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ABSTRACT: Studies show that 30% of 189 tumors sequenced to date express variants of the polymerase
(pol B) protein that are not present in normal tissue. This raises the possibility that variantg3ahjgit

be linked to the etiology of cancer. Here, we characterize the 1260M prostate-cancer-associated variant of
pol 3. 11e260 is a key residue of the hydrophobic hinge that is important for the closing of the polymerase.
In this study, we demonstrate that the 1260M variant is a sequence context-dependent mutator polymerase.
Specifically, 1I260M is a mutator for misalignment-mediated errors in dipyrimidine sequences. 1260M is
also a low-fidelity polymerase with regard to the induction of transversions within specific sequence
contexts. Our results suggest that the hinge influences the geometry of the DNA within the polymerase
active site that is important for accurate DNA synthesis. Importantly, characterization of the 1260M variant
shows that it has a functional phenotype that could be linked to the etiology or malignant progression of
human cancer.

Cellular DNA sustains at least 10 000 lesions per day that in mouse cells results in cellular transformation, whereas
are predominantly repaired by base excision repair (BER). expression of the wild type (WT) does not induce transfor-
The BER machinery removes many modified bases that aremation in these cells1@). This recent study shows that
generated by reactive oxygen species and alkylating agentsellular transformation by the tumor-associated variants has
(1, 2). After the damage is recognized by a specific DNA a mutational basisl@). Our laboratory has recently found
glycosylase, it is released as a free base. Apurinic/apyrimi- that the K289M colon-cancer-associated fofariant has a
dinic endonuclease then nicks the DNA backbone. DNA significantly reduced fidelity at an interrupted run of like
polymerases (pol 3) binds to the 30H, fills the resulting nucleotidesin vivo (13). Kinetic analysis of K289M dem-
gap in the DNA, and removes the deoxyribosephosphate withonstrated that it engages in misalignment-mediated misin-
its deoxyribose phosphodiesterase activity. corporation more frequently than WT pg@ (13). We

The DNA pol 8 gene has been mapped to chromosome suggested that, during BER in cells, K289M induces muta-
8p, a region that is commonly deleted in different types of tions within interrupted runs of like nucleotides because of
human cancer3—6). Furthermore, pgB variants have been its inability to catalyze accurate DNA synthesis within these
identified in colon, prostate, gastric, cervical, breast, and types of sequences. This could result in mutation or altered
esophageal cancer (for a review, seefefApproximately expression of a key growth control gene and lead to cancer
30% of the 189 tumors studied to date express variants of(13).
pol § that are not found in normal tissues and are not aresult The goal of the study that we describe here was to
of common polymorphisms in the p@lgene (for examples,  determine if the 1260M polymerase variant has attributes that
see refs8—11). could result in mutations that have the potential to lead to

To determine whether the pgltumor-associated variants ~ cancer. We show that the 1260M prostate-cancer-associated
have functional phenotypes that could be linked to the mutant of polf has mutator activity within dipyrimidine
etiology of human cancer, we have begun to characterizesequences and induces transversions within specific sequence
their phenotypes. We have found that expression of the contexts at frequencies higher than the WT. Thus, I260M is
K289M colon- and 1260M prostate-associated tumor variants @ sequence-specific mutator. The 11e260 residue resides in

the hinge of pol3 that we have suggested is important for
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polymerases; BER, base excision repair. and [-*P]JATP (>6000 Ci/mmol, 150 mCi/mL) were
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Table 1: DNA Substrate for Kinetic Assay and BER Assay

substrate sequence

45AG-U22-D22 5GCCTCGCAGCCGTCCAACCAAC CAACCTCGATCCAATGCCGTCC-3
3-CGGAGCGTCGGCAGGTTGGTTAGTTGGAGCTAGGTTACGGCAGG-5

45CT B-GGCGGACTTCCGTGGCTTCTT CTGCCGGCGAGGGCGCAACGCCG-3
3-CCGCCTGAAGGCACCGAAGAAGACGGCCGCTCCCGCGTTGCGGE-5

45AC 5-GGCGAGGGCGCAACGCCGTACG CGGTTGCTATGGCCTCGAGAGA-3
3-CCGCTCCCGCGTTGCGGCATGRGCCAACGATACCGGAGCTCTCT-5

45TC B5-GGCGAGGGCGCAACGCCGTACG GGGTTGCTATGGCCTCGAGAGA-3
3-CCGCTCCCGCGTTGCGGCATGOCCCAACGATACCGGAGCTCTCT-5

203T B-ACCGTCTATATAAACCCGCAGT GCGTGGGAATTTTCTGCTCCGG*3
3-TGGCAGATATATTTGGGCGTCAT CGCACCCTTAAAAGACGAGGCC-5

BER substrate 'RATGGCGCCGGCCGGCAGTTCGAATAACCCATG-5

5-TACCGCGGCCGGCCGHCAAGCTTATTGGGTAC-3
a2 The templating base is bold and underlined.

