Biochemistry1998,37,2111-2119 2111

The Mutator Form of Polymeraggwith Amino Acid Substitution at Tyrosine 265
in the Hinge Region Displays an Increase in both Base Substitution and Frame Shift
Errors

Patricia L. Opreskd,Joann B. Sweasyand Kristin A. Eckert*

Department of Biochemistry and Molecular Biology and The Jake Gittlen Cancer Research Institute,
Pennsydania State Urversity College of Medicine, M. S. Hershey Medical Center, P.O. Box 850,
Hershey, Pennsy&nia 17033, and Departments of Therapeutic Radiology and Genetics, Yalerkity School of Medicine,
333 Cedar Street, New Han, Connecticut 06520

Receied September 11, 1997; Reed Manuscript Receéd December 4, 1997

ABSTRACT: This study describes the first complete in vitro error specificity analysis of a mutator DNA
polymerase that is altered in a residue not predicted to contact either the DNA or dNTP substrate. We
examined this mutator form of polymerag8€Y265C) in order to elucidate the critical role tyrosine 265
plays in the accuracy of DNA synthesis. Our results demonstrate that an increase in both frame shift
errors in homonucleotide repeat sequences and base substitution errors contribute nearly equally to the
Y265C mutator phenotype. The models described for production of these errors, primer/template
misalignment and base misincorporation, respectively, are distinctly different, suggesting the Y265C
alteration affects discrimination against both types of error production pathways. In addition, Y265C
displays a 530-fold increase in multiple errors within the 203-base pair target region examined, relative
to that of wild type. Processivity studies revealed that Y265C retains the near distributive nature of DNA
synthesis characteristic of the wild type polymergseTherefore, multiple errors exhibited by Y265C

most likely result from independent polymerase binding events. Localization of tyrosine 265 in the X-ray
crystallographic structure suggests this residue may play a role in mediating a conformational change of
the polymerase [Pelletier, H., et al. (19%pchemistry 3512742-12761]. A conformational change is
predicted to enhance the accuracy of DNA synthesis by imposing an induced fit selection against
premutational intermediates. The observed loss of discrimination against both misalignment-mediated
and misincorporation-mediated errors produced by polymerase Y265C is consistent with such a model.

The accuracy of the DNA polymerases involved in DNA mechanisms DNA polymerases utilize for accurate DNA
repair and replication is important for maintaining the synthesis, structural information concerning the specific
integrity of the genome in both eukaryotes and prokaryotes. amino acid residues involved in these processes is limited.

Detailed kinetic studies of DNA synthesis by several oy crystal structures elucidated for Klenow fragment,
polymerases descrlt_)e various b'OChem.'Ca_l stages of DNA Thermus aquaticu®NA polymerase, HIV-1 reverse tran-
polymerase error discrimination, and indicate that poly- scriptase (RT), polymeragk and bacteriophage RB69 DNA

ey e ey o 261 o © polymerase L1, eveal hat DNA polymerases share
y ’ g common structural features. Therefore, structiftmction

error discrimination occurs at the nucleotide binding level studies based on more simple polymerases are likely to
roun lectivi nd is a function of the fr ner S .
(ground state selectivity) and is a function of the free energy provide information relevant to all polymerasd®). These

of base pairing between the incoming nucleotide and the . e . ;
P g g structures have allowed identification of residues predicted

template base. A second stage, induced fit selectivity, is
imposed by a conformational change in the polymerase Ioriorto contact both the DNA and dNTP substrates, and therefore

to chemistry which may be inhibited by the presence of have been important for structuréunction studies designed

mispairs 4). Differential rates of phosphodiester bond to elucidate the_role these_ residues_ may play in the fideli_ty
formation for correct and incorrect base pairs is an additional ©f DNA synthesis. Alteration of residues in the subdomain
mechanism of error discriminatiorl){ Although kinetic predicted to contact the primer/template DNA results in an

analyses have provided biochemical information about the increase in frame shift errors presumably by primer/template
misalignment. Examples of these polymerase mutators
T This research was supported by Research Project Grants CNl44mCIuc.ie ('.;ZGZA and Y266A mutants of HIV-].' R'[[Iﬂ) anq
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Cancer Society. in helix H1 (14). In contrast, alterations in residues predicted
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Y766A and Y766S of Klenow polymerasd 5, 16), and
Y865S of human polymerase(17). In addition, alterations

in HIV-1 RT residues predicted to interact with either the
incoming dNTP (Y115) or the sugar moiety of either the
primer nucleotide or the dNTP (M184) result in increased
misinsertion errors1@, 19). Polymerasgs mutants have
been constructed utilizing the X-ray crystal structure predic-
tion that residues N279, Y271, and R283 are within hydrogen
bonding distance of the incoming dNTP, the terminal primer
nucleotide and the templating nucleotide, respectived. (
Mutants which alter the R283 residue (AL > K) result

in significantly reduced catalytic activity and misinsertion
fidelity, while frame shift fidelity has yet to be examined
(6, 20).

