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ABSTRACT. We previously described a general mutator form of mammalian DNA polymg@rasataining

a cysteine substitution for tyrosine 265. Residue 265 localizes to a hydrophobic hinge region predicted to
mediate a polymerase conformational change that may aid in nucleotide selectivity. In this study we
tested the hypothesis that van der Waals and hydrophobic contacts between Y265 and neighboring residues
are important for DNA synthesis fidelity and catalysis, by altering interactions in the hinge domain via
substitution at position 265. Consistent with the importance of hydrophobic interactions, we found that
phenylalanine, leucine, and tryptophan substitutions did not alter significantly the steady-state catalytic
efficiency of DNA synthesis, relative to wild type, while the polar serine substitution decreased catalytic
efficiency 6-fold. However, we found that all substitutions other than phenylalanine increased the error
frequency, relative to wild type, in the order seripetryptophan= leucine. Therefore, maintenance of

the hydrophobicity of residue 265 was not sufficient for maintaining fidelity of DNA synthesis. We conclude
that while hydrophobic interactions in the hinge domain are important for fidelity, additional factors such
as electrostatic and van der Waals interactions contributed by the tyrosine 265 aromatic ring are required
to retain wild-type fidelity.

The recently solved binary and ternary X-ray crystal  Specific polS intraprotein interactions also function in
structures of various DNA polymerase | family members and DNA synthesis fidelity, as indicated by pg@ mutators
of DNA polymerasef (pol 5)! have identified common  Y265C,H which are altered in residues not predicted to
structural features that may function in nucleotide discrimi- contact substrate3]. We previously determined Y265
nation during DNA synthesis (reviewed in r&f. Binding functions in a general discrimination mechanism, since the
of the dNTP induces a conformational change whereby a pol f mutator Y265C displayed a nearly equivalent increase
movable subdomain closes over the substrate, allowingin both misalignment-initiated frame-shift errors and mis-
residues in this subdomain to contact the newly formed baseincorporation-initiated base substitution errors, relative to
pair. This conformational change assembles the active sitewild type (4). This alteration also resulted in a nearly 20-
and is predicted to select for the correct geometry of fold decrease in the steady-state catalytic rate consgant (
Watson-Crick base pairs by an induced fit mechanism Residue Y265 localizes to a hinge region between two
(reviewed in refsl and 2). In addition, polymerase side subdomains that is predicted to mediate the polymerase
chains form hydrogen bonds with the? @oms of pyrim- conformational change described aboSg This conforma-
idines and N3 atoms of purines in the minor groove of tional change may be similar to the rate-limiting polymerase
Watson-Crick base pairs at the active site. These atoms areconformational change that occurs prior to cataly8§is7j
shifted out of position in non-WatsetCrick base pairs such  and is predicted to result from changes in the torsion angles
that hydrogen bonding with polymerase side chains is of amino acids 263, 264, and 265 which form a hingg (
predicted to be lost (reviewed in r&j. Structure-function This hinge is lined on the inside (closest to the active site)
analyses of polymerase mutants are being used to test thavith hydrophobic residues leucine 194, isoleucine 260,
importance of polymerase contacts with substrate and arephenylalanine 272, and tyrosine 296 and on the outside with
offering insights into the mechanisms of polymerase nucle- residues isoleucine 174, threonine 196, and valine 269, so
otide discrimination. that an equal number of favorable hydrophobic interactions
occur in the open and closed conformatio8s (Figure 1).
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A. Open: Pol + DNA B. Closed: Pol + DNA + ANTP with 2 mM IPTG fa 3 h at 30°C. Prepared cell extracts
Phie272 were mixed with Ni=NTA resin (Qiagen, Valencia, CA)

T Phe272::
& 2 according to the manufacturer’s protocol prior to being

loadied on a column. After washing and protein elution,

. fractions containing protein were exchanged into 50 mM

Tor266 Tris-HCI, pH 7.5, 1 mM EDTA, 100 mM NaCl, and 15%

; glycerol buffer using a Centricon-30 device (Millipore,

Bedford, MA). The sample was loaded on a column

containing single-stranded DN#Acellulose (Sigma) and

washed with 250 mM NaCl, and protein was eluted with

500 mM NaCl. Protein-containing fractions were concen-

trated and exchanged into storage buffer. Protein samples

were determined to be 9P9% homogeneous on the basis

Ficure 1: Amino acid residues interacting in the hinge domain of of denS|_tometr|c analysis of Coomassie-stained SD@y-

pol f-wt binary and ternary crystal structures. The hydrophobic acrylamide gels (data not shown). Western blot analysis (ECL

hinge region includes residues lle174, Leul94, Thrl96, 1le260, kit, Amersham Pharmacia) was performed with a polyclonal

o272, DR2cs, i, N2 e 120, (4 ssuce 1 aniboy agait ol (Joam Sweasy, Val Universiy) and

cgnformatioyn. Pictures were generated using RasMol software a%/dcon.flrm.ed the identity of the protelns..