purchased from New England Biolabs, Sigma, and Amer- (45CT or 45AC). This mixture was then reacted for 0.3 s
sham Biosciences, respectively. with the correct dNTP substrate. The selected interval
Construction of Mutant 1260M PgB. The mutant was  allowed adequate time to reach maximum amplitude with
generated by the Stratagene Quick-Change Site-Directedminimal contribution of multiple catalytic turnovers. This
Mutagenesis kit according to the protocol of the manufacturer method provides a measurement of the number of active
using pET28a-WT as a template, followed by DNA sequenc- enzyme sites present and allows us to obtain the equilibrium

ing. dissociation constantily, for DNA, from the equations
Protein Expression and PurificationWT and variant described below.

I1260M were overexpressed Escherichia colistrain BL21 Single-Turneer Misincorporation AssaysThis experi-

(DE3) and purified as described previoush8). mental approach provides a way to compare the 1260M

HSV-tk Forward Mutation Spectrunihe FT334 strain variant with the WT enzyme for their relative abilities to
with the genotyperecAl13 upp tdkwas used to detect incorporate correct and incorrect dNTPs into a primer-
mutations in the Herpes simplex virus type 1 thymidine template by determining the equilibrium dissociation constant
kinase (HSVtk) gene, and the assay was carried out as from the dNTP substratey, and the maximum rate of
described by Eckert et all9). However, thak target, pSS4, polymerization for each dNTPky,. In the experiments
carried a [TC]; artificial microsatellite sequence in-frame reported here, we used a ratio of 2:1 (100/50 nM) active
between bases 111 and 112 of the H&\gene R0). The enzyme/DNA for 1260M and 15:1 (750/50 nM) for WT,
tk- mutants are selected on 5-fluorbeoxyuridine (FUdR), because the DNA-binding affinity for WT was lower than
which is cytotoxic in the presence of an actikegene. The  that of 1260M. Under these reaction conditions, the time
mutation frequency is equal to the numbertlof colonies courses exhibited single exponentials with amplitudes ap-
on FUdR divided by the total number of colonies plated, as proximately equal to the DNA concentration expected for
described 19). single-turnover experiments. Th&,, the equilibrium dis-

DNA Substrate Preparation for Kinetic Study and BER sociation constant for dNTP, arkg,, the maximum rate of
Assay.The DNA substrates employed in the biochemical polymerization for correct and incorrect dNTPs for the WT
assays described below are displayed in Table 1. Theand mutant, were determined under single-turnover condi-
oligonucleotides used in the preparation of the DNA tions as describedl8). All reactions were performed in 50
substrates were synthesized at the Keck Molecular Biology mM Tris-HCI at pH 8.0, containing 2 mM dithiothreitol, 20
Center at Yale University and purified by denaturing mM NaCl, and 10% glycerol at 37C. All concentrations
polyacrylamide gel electrophoresis. THeehd of the primer given refer to the final concentrations after mixing.

was radiolabeled with)3?2P]ATP, purified by a microspin The kinetics of correct incorporation were determined
column, and annealed with template arigpBosphorylated  using the Rapid Quench-Flow apparatus, and the concentra-
downstream DNA as describeg). tion of dNTP ranges are-200uM for WT and 5-500uM

RER Assay.This assay was carried out as described for 1260M. Misincorporation kinetics were carried out
previously by Lang et al.1Q) using the BER substrate in  manually with dNTP concentrations ranging from 50 to 500
Table 1. uM for WT and from 56-2000uM for [260M.

Circular Dichroism StudiesTo determine if the global Data were analyzed by Kaleidagraph software (Synergy
structure of the 1260M protein was different from that of software) with the appropriate equations as descrii&j (
the WT, a wavelength scan (19@60 nm) of the WT and  Data from the burst experiments were fit to the burst
mutant pols was carried out. The proteins were in (@0) equation: [productlE A(1 — exp(Kond) + ksg). Data from
in 10 mM phosphate buffer (pH 8.0) at 2&, and the scan  active-site titrations were fit to the quadratic equation:
was carried out in a 0.2-cm path-length quartz cuvette in a [E-DNA] = 0.5(Kqypona) + [E]o + [D]o) — [0.25Kapna) +
circular dichroism spectrophotometer (Aviv Model 305SF). [E]o + [Dlo)?> — ([E]o[D]0)]°® where [E-DNA] is the

