is the maximum first-order rate constant for
dNTP incorporation an&y is the equilibrium dissociation
constant. Fidelity values were calculated using the following
equation: F|de||ty: [(kpolle)correct+ (kpolle)incorrec]/(kpoll

5 GCCTCGCAGCCGTCCAACCAAC CAACCTCGATCCAATGCCGTCC Kd)incorrect

3’ CGGAGCGTCGGCAGGTTGGTTGAGTTGGAGCTAGGTTACGGCAGG

The template-primer shown below was used to study A:T
incorporation and A:G misincorporation:

3 ' CGGAGCGTCGGCAGGTTGGTTGAGTTGGAGCTAGGTTACGGCAGG RESULTS

DNA Polymerased Mutant F272L Shows an Increased
Spontaneous Mutation Frequency dfwo. To further our
understanding of the molecular mechanism of fidelity of
DNA polymerase, we first identified amino acid residues
that are critical for DNA polymerization fidelity. In this
study, we used a genetic screen to identify fahutator
mutants from a library of pop mutants 21). Our initial
screen detected several gbimutator mutants. One of the
mutants carrig a T to Cchange at nucleotide 814, resulting
in phenylalanine 272 being altered to leucine (F272L). The
F272 residue is located in the dNTP binding pocket of pol
p (11, 13). To confirm that F272L was a mutator mutant,
we determined the spontaneous mutation frequency of F272L
in E. coliand compared it t@-wt using the Trp reversion
assay. The spontaneous mutation frequency of F272L is 3.9
x 1078 while that of WT is 3.9x 107°. Thus, F272L shows
a 10-fold increased spontaneous mutation frequency as
compared top-wt. Therefore, we have used our genetic
screen to identify a mutator mutant that is located within

conditions were determined empirically to be a ratio of the dNTP binding site, which we postulate may influence

enzyme to primer-template of 5:1 (data not shown). All fidelity through the binding of the ‘?”\'TP substrr?lte.
single-turnover experiments were performed in buffer [50 F272L Is a Mutator Mutant invitro. To confirm that
nM Tris-Cl (pH 8.0), 10 mM MgCJ, 2 mM DTT, 20 mM F272L has an intrinsic mutator activity, we determined the
NaCl, 0.2 mg mLE® BSA, 2.5% glycerol] containing 250 in vitro spontaneous mutation frequenciegait and F272L
nM pol # with 50 nM primer-template substrate. Typically, Using the HSVik gap-filling assay. The HS¥ gap-filling
experiments were carried out by loading 46 of the pol assay is a forward mutation assay. In this assay, eftiver
ﬁ-primer-temmate Comp|ex in buffer in one Samp|e |00p or F272L was used tO.fIII'a 203'nUC|e0t|de gap of the HSV-
and 15xL of a single dNTP (2.54004M) in buffer in the tk gene at the ATP binding site. The errors committed by
second sample loop. Reactions were initiated by rapid mixing the polymerase during gap filling can result in mutations that
of the two reactant solutions, and reactions were quenchednactivate the HS\k gene. The inactive HSW mutants
at various reaction times (0.0635 s) with 0.3 M EDTA confer resistance to the druggfuoro-2deoxyuridine (FAUR)
(final concentration). on the FT334 host bacterial cells. Therefore, this assay
The kinetics ofincorrectdNTP incorporation were deter- ~ Permits us to obtain the spontaneous mutation frequency for
mined manually under the above single-turnover conditions. A-Wt and F272L resulting from errors committed during gap-
All manual single-turnover experiments were performed by filling reactions @4). As shown in Table 1, the spontaneous
preincubating 250 nM poB with 50 nM primer-template ~ mutation frequencies fof-wt and F272L are 9.6< 10~
substrate in buffer for 3 min at 37C. Reactions were ~and 91x 107* respectively. Therefore, the F272L mutant
initiated by the addition of a single dNTP (5@000uM), has a spontaneous mutation frequency around 10 times higher
and reactions were quenched at various reaction times (20than that of3-wt, which suggests that F272L has an intrinsic
s—60 min) with 0.3 mM EDTA (final concentration). The ~Mmutator activity.
reactions resulted in the addition of one dNTP onto the F272L Is a General Mutator MutantTo determine if
primer. The N (unextended) and N 1 (extended by one  F272L is a general type of mutator mutant or if it commits
nucleotide) DNA products were resolved on a 20% poly- predominantly specific types of frameshift or base substitu-
acrylamide gel. The N and N 1 products were quantified  tion mutations, we characterized the mutational specificity
to obtain the percentage of product formed at each reactionof F272L and compared it t8-wt. We sequence@8 and
time. 72 HSV-tk mutants generated from the gap-filling assay for