We have used an alternative approach based on a geneti
screen inEscherichia colito identify residues important for
accurate polymerageDNA synthesis21). We have found
a class of mutator polymerases with amino acid changes in
structural regions not predicted to directly contact substrate
(21). Two of the isolated mutators have a single amino acid
change at position 265 located in a hinge region connecting
two subdomains, which is predicted to mediate a conforma-
tional change 10). One of these mutant polymerases
Y265C} confers a 30-fold increase in mutation frequenc
measured irkE. coli, relative to that of wild type polymerase
B (B-wt) (21). Kinetic studies demonstrated that this mutator
is catalytically active, although the steady state catalytic rate
(Kea) @andKmpnaacivategyare 20- and 5-fold lower, respectively,
compared to those of-wt (21). In addition, in vitro

Yy

reversion mutagenesis assays suggested that the frequency

of frame shift and base substitution errors at a single site
was increased for Y265C, relative to that®iwt (21). In

this study, we used an in vitro forward mutagenesis assay
to determine the specific types of frame shift, base substitu-
tion, and other errors Y265C produces in various sequence
contexts, relative to wild type, to elucidate the mechanism

of increased error production. We report the first complete

error specificity analysis of a mutator polymerase altered in

a residue not predicted to contact either the DNA or dNTP

substrates.

MATERIALS AND METHODS

Reagents Wild type rat polymeras@ and mutator pol
Y265C were purified as described previousBl). The
proofreading-deficient form of the Klenow fragment Bf
coli DNA polymerase | (Exo Klenow) was purchased from
Amersham Life Science, Inc. (Arlington Heights, IL). All
restriction enzymes were supplied by Gibco BRL Life
Technologies (Gaithersburg, MD) and used according to the
manufacturer’s protocol. The sequence of the DNA oligo-
nucleotide used as a primer for DNA synthesis reactions is
5-GGT ACG TAG ACG ATA TCG TC (Pharmacia,
Piscataway, NJ).

HSV-tk Forward Mutational AssayPolymeraseg-wt and
Y265C were used in the HStkforward mutational assay
to compare in vitro mutation frequencies, as reported
previously @1). To ensure independence of selected mutant
colonies for the mutational spectra, FT334 cells were

! Abbreviations: Pol, polymerasg:wt, wild type DNA polymerase
f; Y265C, mutant DNA polymerasg, HSV-tk, herpes simplex virus
type 1 thymidine kinase.
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aliquoted into multiple tubes containing VBA broth im-
mediately after electroporation as previously descril22) (
Cultures were incubated at 3T for 2 h and then plated
separately on selective media. To determine mutation
specificities, theMlul-EcoRV target region of one or two
mutants selected from each tube was analyzed by dideoxy
DNA sequence analysis using Sequenase 2.0, according to
the manufacturer’s protocol (Amersham Corp., Arlington
Heights, IL). Mutants selected from the same tube that
contained identical mutations were not considered indepen-
dent and were counted as one mutant.

Analysis of Mutation Frequencies in the HSV-tk Assay.
The HSVik mutant frequency is defined as the number of
colonies resistant to both 4aM 5'-fluoro-2-deoxyuridine

?FUdR) and 50ug/mL chloramphenicol (Cm) divided by

the total number of Cm-resistant colonies. The observed
mutant frequencies were adjusted for plasmids that had no
alterations in theMlul-EcoRV region or which contained
large deletions resulting in loss of this region as determined
by restriction enzyme digestion. These plasmids are assumed
to contain pre-existing, inactivating HSt-mutations in the
gapped molecule used for hybridization. Observed mutant
frequencies were also corrected for the existence of multiple
mutations in order to obtain an estimated polymerase error
frequency (EEs) according to the following formula:

4
(1/n)(mutants withn errors/

n=

M I:obs =

total sequenced mutants)(EJF

To determinen, the number of independent errors (4 was
the maximum observed in this study), each error within the
DNA target region of a given mutant colony must be
classified as (1) detectable or undetectable and (2) tandem
or nontandem. Only detectable, nontandem errors are
considered independent. A detectable error is defined as one
that results in an FUdR-resistant phenotype in the absence
of other errors. All frame shift errors are assumed to be
detectable. Known detectable base substitutions are found
in the HSVtk database of approximately 800 sequenced
mutants (K. Eckert, unpublished data). Tandem errors are
defined as adjacent errors, or those occurring at sites closer
than 15 nucleotides for which no evidence exists for either
error occurring alone. These errors may have resulted from
one complex error event by the polymerag8)(and are
ambiguous; thus, they are excluded from specificity analyses.
Conversely, errors are defined as nontandem if both occurred
at sites where evidence exists for errors occurring as single
or independent polymerase binding events at the same site.