Presteady-State Burst Experimefitpresteady-state burst  concentration of the pg@@—DNA complex, [E} is the initial
experiment was carried out as describ8)( enzyme concentration, [Ris the initial concentration of the

Active-Site Titration. The titration was performed by gapped DNA substrate, anBypna) iS the dissociation
preincubating a fixed concentration of p6lprotein with constant of the pgf—DNA complex. To determing,, and
increasing concentrations of the gapped DNA substrate Ky, the observed ratek,,s were plotted against dNTP
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Ficure 1: Circular dichroism for WT and mutant 1260M pgl Time(sec)
Spectra were collected in 10 mM potassium phosphate buffer (pH 200
8.0) and a protein concentration of AM. The spectra show that
the overall folding pattern of the W®) and I1260M @) are similar.

concentrations and the results were fitted with the hyperbolic 150
equationkoss = (Koo[dNTP])/([ANTP]+ Kg). Fidelity values
were calculated using the relationship: fidekty](koo/Kg)C

+ (Kool Ka)il/[( Koo/ Ka)i], where ¢ and i represent the correct
and incorrect dNTPs, respectively.

00

RESULTS

[260M Exhibits Qerall Folding Similar to the WTTo
compare the gross structure of 1260M to WT, we employed
circular dichroism. The overall circular dichroism spectra L ' ' ' '
of I260M and WT are similar (Figure 1A). The comparable 0 0.2 0.4 0.6 08 1 12
maximal negative ellipticities at 208 and 220 nm indicated Time (Sec)
that the overall helical structure in the proteins remains intact Figure 2: 1260M exhibits biphasic burst kinetics. Insertion of dTTP
even though residue 260 has been altered by insertion ofinto the single nucleotide gapped DNA substrate (45AG-U22-D22)
Met in place of lle. was measured using the chemical quench-flow apparatus°a.37

o : : o - A preincubated solution of 100 nM enzyme and 300 nM gapped
I260M Exhibits Biphasic Burst Kineticklnder conditions DI\?A was mixed with a solution of 10()!\3/1 dTTP containingglgp
of excess DNA, WT shows a presteady-state “burst” of mm MmgCl,. The reactions were quenched and monitored as
product formation with a rate of 128 1.6 s%, as shown described under the Materials and Methods. (A) Data for 1260M
in Figure 2. This burst rate is similar to that obtained by us \é\{ee;edfitsttgéhfa?euLsgni?;ritigplﬂt;%pé r?fs3é50$ %?ag ; ?Q(\j/v f_il_
; - 1 ich i .
(16) and others 21). The t.)urSt |s.fo_ll'owed by a slower (B) Dgta for WT were fit to the burst equation V\ﬁtH@osof 12.0
product release step Fhat is rate-limiting for turnover. The 1 6stand a steady-state rate constant of T4 s
same type of biphasic nature of product formation was
observed in the case of I260M, as shown in Figure 2, exceptpolymerase error frequency with the pSS4 template was 2.3
the burst rate is 3.4 0.6 s, which is 3.5-fold slower than ~ x 1072, which is ~3-fold greater than the WT mutation
that of the WT. We note that the burst amplitude of I260M frequency of 7.8x 1073, previously reported with the pSS4
appears to be lower than that of the WT, and the reason forDNA substrate (20). The mutation spectrum of 1260M is
this behavior is under investigation. These data suggest thaforesented in Figure 3. Similar to the WT, the observed
the rate-limiting step occurs after chemistry for both WT polymerase errors are distributed nearly equally between the
and 1260M. microsatellite and coding-region motifs. Strikingly, ap-
I260M Induces Different Types of Mutations Than the WT. proximately 90% of the canonical unit-length mutations (27/
Expression of the 1260M variant in mouse cells results in 30) produced by I1260M in the TC repeat are expansions of
cellular transformation that has a mutational basis (12). the one-repeat unit, whereas only 40% of the mutations made
Therefore, we tested the hypothesis that the 1260M variant at this site by the WT polymerase are expansions. This
is a mutator polymerase. We characterized the frequency andlifference corresponds to an 8-fold higher microsatellite
types of errors induced by 1260M in an unbiased approach expansion error frequency for 1260M, relative to the WT,
with the HSVik forward mutation assay (19). The inaccuracy and the difference between polymerases in the ratio of
of I260M DNA synthesis through microsatellite and coding microsatellite expansions to deletions is statistically signifi-
DNA sequences can be assessed using this asssay (20). loant < 0.0003, Fisher’s exact test). In ttecoding region,
this analysis, the DNA template contained an artificial [[;C] the 1260M frameshift specificity also differs, in that 61% of
microsatellite within the Sregion of the HSWk gene; the —1 base errors produced by 1260M in repeated nucle-
polymerase errors produced in either the repetitive or coding otides (20/33) are at template CC and TT sequences, whereas
sequence motif will produce inactivating mutations that are WT only produces 27% of its errors at dipyrimidings €
detectable by the same selection scheme. The overall 1260M0.0019). These data correspond to a 6-fold increase in the