The template-primers were prepared as describ&)l. (
Briefly, the primer oligonucleotides were end-labeled using
T4 polynucleotide kinase (New England BiolLabs) and
[y-32P]JATP. The template, primer, and downstream DNA
were annealed at an equimolar ratio. The annealing condi-
tions used were 80C for 4 min followed by 50°C for 30
min and immediate transfer to ice. The products of the
annealing reaction were analyzed on a 20% native polyacryl-
amide gel followed by autoradiograph8)(

Single-Turneer ExperimentsTo elucidate the mechanism
by which F272L influences the fidelity of ANTP incorpora-
tion, we determined the equilibrium dissociation constant for
dNTP binding Kq4, and the maximum rate constant for dANTP
incorporationkyg, for correct and incorrect dNTPs using both
B-wt and F272L. The kinetics aforrectdNTP incorporation
were determined under single-turnover conditions using rapid
chemical quench experiments performed on a KinTek
Instruments Model RQF-3 rapid-quench-flow apparatus
thermostated at 37C (28). In this case, single-turnover
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Table 1: Error Specificity by Class of F272L afeWT in the
HSV-tk Forward Assay

Table 2: Frameshifts Generated by DNA PoWT and F272L at
Different Lengths of Homonucleotide Runs

frequencyx 10 (# observed)

error raté€ (10°°) (no. of mutants)

p-wt F272L F272L/WT length of runs (bp) p-wt F272L F272L/WT
MFopd 9.6 (68) 91.6 (73) 9.5 1 0.048 (4) 0.32(3) 7
single 9.0 (64) 91.6 (73) 10.2 2 0.52 (10) 3.7(8) 7
multiple 0.7 (4) 0 3 <0.18 (0) 4.6 (3) >25
base substitution 3.2 21.3 6.7 4 7.1 (20) 106 (34) 15
frameshift 4.8 60.0 125 error frequency 48 (34) 700 (48) 14.5

a MFops is the average observed mutation frequency from at least
three independent determinatioR&rameshifts include 1-base deletions

or insertions.

aError rates were calculated by multiplying the total frameshift error
frequency by the proportion of 1-base frameshifts at each repeat length
per total frameshift and then dividing by the number of occurrences of
each repeat length in the target sequence.

B-wt and F272L, respectively. The mutational spectra for
B-wt and F272L are shown in Figure 1. A summary of the runs of three homonucleotides throughout the target. All of
spectra is shown in Table 1. We used the Adams and Skopekhe frameshift mutations detected at runs of three homo-
algorithm @9), available on the Worldwide Wel80), to nucleotides for F272L are single-base deletions. Four of the
compare oufs-wt spectrum with that of Opresko et a23). runs of three homonucleotides are CCC, three are GGG, and
We found thap = 0 when the base substitutions of the two one is TTT. Deletion at TTT (212214) and CCC (273
spectra are compared; becausp @alue of 0.05 indicates  275) has been observed for F272L. This suggests that there
that we can reject the hypothesis that the two spectra areis no sequence specificity for deletion at runs of three
the same, oup value of 0 indicates that the spectra of base homonucleotides for F272L. We employed the Adams and
substitutions produced h§-wt in the two different studies  Skopek algorithm to compare the frameshift spectré-oift
are different. When we employed the algorithm to compare and F272L. We obtained @value of 0.004, indicating that
our 3-wt spectrum of 1-base frameshifts to that of Opresko they are different. When we eliminated, one by one,
et al., we foundp = 0.06, suggesting that the two spectra frameshift positions from the spectra and reanalyzed the data,
are similar. At least two possibilities exist to account for we found that elimination gf-wt frameshifts at postion 248
this discrepancy. First, we employed a 203-bp gapped DNA had the most significant impact on tpevalue, increasing it
molecule as the substrate in our reactions, whereas Opreskdo 0.15. This analysis indicates that the frameshift spectra
utilized a primed single-stranded circular molecule. P for f-wt and F272L differ mainly at position 248. At this
known to have different catalytic efficiencies and fidelities position, 5-wt produced seven 1-bp deletions, whereas no
on different types of DNA substrate8)( thus, the spectrum  deletions were produced by F272L.
obtained in this study may not be directly comparable to the  The 2-base deletion mutation frequency for F272L fpol
spectrum obtained in the Opresko study. Second, theis 9 x 1074 which is 20 times higher than that @fwt,
characterization of limited numbers of HSV-tk mutants 0.44 x 10 4 There are a total of 28 two-nucleotide repeats
generated byS-WT could contribute to the differences in the targets. All of the 2-base deletions committegBbyt
observed in the spectrum generated by Opresko and theand F272L pols occur at the (TAJ dinucleotide repeat at
B-WT spectrum generated in this study. position 214-219, a hotspot for 2-base deletions observed
F272L commits base substitution errors at higher frequen- by Eckert et al. 24). However, using the algorithm to analyze