We assumed multiple errors spaced more than 15 nucleotides

apart resulted from independent polymerase binding events,
as our processivity studies show that the maximum length
of DNA products synthesized per p6lbinding event is 15
nucleotides under these reaction conditions (see belowy. EF

values were calculated for each polymerase and used to

calculate frequencies of specific types of errors. Differences
in proportions of specific types of errors were analyzed
statistically using Fisher’s exact test (two-taile@y

LacZ Opal Codon Rersion Mutation AssayAn M13mp2
lacZo. reversion assay was used to compare base substitution
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frequencies for pols-wt and Y265C 25). This DNA
substrate contains an opal codon at positions&¥ which
results in defectivex-complementation off-galactosidase
activity. Polymerase reaction conditions to fill the 362-

Table 1: Error Specificity by Class of Y265C apewt in the
HSV-tk Forward Assay

frequencyx 104 (number observed)

nucleotide gapped substrates were identical with those used___&"" €1ass Y265C pwt Y265CH-wt
in the processivity and HSYk assays, and included 0.1 pmol ~ MFobs 440 (79) 14 (86) 31
. single 180 (33) 14 (83) 13
of DNA and either 20 pmol ofi-wt or 205 pmol of Y265C. multi
. . o . g ple 260 (46) 0.49 (3) 530
Following electroporation of in vitro synthesis products into  gg. b 470 14 34
E. coli strain MC1061, polymerase errors which partially  base substitution 74 3.2 23
frame shift 330 10 33

restorelacZ activity were identified by plating on screening
media as described previousBE|. Using this method, eight 2 MFpsis the average observed mutation frequency from one Y265C
possible base substitutions can be detected excluding errorgeaction and threg-wt reactions” EFes;is the estimated polymerase
at C residues and G- A base substitutions. error frequency_ (see Materials and Methods) which corrects the
. . . . . observed mutation frequency for multiple errors..&EF used to
P_roce_ss’”ty Reactions Five p'com0|es of primer Was  acjate the error frequency of detectable base substitution and frame
radioactively labeled at the®nd using $-32P]JATP (5000 shift errors.
Ci/mmol) (Amersham Corp.) and T4 polynucleotide kinase
(Gibco BRL Life Technologies) according to the manufac- 104 for S-wt and Y265C, respectively. We observed a 13-
turer’s protocol, incubated with 5 pmol of M13tk3.5 ssDNA  fold increase in the frequency of Y265C HSk-mutants
at 85°C for 5 min, and allowed to cool to room temperature. containing only one error within the 203-base pair target
Hybridization reaction mixtures were purified using G-50 region relative tg3-wt (Table 1). Moreover, the frequency
Sephadex Quick Spin columns (Boehringer Mannheim Corp., of mutants containing two or more errors in the DNA target
Indianapolis, IN) and Microcon-30 ultrafiltration units (Ami-  sequence is markedly increased (530-fold) for Y265C over
con Inc., Beverly, MA). For each hybrid, a control for the S-wt. This increase in the frequency of multiple errors was
percent hybridization of primer/itemplate substrate was reproduced in an independent synthesis reaction using a
performed by incubating 150 fmol of Klenow Exand 250 different preparation of Y265C, where DNA sequence
fmol of primed M13tk3.5 ssDNA substrate in buffer contain- analysis of 28 mutants demonstrated a frequency of:240
ing 20 mM Tris-HCI (pH 7.5), 10 mM MgG| 2 mM 10 for single errors and 326 10* for multiple errors.
dithiothreitol, and 1 mM dNTPs for 60 min at 3C. For To compare accurately the frequencies of specific types
the processivity reactions, 500 fmol of oligonucleotide- of polymerase errors for Y265C angtwt, the observed
primed ssDNA was preincubated at 32 for 3 min, using mutant frequency was corrected for the existence of multiple
reaction conditions identical to those of the H&#/assay. errors (see Materials and Methods). As shown previously,
Synthesis reactions were initiated by the addition of poly- each FUdR-resistant colony reflects one detectable poly-
merase, in amounts indicated in the figure legends. Aliquots merase error in the HSYk target @2); therefore, mutants
were removed at various times and added to an equal volumethat contain more than one detectable error within the target
of stop dye (99% formamide, 5 mM EDTA, 1 mg/mL xylene region result in an underestimation of the true polymerase
cylanol, and 1 mg/mL bromophenol blue). DNA reaction error frequency. For example, two phenotypically detectable
products were separated on a 12% denaturing polyacrylamideerrors occurring in the target region of one mutant colony
gel, using a DNA sequencing ladder as a marker. Quanti- would have resulted in two mutant colonies had the errors
tation of DNA reaction products was performed using a occurred on separate DNA molecules. The estimated poly-
Molecular Dynamics Phosphorimager (Sunnyvale, CA). The merase error frequency for Y265C is 4%010* and for
amount of DNA in the primer band was corrected for the g-wt is 14 x 1074, a 34-fold difference (Table 1). A
percent hybridization of radiolabeled primer to templates. comparable increase was observed for frame shift and base
The degree of DNA synthesis for each polymerase was substitution errors; therefore, an increase in both types of
defined for each reaction as the percent primerftemplateerrors contribute nearly equally to the observed mutator
extension, calculated as the amount of extended primer/phenotype. Similar to pgi-wt, the Y265C mutator produces
template molecules divided by the total amount of primer/ a higher proportion of frame shift errors than base substitu-
template molecules in the reaction (extendednextended).  tion errors. Moreover, the characteristic pattern of error-
RESULTS prone hot spots in homopolymeric template sequences

observed in the error spectrum @fwt is maintained in the
Specificity of Polymerases Y265C ghvt in the HSV-tk Y265C spectrum (Figure 1), indicating that the mutator
Forward Mutation Assay To elucidate the mechanism of

Y265C retains some error specificity featuresfedvt.
the Y265C mutator polymerase, we have compared the error

Effect of Y265C Substitution on Misalignment-Mediated

types produced by Y265C with those producegbbyt under
identical reaction conditions. HSW-mutants were produced