X-ray crystal structure coordinates published by Sawaya eBjl. ( Kinetic AnalysesA gapped DNA primer template con-
taining five adenosine residues was constructed by annealing

amino acids at position 265. Amino acids for substitution three oligonucleotides as follows:

were selected on the basis of their reported van der Waals

volume @) and side chain hydropathy index [free energy of 3' TCGTCAACGCACCAGCARAAAGCGTAGGGCACTCCTS ' (template)

transfer from water to a nonpolar sovle)]. Substitutions

of phenylalanine and leucine were performed in order to

maintain the van der Waals volume and hydrophobicity of JOH  S/(POy or OH)

residue 265. In contrast, a serine substitution was constructed

to measure the effects of a polar residue in the hinge region. The downstream oligonucleotide was phosphorylated with

Finally, tryptophan was substituted to determine whether T4 polynucleotide kinase according to the manufacturer's

introduction of a larger residue, while maintaining hydro- Protocol and purified using Microcon-3 ultrafiltration devices

phobicity and aromaticity, would disrupt critical interactions (Amicon Inc., Beverly, MA) and G-25 Sephadex Quick Spin

in the hinge. We observed that hydrophobic contacts were columns (Boehringer Mannheim Corp., Indianapolis, IN).

required for achieving a catalytic efficiency as high as wild The concentration was determined by spectrophotometry.

“Tyr265

(priming) 5 ' AGCAGTTGCGTGGTCG CGCATCCCGTGAGGA3 ' (downstream)

type but were not sufficient for maintaining fidelity. Hybridization reactions contained a 1:1:1.2 ratio of template,
priming, and downstream oligonucleotides. Reactions were
MATERIALS AND METHODS incubated at 70C and allowed to cool to room temperature.

o ) DNA polymerase reactions contained 300 nM gapped

ReagentsAll restriction enzymes and T4 polynucleotide DNA, 50 mM Tris-HCI, pH 8.5, 50 mM NaCl, 20@g/mL
kinase were supplied by Gibco BRL Life Technologies gyvine serum albumin, 1 mM dithiothreitol, 2 mM MnCl
(Gaithersburg, MD) or New England BioLabs (Beverly, MA)  20_60 nM DNA polymerases,2200uM TTP, and 0.1+
and were used according to the manufacturer’s protocol. g oo uM [0-32P]TTP (3000 Ci/mmol) (Amersham Phara-
Bovine serum albumin (BSA) was supplied by Gibco BRL. nacia). Reactions were preincubated af@or 3 min and

Generation of Polymerase Y265 Substitution Variants initiated with the addition of polymerase. Aliquots were
The pET-28af) expression vector (Novagen, Madison, WI)  removed at 15, 30, 60, 120, and 240 s and quenched in a
containing rat poff cDNAs (wt, Y265F, Y265C) cloned’3  20x volume of 25 mM EDTA on ice. Incorporation of
to a hexahistidine tag was supplied by Joann Sweasy (Yale[a-32P]TTP was measured by a dot blot procedur (with
University). We used oligonucleotide site-directed mutagen- some modification. The full volume (10@L) of the
esis to generate the Y265L, Y265S, and Y265W substitutions quenched reaction aliquots was loaded onto a 96-well dot
(12). The oligonucleotides (Biosynthesis, Lewisville, TX) blot apparatus (Schleicher & Schuell, Keene, NH) that was
containing the appropriate 265 codon substitutions also fitted with a NA-45 DEAE membrane (Schleicher &
introduced a unique PinAl site 21 bases downstream via Schuell). The wells were vacuum washed with 500 of
silent base substitutions. The PinAl site, which distinguishes 0.3 M ammonium formate, pH 8.0, followed by membrane
the newly created mutant from the original wild-type vectors, removal and additional washing with 0.3 M ammonium
was used to identify mutants and to eliminate residual formate, pH 8.0, while shaking. The membrane was allowed
contaminating poB-wt plasmid by subcloning. The final pol  to dry and exposed to a Molecular Dynamics Phosphorimager
B sequence for each construct was confirmed by DNA screen (Sunnyvale, CA). To determine the total TTP in each
sequence analysis (Pennsylvania State College of Medicinereaction, MATTP/Mn-[a-32P]TTP stocks were spotted on a
Macromolecular Core Facility). separate piece of membrane and exposed to the Phospho-

Purification of Polymerasgs 265 Substitution Variants rimager screen. Quantitation was performed using a Molec-
We purified the hexahistidine fusion proteins of the wild- ular Dynamics Phosphorimager.
type pol and 265 substitutions as previously described with  To determine th&(TTP) for five nucleotide gap filling,
some modification 12, 13). Pol 5 expression was induced the initial velocity (o) was calculated from the reaction
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Scheme 1
T+P T1+P T2+P - - -- == T54P - - - - - - T8+P
k1T lk2 k1T lk2 k1T lk2 k57T k57T
TP TPI TP2------ — TP5— ---— TP8

k3 K3 K7
progress curves. For all of the pdl 265 substitutions
analyzed and for pgd-wt with both Mg?™ and Mr?*, reaction
plots of picomoles of TMP incorporated versus time followed
a first-order decay curve and could be fit to the equatipn:

= ¢(1 — e ™) wheret = time. Initial velocities were obtained
from the first derivative of this equationp = dy/dt =
ch(e™) att = 0 s. Plots of initial velocity versus TTP
concentration were hyperbolic and were fit to the Michaelis
Menten equation using KaleidaGraph (Synergy Software,
Reading, PA), from which th€y.,andKn(TTP) values were
obtained. Thek.y values were calculated by dividingmax

by the initial polymerase concentrations.