cies thanp-wt. The majority of the errors committed by
F272L and -wt are single errors; very few multiple
mutations were detected. Féwt, 34% (23/68) of the total

the 2-bp deletions produced Pywt and F272L yielded @
value of 1, strongly suggesting thgtwt and F272L are
similar, with regard to producing 2-bp deletions. Our data

mutations are base substitution mutations, and for F272L, indicate that F272L is a general mutator for misalignment-
23% (17/73) of total mutations are base substitutions. Wheninitiated frameshifts. Because the F272L produces a variety
we compared the spectra of base substitutions produced byof base substitution and frameshift mutations, our data set
B-wt and F272L, using the Adams and Skopek algorithm, suggests that F272L is a general mutator.
we obtained @ value of 0.18, indicating that, overall, both Decreased Fidelity of F272L pdl Is Due to Decreased
B-wt and F272L produce similar types of base substution Discrimination between Correct and Incorrect dANTH®
mutations. However, the base substitution frequency for understand the role of the Phe 272 residue in DNA synthesis
F272L is elevated 6.7-fold over that gfwt. On the basis  fidelity, we studied both correct and incorrect dNTP incor-
of our data set, these results suggest that F272L is a genergboration byjs-wt and F272L under single-turnover reaction
mutator with regard to base substitutions. conditions. This methodology permits us to observe directly
F272L also commits frameshift errors at a higher fre- the events occurring at the active site of golincluding
quency than that g8-wt. In fact, the majority of mutations  ground-state binding of the dNTP, conformational changes,
we detected are single-base insertions or deletions. In generaland the chemical step of the nucleotidyl transfer reaction.
the frameshift error rate increased as a function of the length  We observed in our mutational spectra studies that the
of the homonucleotide run, as shown in Table 2, which is frequency of misincorporation of G opposite A for F272L
consistent with previous observations fbwt (23, 24, 31). (50 x 107 is increased over that @gFwt (2.8 x 1075). We
However, we did not identify any insertions or deletions only observed misinsertion of G opposite T for F272L and
within runs of three homonucleotides f8fwt, whereas we  3-wt, one and zero times, respectively, indicating that these
did detect 3/48 single-base deletions within two different runs enzymes rarely insert G opposite T. This also seemed to be
of three homonucleotides for F272L. There are a total of 8 the case in an earlier study gfWT (23). Therefore, we
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Ficure 1: Mutational spectra gf-wt (A) and F272L (B) determined by using HSW-gap-filling assays. Frameshift mutations, including
1-base additionsa(), 1-base deletionsy), 2-base deletion<¥), and big deletions<® with numbers inside) are shown under the H&V-
target sequence. Base substitution mutations are shown above thékH8yet sequence. Tandem multiple mutations, defined as being
separated by 15 bases or less, are not sh@&n For -wt, three mutants contained tandem multiple mutations; all three had a 1-base
insertion at postion 237 and a 1-base deletion at position 241. One multiple mutation prodyted bgrried an insertion at position 237

and a G to Tmutation at position 195. Because these mutations are nontandem, they are shown in the spectrum. The F272L mutant did not

produce any multiple mutations.

examined the fidelity of A:G and T:G misincorporation by

F272L and compared it to that gfwt.