Errors. The molecular mechanism for error production in
homonucleotide repeat sequences involves polymerase exten-

during in vitro primer extension DNA synthesis using an sion synthesis from misaligned primer/template DNA struc-
oligonucleotide-primed ssDNA template and were selected tures, which can result in two distinct frame shift errd2g)(

in E. coli, as previously described2l, 22). Table 1 If the misalignment results in extrahelical template bases,
summarizes the results based on DNA sequence analysis ofleletion errors result, whereas extrahelical bases in the primer
79 mutants from one Y265C reaction and 86 mutants strand result in base addition errors. An overall increase in
collected from thregs-wt reactions. The specific sequence the frequency of frame shift events (Table 1) was measured
changes of the mutants are presented in Figures 1 and 2for Y265C compared to that fgt-wt, the majority of which

The observed mutant frequencies arex1404 and 440x occur in homonucleotide or dinucleotide repeats (Figure 1).
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Ficure 1: HSV-tk forward mutational specificity of polymerasgsnt and Y265C. The DNA template shown is thtul-EcoRV mutational

target containing the ATP binding site of the H3/gene. Letters above the line indicate base substitutions, and symbols below the line
represent frame shift mutations: one-base deletiasqne-base additionsaj, and two-base deletion$]. All single change mutational

events are indicated in red. Not shown on the spectrg-avedeletions (27 base pairs between 242 and 268, 9 base pairs between 221 and

229, and 29 base pairs between 241 and 269) and Y265C deletions (28 base pairs between positions 241 and 268 and 28 base pairs betweel
positions 120 and 147, as part of a multiple error, Figure 2). Tandem multiple errors (Figure 2) were excluded.

We determined that, for both Y265C aiidwt, one-base  primer slippage events (resulting in one-base additions),
frame shift error rates increased 7-fold as the repeat lengthrelative to other frame shift mechanisms and to thi-oit.
increased from two to three nucleotides and 4-fold as the Alternatively, sequence context effects may explain the
length increased from three to four nucleotides (Table 2). difference in mutator effect for two-base deletions and one-
Therefore, while Y265C retains a one-base frame shift error base additions, whereby alterations in polymergsémer/

rate versus repeat length dependence similar to thavef template interactions result in different error-prone hot spots.
this mutator demonstrates an increased error rate at all repeator example, the majority of two-base deletions occur at the
lengths (~50-fold), relative to that off-wt. (TA); dinucleotide repeat at positions 22219 (Figure 1),

The one-base deletion frequency represents the largest hot spot for two-base deletions observed previously for an
frame shift class for both polymerases (Figure 3). The 39- independent preparation of péiwt (22). This is the only
fold increase in the frequency of these errors for Y265C, site where a large difference is observed in the proportions
relative to that off-wt, is similar to the 33-fold increase of two-base deletions produced by each polymerase. While
observed for total frame shift errors (Table 1). In contrast, Y265C does display an increased frequency of two-base
the two-base deletion frequency is increased by only 8.6- deletions (4-fold) at this site relative to that@fwt (Figure
fold, whereas the one-base addition frequency is increased3), the proportion of these errors relative to total frame shifts
72-fold for Y265C, relative to that g8-wt (Figure 3). These s significantly lower for Y265C s3) than for S-wt (>¥/s3)
differences in observed frequency increase for Y265C (p = 0.0001). Another hot spot for Y265C is the (G)
suggest the mutator may be markedly more error-prone for sequence at positions 23240 where a large majority of
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Site Error Site Error Site Error Site Error 200 7
1. Pol Y265C C. Triple Mutants J_ / Error Class Sequence
A. Double Errors 91 G-HA 147-149 AC = /
106 G-A 163 AG 276-277 AT 100 - Context
i TSG 237240 AG < 7,
120 C>G 226229 AC 9495 T 156 GoA o / 7
136 A—G 237240 AG 236 T—C - 7 /
139 GoA 237240 AG % 80 [ Z
146 G—oA 200 AC 100 C->T 105 AT > / %
146 G-A 223224 AG 272 AT 2 7 7
146-149  AC 236 ToA* S 60 /
168 CoA 230 A—>G* 143 T-C 146 G—A 3 N / /
170 C->T 248-249 AC 237-240 AG g / /
177 C->T 237-240 AG — / / /
179 G—oA 226-229 AC 156 G->A 203 T-HC* w 40 / /
180182 AC 245246 AC 236 TC = 7 7
196-198 AC 120-147 A28 bp - % % %
196-198 AC 278 C->T 157 C->T 187 C->T m / / /
196-198 AC 273275 AG 263 T—C* 20 / 7 /
199 AA 276277 AT / % /
201 GoA 214-219 <$TA 176 T-G 201 G—oA / / /
208 CHG 214219 $TA | 226229 AC 0 7 7 7
212 T-C 230 A—>G* T T
226-229  AC 268 GoA | 200 AC 206 AT o @ @ f) =
226229 AC 277 T-G* | 237 G-T @ a & < o
237240  AG 242 A—T* o a a - =
237-240 AG 277 T—-C D. Quadruple mutants - o~ -~ ~
237-240 AG 278 C-oT 106-109 <GC 111 T-G 1 1 +
241-244  AA 248 C-oA 221 A-HG* 237 G->T
242 A->T* 268 G-oA .
248 CoA 276277 AT 112 TG 142 T-G Frameshift Type
773275 4G 78 CoT [ 214219 ©TA 268 GoA FIGURE 3: Frame shift error specificity of polymerases Y265C and
B. Tandem or near tandem doubles | 120 Co>G 142 T—>C B-wt. Error frequency values are calculated using the estimated
260 4G T SA—’CTC) 200 ac 206 AT polymerase error frequency, EF This analysis includes 63
237-240  AG 244252 -(ACC)| IL Pol B-wt Double mutants independent frame shifts for each polymerase and excludes frame
;ﬂ 268: %-252 XACTO %?g . ggg 522-219 XgA shifts that occurred as a tandem error event. Values in the sequence
545246 Cotx 245046 AC | 245 oor T context category represent the frequency of two-base deletions at
the (TA) repeat, positions 214219, and one-base additions at the