Primer Extension Analysis of Kinetic Reactioii$e five
nucleotide gap kinetic template'B),) was constructed as
above, except the priming oligonucleotide was radioactively
labeled at the send using §-3?P]JATP (5000 Ci/mmol)
(Amersham Pharmacia) with T4 polynucleotide kinase ac-
cording to the manufacturer’s protocol. Control templates

were constructed as above, except the downstream prime

was nonphosphorylated'(®H). Reactions contained 100 nM
5'PO, or 50H gapped template, 6.7 nM pgiwt, 100uM
TTP, and either 2 mM MnGlor 10 mM MgClL in the same

buffer and conditions as in the dot blot assay. Reactions were

quenched in stop dye, and 20 fmol of DNA from each time
point was loaded on a 16% denaturing polyacrylamide gel.
Products were quantitated using a Molecular Dynamics
Phosphorimager. A control for the percent hybridization of

gap template was performed for each preparation using

Klenow polymerase as described previougly The degree

of DNA synthesis in each reaction was defined as the percent

of primers extended. The distribution of products for each

reaction was defined as the percent of primers extended eac

length as a function of total primer molecules in the reaction.

Rate constants to describe five nucleotide gap filling under

various experimental conditions were calculated from the
model in Scheme 1 by computer simulation using the
program Madonna (www.berkeleymadonna.com).

r
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template, freeing substrate for attack by another enzyme, or
by assuming the enzyme stalls and is trapped on the gapped
template, thereby sequestering substrate. Equivalent results
are obtained in the two cases.

Herpes Simplex Virus Type 1 Thymidine Kinase (HSV-tk)
Forward Mutation AssayPol f-wt and Y265 substitutions
were used in the previously described H8Vforward
mutational assayl6) to compare in vitro mutation frequen-
cies. DNA synthesis reactions (al) contained 2 pmol of
template (oligonucleotide-primed M13tk3.5 single-stranded
DNA containing the HSMk gene), 10 mM MgGlor 2 mM
MnCl,, and 1 mM dNTPs in reaction buffer (as above).
Reactions were initiated by addition of either 25 pmol of
pol g-wt, 25 pmol of Y265F, 25 pmol of Y265W, 150 pmol
of Y265L, 300 pmol of Y265C, or 450 pmol of Y265S. The
amounts of enzyme required to achieve nearly equivalent
amounts of in vitro DNA synthesis for the various poly-
merases were determined empirically. Parallel reactions
supplemented with &Ci of [a-3P]dCTP (3000 Ci/mmol)
(Amersham Pharmacia) were performed to determine the
efficiency of DNA synthesis15), with the modification that
approximately 50 fmol of?P 5-end-labeled 15-mer oligo-
nucleotides was added to the reactions after termination. This
DNA served as an internal loading standard for subsequent
guantitation of synthesis products by Phosphorimager analy-
sis (Molecular Dynamics).

Synthesis products were analyzed for the presence of
inactivating HSVtk mutations as previously describeiby.
Briefly, products were digested with restriction enzymes, and
the resulting 203 base pair fragments were hybridized to
gapped duplex molecules bearing a functional chlorampheni-
col (Cm) resistance gene on the product-containing strand.
Resulting plasmids were electroporated iBgzherichia coli
strain FT334 (ecAl3, tdk). Bacteria were plated in the
presence of Cm to select for progeny of the product-
containing strand and in the presence of 5-fluoral€ox-

yuridine (FUdR) to select for inactivating HS¥- gene

mutations. The observed HS-mutation frequencies were
calculated as the number of Cm- and FUdR-resistant colonies
divided by the total Cm-resistant colonies. Error specificities
were determined by dideoxy DNA sequence analysis of the
Mlul—EcaRV target region of independent HSK-mutants,
using Sequenase 2.0 according to the manufacturer’s protocol

The model shows that the polymerase (P) binds to free (Amersham Pharmacia). The observed mutation frequencies

template (T, T1, ..., T4) and then either dissociatesks)
or catalyzes the extensioiks( k;) of the primer by one

(MFq,9 were adjusted for any preexisting, inactivating HSV-
tk mutations 4) and for the existence of multiple errors. An

nucleotide. The experimental results (see Figure 3) indicateestimated polymerase error frequency Mas determined
that either the dissociation rate, the extension rate, or bothysing the formula:

change after the primer has been extended five nucleotides;
consequently, the rate constants in the model are allowed toy,obs —

change at that point. Since the gapped template is five
nucleotides long, the polymerase is assumed to either not

bind or bind extremely poorly to templates with five or more
added nucleotides (i.e., for= 5 on Ti). To keep the model

4
(1/n)(mutants withn errors/total sequenced mutants){BF

n=

as simple as possible, a separate step for TTP binding waswvheren represents the number of independent, detectable
omitted (its concentration did not change during the reaction), polymerase errors observed in the 203 base pair target
and rate constants for polymerase association, dissociationsequence for each HSM- mutant characterized. DNA

and extensionkg, k;, k3) were assumed to be unaffected by sequence changes are considered independent polymerase
template extension until after addition of five nucleotides. errors if the mutations occur at sites greater than 15
The apparent rate of polymerase activity loss has beennucleotides apart or if evidence exists for either error
incorporated into the calculations either by assuming the occurring alone. A DNA sequence change is defined as a
enzyme loses activity and dissociates from the gappeddetectable polymerase error when the alteration results in
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an FUdR-resistant phenotype in the absence of other muta-
tions. Detectable errors include all frame shifts and previously
observed single base substitutions within the HEWatabase

of over 1000 sequenced mutants (K. Eckert, unpublished
data). The Ek: was used to calculate the frequency of
specific error types. Differences in proportions of specific
error types were analyzed using Fisher’'s exact test (two-
tailed) (16).

pmol TMP incorporated

RESULTS

To identify the structural features of residue 265 that are 0 50 100 150 200 25(
important for polS catalytic efficiency and DNA synthesis Time, s
fidelity, we compared residues that vary in van der Waals
volume, hydrophobicity, and aromaticity, (L0): Y265 (wild
type), Y265F, Y265L, Y265W, and Y265S.