To determine the fidelity off-wt and F272L for misin-
corporation of G opposite template A, thg andk,, values

were measured for both correct and incorrect dNTP incor-
poration. These values were determined by measuring the
observed rate constaltysg at various dNTP concentrations.
Figure 2A shows timecourses for correct incorporation of
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Ficure 2: Kinetics of a single-turnover experiment to monitor the
incorporation of dTMP opposite A by F272L. (A) Time courses
using 2.5uM (O), 5 uM (@), 10uM (v), 20uM (v¥), 40uM (O),

80 uM (m), 200 uM (»), and 400uM (a) dTTP. A solution
containing enzyme (250 nM) preincubated with 50 nM DNA was
mixed with various concentrations of dTTP. The reactions were
terminated by quenching with 0.3 mM EDTA, and formation of
the product was monitored on a 20% denaturing polyacrylamide
gel. Time courses were fit to a single-exponential equation to obtain
the observed rate of product formatioky,sg at each dTTP
concentration, and theolid lineswere generated using thelkgsq
values. (B) The observed rate constants for product formakigg,

1 1
300 400

0
0

were plotted against the corresponding dTTP concentrations and

fit to a hyperbolic equation as described to determine the maximum
rate constant for polymerizatiok,,, and the equilibrium dissocia-
tion constant for dTTPKg.

dTMP opposite A for F272L at various concentrations of
dTTP. By fitting the data from each timecourse to a single-
exponential equation, we obtained a setkgfq values at
various substrate concentrations. Haeandk,q values were
determined by plotting thk,nsqvalues against concentrations
of dTTP and fitting the plot to a hyperbolic curve, as shown
in Figure 2B.

In a similar manner, thy andk,q values were determined
for G opposite A, A opposite T, and G opposite T. These
values were used to calculate the fidelities vt and
F272L. Table 3 shows the summary of A:G and T:G
misincorporation of F272L compared fbwt. The F272L
variant shows an overall 4-fold decrease in fidelity (26 000)
for A:G misincorporation compared to that@fwt (104 000).

Biochemistry, Vol. 38, No. 15, 19991805

at position 272 is mutated to leucine. We used three different
assays to demonstrate that F272L is a mutator protein. First,
the F272L mutant confers a mutator phenotype on the SC18-
12 E. colistrain. Second, the F272L protein has a spontane-
ous mutation frequency that is 10-fold higher than that of
the g-wt protein in the in vitro HS\Vk gap-filling assay.
Third, F272L has a 4-fold lower fidelity than that gfwt

for misincorporation of G opposite A in a kinetic assay.
Therefore, we conclude that our genetic screen is able to
identify pol 8 variants that synthesize DNA inaccurately. We
also conclude that the phenylalanine residue at position 272
is critical for the fidelity of DNA synthesis by pg$.

The analysis of the in vitro mutation spectra comparing
p-wt and F272L revealed that the F272L enzyme is a general
mutator because it commits all types of base substitutions
and frameshift mutations at frequencies above those of the
B-wt protein. Kinetic analysis of the mutant enzyme dem-
onstrates that F272L has decreased fidelity for misincorpo-
rating G opposite template A as compare@tat. The major
determinant of the decreased fidelity of misincorporation of
G opposite A of F272L is decreased discrimination between
correct and incorrect dNTP at ground-state binding. The
mutation spectra and kinetic studies also showed that there
is no significant difference between F272L ghavt in their
fidelity of misincorporation of G opposite template T.

The Aromatic Ring of F272 Sess as a Geometric Sensor
for Ground-State Binding Discriminatiof272L is located
in the dNTP binding motif within the active site of pflas
shown in Figure 3. Before binding to the dNTP, pol
assumes an open conformation. In this conformation, Y271
and F272 face each other and form a deep and narrow pocket
along with amino acid residues 27276 and the template
base. The binding of a dNTP and the binding of the second
Mg?" ion triggers two conformational changel(19), the
second of which is rate-limiting. After binding to dNTP pol
J assumes a closed conformation. It is evident that in the
closed conformation the dNTP binding motif rotates so that
the aromatic rings of F272 and Y271 move more than 5 A,
the hydroxyl group of Y271 forms a hydrogen bond with
the O2 atom of the primer residue, the backbone atoms of
Y271, F272, and G274 form close van der Waals contacts
with the ribose ring carbon of the ddCTP substrate, and the
side chain carbon of Asp276 forms a van der Waals contact
with the base ring carbon atom C#3 14). It is postulated
that this rotation of the dNTP binding pocket helps to align
the incoming dNTP to form hydrogen bonds with the
templating base and to position thephosphate for attack
by the primer 30H group (3). It has been proposed that