FIGURE 2: List of Y265C andB-wt HSV-tk mutants containing ~ (G)s repeat, positions 237240 in the HSVtk gene: hatched bars,
multiple errors. Italicized changes denote tandem or near tandemY265C; and solid barg-wt.

errors. Detectable base substititions are indicated by an asterisk.

Frame shifts: one-base deletions)(one-base additions, and Effect of Y265C Substitution on Mispairing-Mediated
two-base deletionsX). The T— C base substitution at position [Errors. The molecular mechanism for error production by
263 is assumed to be phenotypically detectable alone because Id' | iscoding is distinct f h £ ori /
results in an amino acid change from leucine to proline. In addition, dIr€Ct polymerase miscoding is distinct from that of primer
the other two errors in this mutant result in a TAG nonsense condon template misalignments; therefore, we analyzed the effect
which is suppresible in the FT334 strain. of the mutator Y265C on this class of mutations. The HSV-
tk forward assay was used to determine the types and

Table 2: Error Rates of One-Base Frame Shifts as a Function of  proportion of base substitution errors Y265C produces, as

Repeat Length in the HSW Forward Assay all 12 possible mispair errors can be detected in this target.
nugl?a-o?ifdes error raté x 10°5(number observed) As shown in Table 1, Y265C has a 23-fold higher base
in the repeat Y265C Bwt Y265C-wt substitution frequency tharwt, comparing only those base

1 18(7) 0.047 (6) 39 substitutions known to result in gdetectable H&\mutant

2 14 (7) 0.29 (5) 48 phenotype. However, the majority of Y265C-produced base
3 98 (15) 2.0 (10) 49 substitutions {/s,) occur as multiple errors (Figures 1 and

4 _ 370 (28) 7.9 (20) 47 2). The phenotypic consequences of these errors are
frame shift EF 3300 (63) 100 (63) 34

unknown, as the HSYk gene is not fully saturated for all

& Error rates were calculated by multiplying the total frame shift error  possible inactivating base substitution mutations, precluding
frequency (EF; see Table 1) by the proportion of one-base frame shifts direct comparison with thé-wt error spectrum. Therefore
at each repeat length per total frame shifts and then dividing by the lacz | cod . hich f b,
number of occurrences of each repeat length in the target sequen(:e.a ac - OPa codon reversion assay, whic ; _Ocuseslon ase
substitution errors at three template positions during gap-
Y265C does notﬁllmg synthesis, was used to compare Y265C @gndt base

the one-base additions occur. Interestingly, N e ) -
demonstrate a high prevalence of one-base additions elseSubstitution specificities. In this assay, the base substitution

where in the target sequence (Figure Brwt also makes frequency of Y265C is 46-fold higher than that observed
one-base additions at the (Gite, but the frequency of for A-wt (Table 3).

Y265C-produced additions here is much higher (86-fold,  The ranking of specific base substitution errors for Y265C
Figure 3), and the difference in proportion of these errors, at the HSVtk gene are presented in column 3 of Table 3 as
relative to total frame shifts, between the polymerases is proportions of total observed base substitutions. The transi-
significant @ = 0.02). On the basis of these data, the tion base substitutions represent the largest class (65%) and
differences observed in the proportion of one-base additionsare ranked in decreasing order of frequency as follows:
and two-base deletions between Y265C gnadt most likely G-dTMP > C-dAMP = T-dGMP = A-dCMP. The next
reflects sequence-dependent differences in template interactargest class observed were pyrimidimgimidine (pyrpyr)
tions by the two polymerases. Thus, we do not believe mispairs (23%) followed by purinpurine (purpur) mispairs
Y265C is a mutator specifically for the primer slippage (12%). All four possible pypyr mispair errors were
events which result in one-base additions, but rather, Y265Cdetected for Y265C; however, only two of four possible
is a general mutator for misalignment-initiated frame shifts. purpur mispairs were detected (#AMP and GdAMP).
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Table 3: Base Substitution Error Specificity of Polymerases Y265Cawt

number observed (proportion)