Steady-State Kinetic Analysis of Gap Fillingp compare
the catalytic efficiency of the Y265 substitutions, we
performed steady-state kinetic analyses using a five nucle-
otide gapped DNA substrate that contained a poly(dA)
template sequence. Under the steady-state conditions of this
assay, Mg" failed to support saturation of DNA synthesis
up to 400uM TTP (data not shown), as has been observed
previously by Wang et al1(7) using homopolymer templates.
Therefore, MA" was used as the catalytic ion in all kinetic 0 50 100 150 200
analyses, as previously described by others for comparisons [TTP], uM
of f-wt and mutants in assays using homopolymer templatesfigure 2: Steady-state kinetic analyses of gt and Y265
(14, 18). substitutions. (A) Effect of [dTTP] on poB-wt reaction rates.

Initial velocities for gap filling DNA synthesis were Eﬁa?gg’”gsczma(i:?dS%OﬂrI:AM(I%’)aWXBg;?\Ae(inrO?L‘ZMO((J:%\'A 1(25’
determined for each polymerase from reaction plots of “T1p c(rves were fit to the equation describing a first-order decay,
product versus time. Typical reaction progress curves for pol y = ¢(1 — e, and initial velocity was determined by solving the
B-wt are shown in Figure 2A. The reaction rate decreased first derivative of the equation for time= 0. (B) Initial velocity
during the assay for all enzymes examined. This decreaseVersus substrate concentration for Y265 substitutions. A representa-

P tive plot of initial velocity versus nucleotide substrate concen-
was not due to limiting DNA templateki(DNA) < 300 tration is shown for each polymerase and was fit to the Michaelis

nM; data not shown] but rather to inactivation or trapping menten equation. Reactions contained either 20/t (@), 20
of the enzyme during the reaction. nM Y265F (©), 20—40 nM Y265W @), 40 nM Y265L (), or 60
Primer extension analysis was used to characterize gap"™ Y265S @).
filling by pol 5-wt under the conditions and template:enzyme decrease in reaction rate during the kinetic assay (Figure 2A).
ratios in the kinetic analyses, with either Mg@r MnCl, However, the presence of products extended beyond the gap
(panels A and B of Figure 3, respectively). The control terminus precludes analysis of the fidelity of DNA synthesis
templates contained a’'GH at the gap terminus which in small gapped templates via the H$k/forward mutation
eliminates pops binding via the 8 kDa domain to this moiety  assay (see below). Interpretation of results obtained in the
(19). The DNA product distribution from the primer exten- HSV-tk assay depends on the assumption that there is a one-
sion reactions was analyzed by computer simulation usingto-one correspondence between the observed mutation
the model shown in Scheme 1 (see Materials and Methods).frequency and the frequency of DNA polymerase errb8p. (
The model yields a predicted product distribution similar to This assumption may be invalid using gapped templates, as
that observed in Figure 3 on both experiment&dP(®) and the strand displacement products create flap structures which
control (B30OH) templates. Simulated mechanisms of activity cannot be ligated efficiently and which might be processed
loss by enzyme inactivation or trapping yielded equivalent aberrantly after transfection int. coli. Moreover, we have
results. In addition to gap-filled products, we observed observed that the amount of strand-displaced products is
products representing extension beyond the gap onB#@5  greater under nonlimiting enzyme conditions and is greater
templates for both cations (Figure 3). The product distribution for some of the Y265 variant polymerases, relative to wild-
and the model in Scheme 1 indicate that the rate of type (data not shown).
incorporation and substrate affinity was altered at the gap Effect of Y265 Substitutions on the Kinetics of DNA
terminus compared to prior incorporations [Mgks/k; = SynthesisPlots of initial velocities versus TTP concentration
11) and Mit (ksk; = 20)], consistent with an altered were hyperbolic and fit to the Michaetlidvienten equation
mechanism. Products greater than five nucleotides represenfFigure 2B). The MichaelisMenten constant&(TTP) and
either displacement of the downstream primer and TMP ke for pol S-wt and the Y265 substitutions are shown in
misincorporation opposite template G or primer misalignment Table 1. Interestingly, all substitutions displayed lowegg
resulting in TMP base additions. Since this alteration in the values, relative t@-wt, in the following order of decreasing
reaction pathway occurs at the gap terminus, it does not affectmagnitude: g-wt > Y265F > Y265W > Y265L > Y265S
the initial velocity, although it may contribute to the observed (Table 1). TheKy(TTP) values of Y265F, Y265S, and

Initial Velocity (pmols TMP/s)
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| A. Mg+ Table 2. HSVtk Mutation Frequencies 1074 for Pol 8-wt and
< E|| 5'P04 5'0H Y265 Substitutior?s
polymerase 10 mM MgGl 2 mM MnCl,
Y265 wt 32+ 7.7 43
Y265F 35+ 15 42
Y265W 260+ 45 100
Y265L 260+ 45 120
Y265C 730+ 200 580
Y2653 1300+ 500 620
2 The HSV+tk mutation frequencies for reactions containing 10 mM
MgCl; represent the meattt standard deviations from three to four
independent reaction8The Y265S values are from reactions that

yielded approximately 2-fold less synthesis than other clones, due to
significantly decreased catalytic activity.