This decrease in fidelity for F272L is mainly due to a ihe protein backbone segment of Tyr271 to Gly274 may
decreased discrimination between the correct and inco”eaparticipate in nucleotide selectivity of deoxyribose over

dNTP during binding of the dNTP3-wt is 15 times less
likely to bind to the incorrect versus the correct dNTP
whereas F272L is only five times less likely to do so. In
contrast to the decreased fidelity of A:G misincorporation,
within error, F272L exhibits fidelity similar tg-wt for T:G
misincorporation. Thé&,, andKy values for misincorporation
of dGMP opposite T by F272L are not changed significantly
compared to thg-wt enzyme.

DISCUSSION

In this study we employed a genetic screen to identify a
mutator mutant of pgb in which the phenylalanine residue

ribose through steric exclusionll, 15). However, no
structural information is available for mispair formation
within the active site of pof. Our data suggest that the
alteration of phenylalanine 272 to leucine in this binding
pocket results in decreased discrimination between the correct
and the incorrect dNTP. This indicates that side chains within
the pocket exclude the formation of mispairs. We postulate
that the aromatic ring of F272 may obstruct a bulky mispair
such as A:G by imposing a steric constraint on the sugar
ring. Elimination of the aromatic ring of F272 may result in

a less geometrically constrained dNTP binding pocket that
is less exclusive of bulky mispairs. We postulate that, because
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Table 3: Misincorporation of G Opposite A and G Opposite Tgewt and the F272L Mutant

K (uM) Kool (57 (Ka)ind (Ka) (KooDind/ (Kpo)) Koot/ Ka fidelity®
B-wt AT 41+8 40+ 2 0.0001 0.97
AGe 650 150 0.0060+ 0.0005 15 9.2 10°® 104000
T:Af 27+4 47+ 2 0.03 1.7
T:G9 670+ 110 1.4+0.1 24 2.0x 10°3 874
F272L AT 77+ 10 30+1 0.0001 0.42
AG 360+ 160 0.0050k 0.0006 5 1.4x 10°5 26000
T:A 18+6 2742 0.02 15
T:G 780+ 350 0.5+ 0.1 42 6.0x 107 2000

2 The Kq for incorrect dNTP (inc) divided by correct () The kyo for incorrect dNTP (inc) divided by correct (<)The fidelity was calculated
as described in experimental proceduresinetic parameters for incorporation of T oppositeéKinetic parameters for misinsertion of G opposite
A. fKinetic parameters for incorporation of T opposite 9¥inetic parameters for misinsertion of G opposite T.

the shape of a T:G mispair resembles correct Watgtnck F272L is increased 10-fold over that of the wild-type enzyme.
base pair geometry more than an A:G mispair does, formationHowever, our kinetic studies indicate that F272L catalyzes
of a T:G mispair is permitted by F272L to the same extent the synthesis of DNA with 4-fold less fidelity than tjfewt

as it is by the wild-type enzyme. Tyr271 also forms part of enzyme. The differences in the magnitudes of fidelity
the hydrophobic dNTP binding motif, and work from Tsai’'s observed for F272L in these assays are most likely due to
group indicates that the ring structure at this position is the primer-template employed in the study. Our group
important for discrimination during the binding of the dNTP  recently demonstrated that pélhas the most activity and
(16). They show that, when Tyr is altered to Ser or Ala, the fidelity when it employs a 1-bp gapped DNA substrate with
binding affinity for the incorrect dNTP is increased compared a 5 phosphate compared to & i2cessed or 5-bp gapped
to the wild-type protein, whereas when Tyr 271 is changed substrate). The 1-bp gapped substrate with'gghosphate