base HSV-tk gene lacZgené
substitution class mispair Y265C Y265C [-wt
T—A T-dTMP 1(0.019) 3(0.020) 1(0.0087)
T—G T-dCMP 5(0.10) 16 (0.10) 0<0.0087)
T—C T-dGMP 7(0.13) 66 (0.43) 4 (0.035)
A—T A-dAMP 3(0.058) 4 (0.026) 10 (0.087)
A—G A-dCMP 6(0.12) 56 (0.37) 94 (0.82)
A—C A-dGMP 0 (<0.019) 1 (0.0065) 0<0.0087)
G—T G-dAMP 3(0.058) 6 (0.039) 3(0.026)
G—A G-dTMP 13 (0.25) ND ND
G—C G-dGMP 0 (<0.019) 1 (0.0065) 3(0.026)
C—T C-dAMP 8(0.15) ND ND
C—A C-dTMP 3(0.058) ND ND
C—G C-dCMP 3(0.058) ND ND
overall base substitution 74 87+ 19 1.9+0.1

error frequencyx 104

aThe error frequency for the HStk-gene was calculated using the &End only detectable base substitutiohBor the LacZ reversion assay,
total mutants included 153 for Y265C and 115 fbwt. The error rate per nucelotid2) can be calculated with the formula (error frequency
proportion)/0.6. ND= not detectable.

The base substitution error specificity at theZ gene opal population distribution of product molecules was determined.
codon of Y265C is compared fwt in columns 4 and 5 of  As the enzyme amount was decreased from 260 fmol of
Table 3. Y265C has an increased frequency of all detectableY265C and from 21 fmol of3-wt, the product distribution
base substitution types, relative fhwt. The T-dGMP remained constant (Figure 4A). A representative autorad-
mispair occurs in the highest proportion at tlaeZ gene iogram (Figure 4A) shows DNA synthesis products for
and at a frequency 580-fold higher than thapeiit (Table reaction mixtures containing 100 and 53 fmol of Y265C
3). The transition to transversion base substitution ratio is (lanes +2) and 10 and 5.2 fmol gf-wt (lanes 3-4). For
slightly higher forj-wt (5.7) than for Y265C (4.0) (Table these reactions, the product distribution is independent of
3). The change in this ratio is due to a significantly higher enzyme concentration, indicating products represent one
proportion of Y265C-produced transversion errors resulting cycle of DNA synthesis. The product distribution is also

from pyr-pyr mispairs (0.12), relative to that gfwt (0.01) independent of time as shown by the time course reactions
(p = 0.0002). In contrast, there is no significant difference (Figure 4B). The total percent of primer/template extended
in proportion of errors resulting from purirgurine (purpur) also varies little up to a 60 min reaction time. Therefore,

mispairs between the two polymerases (Y265C, QH8&1, we believe that upon polymerase dissociation, the majority

0.14). In summary, whereas the Y265C mutant frequency of the enzymes may bind nonproductively to single-stranded
is generally increased for all base substitution classes, theregions of the primer/template via the polymerase 8 kDa
magnitude of increase over that @gfwt is highest for domain, which demonstrates high affinity for ssSDN28J.
T-dGMP and pympyr mispairs. Comparing pol Y265C angs-wt one-cycle synthesis

Effect of Y265C Substitution on Processi. We estab- products, we observe that both polymerases exhibit generally
lished the processivity of the mutator polymerase to deter- distributive synthesis when utilizing an oligo-primed ssDNA
mine whether the multiple errors produced by Y265C template. When DNA synthesis is initiated from primer 282
resulted from a single polymerase binding event during one (Figure 4B), molecules up to nine nucleotides long for
round of DNA synthesis or from several independent Y265C and eight nucleotides f@rwt are visible, comparing
polymerase binding events. Measuring processivity requiresreactions of equivalent DNA synthesis amourtsl§%).
the limitation of primer extension to one round of synthesis However, a large proportion, 4k 1 and 44+ 2%, of the
and is influenced by substrate and reaction conditi@®s (  Primer/templates were extended by only one nucleotide for
Due to the 20-fold differences in they for the two forms ~ f-wt and Y265C polymerases, respectively, while the other
of pol # analyzed 21), we chose to conduct processivity half continued to incorporate a few additional nucleotides.
analyses using the template excess method described byhus, the majority of Y265C enzymes synthesize DNA in a
Bambara et al.q7). We used conditions of nearly identical near distributive manner, similar fbwt, indicating that the
amounts of DNA synthesis for each polymerase and a multiple errors observed during Y265C DNA synthesis result
reaction buffer composition and oligonucleotide-primed from several polymerasBNA binding events.
circular ssDNA substrate identical with that used in the
mutational analyses. DISCUSSION

The magnitude of template excess necessary to efficiently In this study, we determined the error specificity of the
prevent polymerase re-binding to the previously extended catalytically active polymerasg mutator, Y265C, relative
DNA molecule was determined empirically for each poly- to S-wt, to elucidate the critical role amino acid tyrosine 265
merase by ensuring that the reaction product distribution wasplays in the fidelity of pol3 DNA synthesis. Our results
independent of enzyme concentration and ti2id.( Reac- demonstrate that polymerase Y265C is a mutator for frame
tion products were quantitated for various amounts of Y265C shifts in homonucleotide repeat sequences as well as for base
and S-wt at a constant substrate concentration, and the substitution errors in heteronucleotide sequences during in
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e in conjunction with the X-ray crystallographic studies, and
\stsc will propose a role for Y265 in the fidelity of polymerage
DNA synthesis.
; i Polymerase Y265C is the first well-characterized mutator
& e polymerase that demonstrates a dramatic increase in the
£ " frequency of multiple errors within a small target region,
v _ relative tog-wt (Table 1). This finding is quite remarkable,

A.