time, s time, s

B. Mn2+ Effect of Y265 Substitutions on DNA Synthesis Fidelity

| l 5'PO4 5'0H To determine the fidelity of DNA synthesis for the Y265
substitutions, relative tg-wt, we tested each polymerase in

vo the HSV1ik forward mutation assay. The relative protein
levels needed to achieve nearly equivalent amounts of DNA
synthesis among the polymerases agreed well with the
relative catalytic efficiencies of the polymerases obtained
under steady-state conditions (Table 1 and data not shown).
Due to the low catalytic efficiency of the Y265S substitution,
the maximal amount of this enzyme that could be added to
the reaction yielded about 2.6-fold less synthesis than wild
type (data not shown). However, the H$K-mutation
frequency is not dependent on total DNA synthesis levels;

i

time, s time, s we observed that various pgtwt amounts (0.53.6 uM)
FIGURE 3: Primer extension products for polymeradeit in the ylelded identical mutation frequencies (K. Eckert, unpub-
kinetic assay. DNA-gapped templates contained either-a 5 lished data).

phosphorylated (®0Q,) or nonphosphorylated (6H) downstream HSV-tk mutation frequencies, which are an estimate of
oligonucleotide. Phosphorimager scans are of DNA synthesis the polymerase error frequency during in vitro DNA
products separated on a 16% polyacrylamide gel for reactions synthesis, were determined for each polymerase from three

containing 10quM TTP, 6.7 nM polS-wt, either 10 mM MgC} ; : ; :
(A) or 2 mM MnCh (B), and either 100 M (®Qy) gapped to four independent reactions, as previously described

template (from left, lanes-46) or 100 nM (30H) control template (4, 15) (Table 2). The values for histidine-tagged gbivt
(lanes 712); arrows indicate the gap terminus. Reactions were and Y265C agree well with previous results obtained using
incubated at 37C in reaction buffer, and aliquots were removed proteins purified via maltose tags [(2 5.4) x 10~ and

at 5, 30, 60, 120, and 240 s. The total percent of primers extended 4 i i i
in each reaction after 240 s is as follows: for MdA), 27.3% for (50?2_:5\/3 I6a)c>k<in10;1, L(arﬁ‘ipczc';itglr? lél@%(g;f?w (I)t)h ri%qzn(lilg)?nt
5'PQ, and 15.2% for 3OH templates; for M#" (B), 51.2% for P gap 9 V) X :

5'PO; and 24.3% for BOH templates. Among the mutant polymerases examined, only the Y265F
polymerase retained a wild-type mutation frequency (Table
Table 1: Michaelis-Menten Constants for P@l-wt and Y265 2). Interestingly, both hydrophobic substitutions, Y265L and
Substitution Y265W, displayed equivalent mutator phenotypes in the
K(TTP) («M) Keat (59) klK presence of MgGI(8-fold aboves-wt) (Table 2). The polar
polymerase average  range _ average range (M-1s 3 substitutions, Y265C and Y265S, displayed the most severe
Y265 wi 84 7988(2) 18 1718@) 21x10° effect on fidelity (23-fold and 41-fold, respectively).
Y265F 28 2729(2) 092 1.6085(2) 3.3x 10° HSV-tk mutation frequencies also were determined using 2
Y265W 9.0 6.211(3) 035 0.360.51(3) 3.9x 10¢ mM MnCl, for comparison with the kinetic data. Interest-
Y265L 15 13-18(2) 028 026034(2) 19«10 ingly, the mutation frequencies for péiwt and Y265F were

Y2659 2 na 0.083 na 3810 not altered significantly relative to Mg. However, the

2 The number of independent determinations is given in parentheses.mtation frequency for each mutator was decreased relative

Catalytic efficiency kea/Km) was calculated from the average values o .
for Kn(TTP) andk..: for each polymerase.Single determinatiorf. na: to Mg_ _Va'u‘?s- Importantly, W(_a found that altering the
not available. catalytic ion did not alter the relative order of mutator effects

displayed by the 265 substitutions. With either¥gr Mn?*
Y265L were 3-6-fold lower than that ofs-wt, while the as the catalytic ion, polymerase Y265F retained a wild-type
value for Y265W was decreased 9-fold (Table 1). Conse- mutation frequency, while Y265W and Y265L were inter-
quently, mutant polymerases Y265F, Y265W, and Y265L mediate mutators, and Y265C and Y265S were the strongest
displayed catalytic efficiencie&f/Kn(TTP)] similar to that mutators.

of wild type. In contrast, the Y265S substitution was  To determine polymerase error specificities, independent
compromised for DNA synthesis activity: catalytic efficiency polymerase-induced HS¥ mutants were sequenced from
was 6-fold lower than for wild type, and the catalytic rate reactions containing either polymerase Y265F, Y265W, or
constant was reduced 22-fold lower (Table 1). Y265L (Tables 3 and 4 and Figure 4). Polymerase Y265S
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Table 3: HSVik Mutants Containing Deletions and Multiple relatively constant among the various polymerases (Figure