to Phe, there is no difference in the binding affinity of the is probably also a physiologically relevant DNA substrate
resulting enzyme compared to wild type. The altered binding for pol 5. In the HSVik assay, the F272L enzyme must fill
affinities for dNTP observed for Y271S also result in ina 203-nucleotide gap in order for us to detect a mutation.
decreased fidelity for A:G misincorporation. However, the Therefore, the HS\tk DNA substrate most likely resembles
Y271S enzyme has not been studied for its ability to commit a 3 recessed primer-template, which appears not to be the
errors when it is filling in a large or small gap opposite the optimum DNA substrate for poB. The DNA substrate
HSV-tk or lacZa target genes, so it is not known whether employed in our kinetic studies was a 1-bp gap with'a 5
Y271S is in fact a mutator protein; the Y271A protein does phosphate, which is the optimum DNA substrate for ol
not commit errors at a greater frequency than the wild-type activity and fidelity. Therefore, we suggest that the different
protein in thelacZo reversion assay. Nevertheless, our data magnitudes of mutator activity for the F272L variant we
combined with the results from Tsai's group suggest that observed in our in vitro assays resulted from the different
the aromatic rings of both Y271 and F272 are important for DNA substrates we employed.

the discrimination of correct from incorrect ANTP at ground-  pNA Polymerasg Fidelity May Be Maintained through
state binding and that steric exclusion by theckboneof More than One PathwaySeveral mechanisms have been
the nucleotide binding motif is not the only mechanism pol proposed for pop fidelity maintenance. Correct positioning
f employs for maintaining fidelity during ground-state of template-primer DNA is crucial for fidelity and catalytic
binding fidelity. efficiency (12, 13, 15). It is clear that the protein interacts
Sawaya and colleagues proposed that, in the open con-with the O2 of pyrimidines and N3 of purines in the minor
formation of the enzyme prior to dNTP binding, Arg258 and groove, which is hypothesized to result in proper geometric
Aspl192 form an ionic bond. Once the dNTP binds and positioning of the template-primer in the active site. There
induces a conformational change, the F272 side chain isis also a 99 bend in the template DNA as it moves through
translocated between Arg258 and Asp192 and is postulatedthe active site; this permits the interaction of thetnl
to break the salt bridge between Aspl192 and Arg258, template residue with the 8 kDa domain of ghlresulting
allowing Asp192 to bind to the catalytic Mtjion. Asp192 in displacement of the f 1 residue out of the active site
must interact with the Mg ion for catalysis to occurl@). and away from catalysis. Residue R283 is proposed to
Since a phenylalanine and a leucine residue have a similarstabilize the templating base and is critical for fideli82).
van der Waals volume, the alteration of F272 to L should The alteration of R283, especially to Ala, results in a
not alter the rate of catalysis. This is consistent with our significant decrease in both catalytic efficiency and fidelity
kinetic studies which demonstrate that the maximum rate of (17, 32).
catalysiskno, Of F272L mutant is very similar to that of WT. Here we show that discrimination during ground-state
We s_peculate that radical alteration of F272 to a residug with binding of the dNTP also influences the fidelity. In this study,
considerably less van der Waals volume may result in an e identified a mutator mutant, F272L, that influences the
inactive pol 5 mutant, which will not be detected in our fidelity by decreasing the discrimination between correct and
genetic screen. incorrect dNTP during the ground-state binding. Multiple
Pol 5 Fidelity and Structure of the Primer-Templai&e conformational changes are also critical for fidelity. The
have employed two different in vitro assays to demonstrate structural and biochemical information shows that pol
that the F272L protein possesses intrinsic mutator activity. undergoes a conformational change from an open complex
In the HSV1k assay the spontaneous mutation frequency of before the dNTP substrate is bound to a closed complex once
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Ficure 3: Deoxyribonucleotide triphosphate (dNTP) binding pocket in the open conformation (A) before dNTP binding and in the closed
conformation after the ddCTP binding (B). Amino acid residues Y271, F272, D276, template, primer, downstream DNA, templating base,
incoming dNTP, and Mg ion are indicated. The pictures shown here were generated using Ribbons software and the X-ray crystal structure
coordinates published by Sawaya et aB)(

the correct dNTP is in the active sité1 13, 15, 18, 19). the carboxyl-terminal domain of pgl to form the closed
The conformational change is proposed to align the primer, active conformation. Indeed, the Y265C mutator mutant
template, dNTP, magnesium ions, and the catalytic residuesidentified in our lab is defective in both catalytic efficiency
of the protein in the optimum geometric configuration for and fidelity 1).

the nucleotidyl transfer reaction to occur. It has been
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