Bowt
since Y265C is altered in an amino acid that is not predicted
to interact with the DNA and dNTP substrate0)
Therefore, we examined the effect of the Y265C alteration
on the processivity of DNA synthesis in order to determine
20 40 600 20 40 60 whether the multiple mutations could have been produced
Percent of total products during a single polymerase binding event. The processivity
of pol B has been shown to vary significantly depending on

Y265C p-wt Y265C B-wt the activating metal cation, dNTP substrate concentration,
e N and DNA primer/template structur4-31). Using the
- : same primer/template and buffer conditions (1 mM dNTPs)
B : that were used in the HStk-forward mutational assay, we
| demonstrate that the majority of both Y265C afiet
] enzymes synthesize DNA in a near distributive manner,
=i
——
40

Nucleotide(s) added
= N W AR O N ®©® ©

(=1

Nucleotide(s) added ;
- N WA O D N ® ©

1

L

adding one or two nucleotides per association (Figure 4).
This laddering pattern has been described previously for pol
p using similar primer/template substrate30) In our
12 3 PP system, Y265C retains the distributive nature of DNA
synthesis that is characteristic @fwt, and is not a proces-
. ) sivity mutant. Therefore, for3-wt and Y265C, many
FiGUREe 4: Comparison of polymerases Y265C afiht during polymerase binding events are necessary to complete syn-

one cycle of DNA synthesis products at the H&gene. (A) DNA . ; ) . .
synthesis distribution as a function of the template:enzyme ratio. tN€Sis of the mutational target. We interpret the increase in

(Left panel) Population distribution of primer extension products Multiple errors seen in the Y265C spectrum as being due to
for various amounts of Y265C arfiiwt and a constant amount of ~an increased Y265C error rate per binding cycle. An

ssDNA primer/template (500 fmol) Y265C amounts include 260 increased frequency of mu|t|p|e errors re|ativq§’twt may

fmol (filled bars), 100 fmol (open bars), and 53 fmol (hatched bars). it : : ;
B-wt amounts include 21 fmol (filed bars), 10 fmol (open bars). be a characteristic of catalytically active ghinutators, given

and 5.2 fmol (hatched bars). Values for 100 and 53 fmol of Y265C the requirement of multiple binding events to synthesize
and 21 fmol ofB-wt represent averages and standard deviations 2Cross an entire gene.

from three independent reactions, and values for 10 and 5.2 fmol  The Y265C mutator is unique in that it displays a nearly

of B-wt represent averages and standard deviations from two equal increase in frequency of both base substitution and

independent reactions. (Right panel) Autoradiograms of primer . - - .
extension products separated on a 12% denaturing polyacrylamideframe shift errors, relative to wild type, which result from

gel. Mixtures from 60 min reactions contained 500 fmol of errors initiated by base mispairing and primer/template
oligonucleotide-primed ssDNA template of either Y265C [100 fmol misalignment, respectively (Figure 1 and Table 1). The one-
(lane 1) and 53 fmol (lane 2)] g#-wt [10 fmol (lane 3) and 5.2 base frame shift error rates for both Y265C #@hdt increase

I.mo' ('(‘"JI‘_”eﬂ 4l (BI)) BNA |S¥.”the§.'5t ‘.jt')Sttr.'b”t'of” as a functt'O“.Of as the length of the homonucleotide repeat increases (Table
ime. e ane opulation aistripution O rimer extension .

products froF:n reactiorqs including 500 fmol OFf) primed ssDNA 2), as observed prQVIous!y fqﬂ-.vvt. and o-ther DNA poly-
template and either 53 fmol of Y265C or 10 fmol @twt, merasesd6, 32). This relationship is consistent with a frame
terminated at 15 min (filled bars), 30 min (open bars), and 60 min shift error mechanism initiated by primer/template misalign-
(hatched bars). Values for Y265C afidvt represent averages and  ment, since as the repeat length increases, the number of

standard deviations from three and two independent reactions, . rect pase pairs that could potentially stabilize the mis-
respectively. (Right panel) Autoradiograms of primer extension

products separated on a 12% denaturing polyacrylamide gel. Timeal'gned P”mer/template also increas@§)( In ad(,j't,'on'
course reactions are 15, 30, and 60 min for Y265C (lane3)1 ~ Y265C displays a mutator phenotype for base misincorpo-
and for 5-wt (lanes 4-6). %E values represent the percentage of ration-initiated errors at two different mutational targets, the
primers extended for each reaction. HSV-tk gene and théacZ gene (Table 3). In this respect,