Mutations for Y265W and Y265L 4). The majority of one-base deletion and insertion errors
mutant for all polymerases occurred in homonucleotide sequences,
class Y265W Y265L consistent with a misalignment mechanism of frame-shift

single 11111848 bp 183-18745 bp production. The previously described hot spot for minus two
mutation, 225-238A14 bp (2) 246-269 430 bp base errors by p@-wt (4), a dinucleotide (TA9(214—219)
'(?ef:ﬁiong ;j&tggggg EB @ g‘ﬁgg;i% Eg sequence, was also observed for Y265F but not for the

241-269 229 bp (2) 24226827 bp mutators YZGSC 4, Y265W, and Y_265L. The d_|fferenc§:
two 95 T~C, 247 A—C* 95 T—C, 247 A~C* in the proportion of two-base deletions at this site, relative
mutation8 112 T-G, 225-238A14bp 91 G-A, 227 C~G* to pol g-wt [22/87 @)], is not significant for Y265F (4/35).
119 G~A, 226-2294C [10161_11%_0,%(]56' However, the number of occurrences for Y265W (1/58) is
146 G—A, 221 A—~G* [107 C—T, 111-112aC] significantly lower than for pgb-wt (p = 0.0006), while no
ijg GG:Q, ggg GG:Q: igg (AB:(T;, 222762—AZT29AC errors at this site were observed for Y265L. Furthermore,
148-1490C. 182 C-T 213 TG, 273-2754G while t.he mutator Y265W displays increased frqme-smft
157 C=T, 229 C-T* [237-240AG, errors in general, the frequency of two-base deletions at the
241-269 429 bp] (TA)3 (214—219) sequence for Y265W (4% 1074) is not
1294%4:22025%_‘3’%281 G-A  [277T—C,277-2784G] greater than fof-wt [3.5 x 1074 (4)] or Y265F (2.6x 1079).
[ 244—245 AC] Thus, the mutators Y265W, Y265L, and Y265C do not share
226-2294C, 236 T-C the strong two-base deletion error hot spot observed for the
three to [111 ¥-G, 121-146426 bp] [252 G-A, 253 AA] wild-type and Y265F enzymes, suggesting differences in
five 157 C-T 212-214AT . . .
mutation8 236 T—~C, 251-252AC [273-2754G, 278 G-T] polymerase interactions with the template.
2719G-C 111 TG, 156 G-A Polymerases Y265W and Y265L Alter the Frequency of
237724046 Large Deletion Errors The Y265W and Y265L alterations

@ Deleti_on of>2 bases. The numt_)er of independent mutants observed jncreased the frequency of large deletion errors (greater than
is shown in parenthesesChanges in brackets denote tandem or near 14 ncleotides deleted) relative to wild type (83-fold and
tandem errors. Detectable base substitutions are |_n_d|cated by an astensk6 —fold ivel h h . d
Frame shifts: one-base deletions)(one-base additionaj, and two- 7-fold, respective y)' whereas the Y265C mutator increase
base deletions®). the frequency of these errors only 21-fold (Table 4). No
increase in large deletion errors was observed for the Y265F
polymerase relative t@-wt. To ensure that the observed
increases in large deletion errors were not an artifact due to
rthe alternative procedure used to purify the proteins (his-tag
versus maltose-tag method), we sequenced H&¥utants
from a representative reaction using his-tag purifteat.

We observed a large deletion frequency of . 104, and

the proportion of these errors (2/27) is not significantly
different from the value observed for the previously reported
rat pol 5-wt [3/86 (4)]. Li et al. (13), using a variation of
the HSVik assay, observed a similar frequency of large
deletion errors (0.8% 1074). Thus, the Y265W and Y265L
polymerases are not only general mutators for frame-shift
and base substitution errors but also specific mutators for
large deletion errors.

was not analyzed further due to the low activity of this
enzyme. An increase in the frequency of multiple poly-
merase-induced mutations observed in the 203 base pai
HSV-tk target was observed for polymerases Y265W %58
104 and Y265L (67x 104 but not for Y265F (1.3x
104, compared tg3-wt [0.49 x 104 (4)]. However, the
increase in multiple mutations was less severe for Y265W
and Y265L than was observed previously for Y2654. (
The specificity of multiple mutations produced by poly-
merases Y265F, Y265W, and Y265L is shown in Table 3.
The observed HS\tk mutation frequencies were corrected
for the existence of multiple mutations by determining the
total number of independent, detectable polymerase errors,
to calculate polymerase estimated error frequencies (Table
4) (4). The error frequencies were used to calculate the
frequencies of detectable base substitutions, frame shifts,

large deletions, and tandem errors within the mutagenic |, this study, we tested the hypothesis that both the
target. All pol Y265 substitutions retained the wild-type hydrophobic and van der Waals contacts tyrosine 265 of
pol 3 charac_ter?stic of prod_ucing more frame-shift errors than polymerase8 makes with neighboring residues in the hinge
base substitution errors in the target sequence (Table 4)yegion are critical for DNA synthesis activity and fidelity.
Again, Y265F appeared wild type in error frequencies and consistent with the importance of hydrophobicity in this
specificities. Polymerases Y26_5W and Y265L were similar region, we found that phenylalanine, leucine, and tryptophan
to each other and to Y265C in that all three are general gypstitutions did not significantly alter the steady-state
mutators and display a nearly equivalent increase in basecatalytic efficiency relative to wild type, while serine com-
substitutions (18-fold Y265W and Y265L) and frame-shift romised catalytic efficiency (Table 1). Hydrophobic interac-
errors (15-fold Y265W, 14-fold Y265L) relative to pBtwt. tions of residue 265 in the hinge appear to be necessary for
Overall, Y265W and Y265L substitutions share similar error fidelity, given that the mutator effect for the tryptophan and

frequencies and error specificities and describe an intermedi-jgcine substitutions was intermediate compared to substitu-
ate mutator effect, falling between the Y265F and Y265C tjon of the more polar side chains of cysteine and serine.
substitutions. However, we found that maintenance of both the hydro-

Effect of Substitutions Y265F, Y265W, and Y265L on phobicity and van der Waals volume of residue 265 is
Frame-Shift ErrorsInterestingly, the hot spots in the target not sufficient for maintaining fidelity of DNA synthesis
sequence for one-base deletion and insertion errors argTables 2 and 4).

DISCUSSION
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Table 4: Error Specificities for Pg-wt and Y265 Substitutions
frequencyx 107* (no. of detectable, independent errors)

error type Y265 wt Y265F Y265W Y265L Y265€
estimated error frequenty 14 23 260 270 470
detectable base substitutions 3.2 (20) 6.6 (10) 58 (13) 58 (9) 74 (14)
frame shifts 10 (63) 16 (25) 150 (34) 140 (22) 330 (63)
large deletions 0.48 (3) <0.66 40 (9) 32 (5) 10 (2)
complex, tandem errofs 0.16 (1) <0.66 9.0 (2) 38 (6) 48 (10)
no. of independent polymerase errors 87 35 58 42 89

2Values are from reactions using the maltose-tag clofe® Obtained by correcting the MF for mutants with multiple errors (see Materials
and Methods). M for Y265F, Y265W, and Y265L was 24 104 260 x 104 and 260x 104, respectively® Adjacent or closely spaced
multiple HSVtk mutations that are considered to result from a single polymerase error event.

Pol Y265F

A
GCG TCT GCG TTC GAC CAG GCT GCG CGT TCT CGC GGC CAT AGC AAC CGA CGT ACG GCG TTG CGC
90 100 110 120 130 140
o] T
CCT CGC CGG CAG CAA GAA GCC ACG GAA GTC CGC CCG GAG CAG AAA ATG CCC ACG CTA CTG CGG
150 160 170 180 190 A 200 A 210
T AAA A
G T T A T c T
GTT TAT ATA GAC GGT CCC CAC GGG ATG GGG AAA ACC ACC ACC ACG CAA CTG CTG GTG GCC CTG GGT TCG CGC
A < 220 A 230 A 220 A A 250 A 260 A A 270 A 280
A ¢ A AA A A

Pol Y265W AA

C G A A
GCG TCT GCG TTC GAC CAG GCT GCG CGT TCTYT CGC GGC CAT AGC AAC CGA CGT ACG GCG TTG CGC
90 100 < 110 120 130 140

T T
T T G TA
CCT CGC CGG CAG CAA GAA GCC ACG GAA GTC CGC CCG GAG CAG AAA ATG CCC ACG CTA CTG CGG
150 160 170 180 190 A A 200 210
¢ ¢ (G)
L ad c
c G TG c A c c c T cC A
GTT TAT ATA GAC GGT CCC CAC GGG ATG GGG AAA ACC ACC ACC ACG CAA CTG CTG GTG GCC CTG GGT TCG CGC
A < 220 A 230 A A 210 A A 250 A 260 A 270 A A 280
A A A AA A A A
AA A A

E b
&

Pol Y265L
A

GCG TCT GCG TTC GAC CAG GCT GCG CGT TCT CGC GGC CAT AGC AAC CGA CGT ACG GCG TTG CGC
30 100 110 A 120 130 140
{T) G
A G (o} T
CCT CGC CGG CAG CAA GAA GCC ACG GAA GTC CGC CCG GAG CAG AAA ATG CCC ACG CTA CTG CGG
150 160 170 180 190 A 200 210
A

<

G G T A C
GTT TAT ATA GAC GGT CCC CAC GGG ATG GGG AAA ACC ACC ACC ACG CAA CTG CTG GTG GCC CTG GGT TCG CGC
A A 220 A 230 A A 240 250 A 260 A A A A 280
AA A A (A) A a
AA A

Ficure 4: HSV-k forward mutational specificity of polymerases Y265F, Y265W, and Y265L. The DNA template shown luhe

EcdRV mutagenic target. Letters above the line indicate base substitutions, and symbols below the line represent frame-shift mutations:
one-base deletionsA], one-base additionsa, and two-base deletion®), Tandem multiple mutations were excluded (Table 3). Two
HSV-tk mutants containing multiple mutations resulted from reactions with polymerase Y265F: (1)»186a6d 196-198 AC; (2) 128

A—C and 214-219 GTA.