. ) ) i . . pol Y265C differs from previously identified mutator poly-
vitro primer extension synthesis. The mechams_ms des_crlbedmerases which demonstrate an increase in the frequency of
for the production of these error types are distinctly differ- arrors initiated by one mechanism or the oth@8)( For
ent: primer/template misalignment and base misincorpora- example, mutator forms of HIV-1 RT that are more error-
tion, respectively. In addition, Y265C displays a 530-fold prone for misalignment-initiated errors contain an alteration
increase in multiple errors within the small target region in the proposed thumb domain, suggesting that this domain
examined, relative to that gi-wt. Localization of tyrosine may be important for selecting against primer/template
265 in the X-ray crystallographic structurk0f suggests that  misalignments 13). Alternatively, several mutant poly-
this residue may play a role in mediating the polymerase merases have been described that are altered in an amino
conformational change predicted to occur after ANTP binding acid predicted to interact with the substrate at the active site.
but prior to chemistry. The following discussion will Those which are mutators demonstrate an increase specifi-
interpret the error specificity results of the Y265C mutator cally in misincorporation-mediated base substitutidh4 b,

1l

-

(=1

20 40 0 20
Percent of total products %E 15,15,15 14,16,16
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16, 20, 34). The alteration in Y265C affects a distinctly
different error discrimination mechanism, one that selects
nearly equally against both misalignment and misincorpo-
ration premutational intermediates.

Both s-wt and Y265C demonstrate the ability to form and

Opresko et al.

Y265C may form an aberrant or less stable closed conforma-
tion or, alternatively, may be completely defective in
changing conformation. As the hinge region is lined on
either side by hydrophobic residues, the introduction of a
polar side chain (cysteine) might destabilize or alter the

extend mispairs, and the observed increase in base substitustructure of this regionl0). A defect in the conformational

tion frequency for Y265C reflects reduced fidelity at either

change formed by the Y265C polymerase may loosen the

or both steps. The ranking of base substitution proportions constraints normally imposed on newly formed base pairs,

for Y265C observed at the HSW¥-gene is very similar to
that at thelacZ gene. The most prevalent base substitution
observed for Y265C at the HS¥-gene resulted from G
mispairs. Unfortunately, none of these occurred at HEV-
sites known unequivocally to be phenotypically detectable,
and this mispair is not detectable in thecZ opal codon
reversion assay, precluding comparison with thevt
spectrum. However, the reciprocal errofGT was the most

thus allowing efficient DNA synthesis utilizing mispaired
and misaligned intermediates. The increase in both frame
shifts due to misalignment and base substitutions due to
misincorporation for pol Y265C is consistent with such a
model.

Our in vitro studies utilizing primed ssDNA templates
allowed for a detailed, structurdunction comparative
analysis of Y265C processivity and fidelity relative to those

prevalent Y265C mispair detected in the reversion assay andof 8-wt. The in vivo polA environment will undoubtedly

the third most prevalent in the forward assay (Table 3). The differ with regard to the DNA substrate form (e.g. chromatin)
T-G and GT mispairs are stable, wobble base pairs. and the protein form (e.g. multiprotein repair complex), and
Structural studies indicate that these mispairs do not signifi- this may affect polymeraggerror specificity. Remarkably,

cantly alter the global DNA structure and are potentially however, we have observed a similar magnitude of the

stabilized by hydrogen bonding with wateB5). The

Y265C mutator effect (about 30-fold) in vitro and during

observed increase in frequency of base substitution errorsthe in vivo genetic screen i&. coli (21). Kinetic studies

occurring through 3G and possibly GI' mispairs by the
mutator may result from stabilization in the Y265C poly-
merase binding pocket by hydrogen bonding with water
molecules that are normally excluded from the wild type
binding pocket 86). We also observed the production of a
significantly higher proportion of base substitutions resulting
from pyrimidine pyrimidine mispairs by Y265C compared
to wild type at thelacZ target (Table 3). These may result
from stabilization of the geometrically small pyrimi-
dinepyrimidine mispair in the binding pocket of the pol

have shown that the Y265C mutator polymerase remains
catalytically active and thus has the potential for contributing
to genomic instability if the mutator effect is expressed in
vivo. In eukaryotic mammalian cells, evidence suggests pol
p plays a role in both short-patch and long-patch base
excision repair pathways3{—41), and possibly in DNA
replication @2, 43). Interestingly, studies have shown that
the pol 5 gene is mutated in several human tumotd—~

46); however, the functional consequences of such mutations
are unknown. Given the role of pg in DNA repair

Y265C active site, perhaps again by hydrogen bonding with synthesis, a mutator form such as Y265C expressed in vivo
water molecules that are normally excluded from the wild might have considerable effects on the integrity of the
type binding pocket. These data are consistent with the genome.
hypothesis that the binding pocket of Y265C may be in an
aberrant conformation.

The amino acid change for polymerase Y265C is located

in a hinge region that connects the two subdomains. On \ye thank Guang Yan, Margaret Yoon, and Stacy Wash-
the basis of X-ray crystallographic analyses, Pelletier et al. ington for providing technical support and Drs. Thomas A.
(10) observed a difference in the thumb subdomain position Kunkel, Lawrence A. Loeb, Kenneth Johnson, and Ross
between the binary complex (DNAenzyme) and the termary  ghiman for critical reading of the manuscript. We gratefully

complex (DNA-enzyme-ddCTP). This movement, whereby  5cknowledge the generous contributions made to The Jake
the thumb closes over the substrate, is predicted to resultgiitien Cancer Research Institute.

from changes in four torsion angles of amino acids 263, 264,
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