Role of Tyrosine 265 in Catalytic Efficiencgubstitution required for proper hinge mediation of the conformational
of a polar serine residue [side chain hydropathy.24 kcal/ change during normal catalysis.
mol (10)] results in a nearly 6-fold reduction in catalytic Role of Tyrosine 265 in FidelityThe X-ray crystal
efficiency, and a 22-fold reduction in the catalytic rate structure describes the hinge region of gohs lined by
constant, relative tg-wt (Table 1). The polar-like cysteine  hydrophobic residues and a number of equally favorable
[hydropathy= —0.20 kcal/mol L0)] substitution was also interactions in both the open and closed conformati&ns (
reported to compromise catalysis, as indicated by a 20-fold 8) (Figure 1). The transition from open to closed upon

decrease in catalytic rate constant relativestat (3). In binding dNTP residues is predicted to play an important role
contrast, the hydrophobic substitutions of F, L, and W display in fidelity of DNA synthesis by an induced fit mechanism
an equivalent or greater catalytic efficiency thgawt that discriminates against mispairs and misaligned primer/

[hydropathy: Y= —1.47, F= —2.27, L= —1.82, and W templates (reviewed in refsand2). The Y265S and Y265C
= —2.13 kcal/mol L0)]. We postulate that the hydrophobic polar substitutions most clearly demonstrate the importance
contacts that Y265 makes with neighboring residues are of the hinge hydrophobic interactions in maintaining the
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fidelity of DNA synthesis (Table 2). However, maintenance perturb the polymerase to allow general water access to the
of hydrophobicity was not sufficient for retaining a wild- active site which could stabilize premutagenic intermediates
type phenotype, as the Y265W and Y265L hydrophobic (23). Perhaps polar substitutions at 265 allow greater or more
substitutions displayed increased H8error frequencies  frequent water access than hydrophobic substitutions.
relative tof-wt (Table 2). While leucine and phenylalanine The Y265 alterations may also affect the rate of the
share similar van der Waals volume with tyrosinesfy141 conformational change that is predicted to play an important
A3, F =135 A and L= 124 A (9)], phenylalanine was  role in fidelity and that is normally rate limiting5( 7).

the only other amino acid at position 265 examined thus far Perturbing of the hinge region could disrupt the interactions
which retains wild-type fidelity. Thus, our data show that that stabilize the open and/or closed conformatid)g),
additional interactions between residue 265 and neighboringthus altering the rate of conformational change. For example,
residues must function in fidelity and suggest the requirement upon formation of the closed structure F272 shifts position
of an aromatic ring structure. In the poiclosed conforma-  and breaks a salt bridge between R258 and D192, thereby
tion, the tyrosine 265 aromatic ring stacks in a perpendicular freeing D192 to coordinate with the nucleotids).(Alter-
fashion with the aromatic ring of tyrosine 266 (Figure 1) natively, pols may form an aberrant, error-tolerant closed
(5). The negative charge above and below an aromatic ring, conformation during misincorporation, given predictions that
due toxr electrons, can form electrostatic interactions with mispairs cause steric hindrance in the closed conformation
the positively charged plane (edge) of a perpendicular active site §). A slower rate of conformational change to
neighboring aromatic ring20Q). the error-tolerant state, relative to the correct state, would

We found the exquisite sensitivity of pglerror rates to ensure large rate differences between incorporation of correct
the nature of the residue at position 265 surprising, given and incorrect nucleotides, as has been observedv@65
that this residue is predicted to be removed from the active substitutions may increase the formation rate of this error-
site (). A survey of 26 Klenow polymerase mutants near tolerant state, thereby shrinking discrimination via rate
the active site revealed that only five alterations resulted in differences.

a mutator phenotype2(), while a screen of pgb mutants In summary, substitution at residue 265 of polymergse
identified mutators at a frequency of only 1 in 1(8).(Both resulted in three classes of enzyme: (1) wild-type activity
studies suggest that polymerase fidelity may not be easily and fidelity, Y and F; (2) wild-type activity and moderately
perturbed. Furthermore, all of the pBIY265 substitution  decreased fidelity, W and L; and (3) decreased activity and
mutators identified and examined thus far at position 265 greatly decreased fidelity, C and S. Given this observed
are general mutators and display a nearly equivalent increasgifferential effect, we propose that the relative impact of 265
in both misalignment-initiated frame-shift-(L4—33-fold) substitutions on either discrimination parameter, nucleotide
and misincorporation-initiated base substitution errers&- binding affinity/stability or conformational change rate, is
23-fold). To our knowledge, the only other mutators de- determined by the specificity of residue 265 interactions in
scribed that display an increase in both types of errors is the hinge domain. Given the role of polymergbsim repair
Klenow R682A [3-fold for base substitutions and 1.6-fold of DNA damage, the accuracy of DNA repair synthesis by
for frame shifts, relative to wild type2@)] and pol mutator ~ polymerases is important in nonmitotic cell populations.
F272L (13). A distinguishing feature of the Y265W and The error-prone polymeragt Y265C, has been shown to
Y265L error specificity is a 6783-fold increase in the increase the spontaneous cellular mutation frequency in a
frequency of large deletions relative fowt. These large  dominant negative fashion when expresseBancharomyces
deletions occurred to a lesser extent in the Y265C error cerevisiae and in LN12 mouse cells2g, 25). Our studies
spectrum4). Because deletions in tifewt, Y265W, Y265L,  demonstrate that a single amino acid substitution can produce
and Y265C spectra arise in the same sequence context (Table mutator form of a DNA polymerase that retains full
3 and ref4), we assume they are produced by similar catalytic efficiency, providing in vitro evidence to support
mechanisms. The deletions can be explained by the formationthe principle that mutations in DNA polymerase genes can
of hairpins @2) at specific sites within the HS¥k sequence.  contribute to genomic instability without compromising
The Y265L and Y265W substitutions may alter the DNA normal DNA metabolic activities.

binding constant of the polymerase and/or the processivity

of the enzyme, causing a higher probability of dissociation ACKNOWLEDGMENT
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