Product (nBb)_,
[9)]
o
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GG G

TCTCTCTCTCTCTCTCTCTCTC Table 2: 1260M Binds DNA More Tightly than WT
Nt A substrate  enzyme Kq(DNA,nM)  fold over 1260M
asil 45CT wT 48+ 11 5
Frvoe 1260M 10+ 3
FVVVV 45AC WT 33+8 8
S04 1260M 4+0.4
C
TTC GAC CAG GCT GCG CGT TCT CGA GGC CAT AGC AAC CGIS the WT. We decided to test this hypothesis by using kinetic
100 112 120 130 assays_
A Active-Site Titration and Determination of the Kor DNA
G - Binding. Before we characterized the misincorporation
G G T kinetics for 1260M, we measured the dissociation constant
CGT ACG GCG TTG CGC CCT CGC CGG CAG CAA GAA GCC ACG of the pol 5—DNA complex, using the active-site titration
A A A A A assay as described in the Materials and Methods.Kihedf
A A AAA [260M is lower (-5—7 times) than th&g for WT, depending
AAA upon the DNA substrates used, as presented in Table 2. This
AR GTC CGC CCG GAG CAG AMA ATT CCC ACG CIT*A ore coe suggests th.ay [1260M binds DNA more tightly than the WT.
180 190 200 210 I260M Misincorporates dATP Opposite @ the next
A A A A series of experiments, we used the results of the kHSssay
T to guide our choices of the sequence contexts of the DNA
. g substrates that we employed in the kinetic assays. We used

GTT TAT ATA GAC GGT CCC CAC GGG ATG GGG AAA ACC ACC single—nucleotide—gapped DNA pecguse this is most likely
220 230 240 the DNA substrate utilized by p@lin vivo. Thus, the results
A A of our kinetic assays can be used to provide insights into
the functioning of the 1260M variarit vivo.

At position 160 of thetk gene, we observed C to T
ACC ACG CAA CTG CTG GTC GCC CTG GGT TCG CGC transitions. This suggests that 1I260M is able to insert dATP
250 260 oo 280 opposite template C within this sequence context. Thus, we
Ficure 3: HSV+k mutational spectrum of I1260M. The arrow

indicates the position of the (TG)insertion site. One-base deletion characterized _the Kinetics - of mlsmc_orporatlon opposite
(»), two-base deletionsy), and TC insertions) are shown below template C using subst_rate 45_QT, which has the sequence
the sequence. Base substitutions are shown above this sequenc&ontext at and surrounding position 160 of the H&\gene.

The underlined positions shown here are sites where mutations wereAn example of our results from single-turnover experiments

ﬁte(ﬁ S”'Y forb'zgo':(' and ”OtAV;’TéECfe”: _lt!”puzbgih?dtd%a)-t is presented in Figure 4. As summarized in Table 3, 1260M
e ase substiiutions are (0] at position y (0} al ] :
142, Tto C at 203, G to A at 239, C to T at 256, A to G at 242, misincorporates dATP opposite template C and shows an

CtoTat227, Ato T at 241, and A to T at position 242. 8-fold decrease in fidelity compared to the WT. However,
the fidelity of incorporation of dTTP or dCTP opposite C is
frequency of this specific type of error produced by 1260M, Similar for WT and 1260M. The single-turnover kinetics data
relative to the WT. The mutational spectrum illustrates that reveal that 1260M has a very slow rate of polymerization
1260M is a mutator polymerase for misalignment errors at (Keo) for correct nucleotide incorporation, which results in
dipyrimidine template sequences. Polymerase error frequen-decreased discrimination when the incorrect substrate is
cies for misalignment mutations are a product of the present in the reaction. However, 1260M also exhibits less

probability of forming premutational intermediates and the diScrimination at the level of substrate binding for
efficiency of utilizing these intermediates as substrates. Misincorporation of dATP opposite C but not for dTTP or
Previously, an exponential relationship between the WT error ACTP opposite C.

frequency and the number of repetitive units was observed . 1260M i\AlSlngo;por?tes :])ppotrs]lt? I';eérgl\[;llate(gur muKi-t c
for di- and tetranucleotide microsatellites, as well as ho- 'O SPectrum data aiso show ha produces A to

mopolymeric coding sequence0). In this study, such a transversions at position 132. This suggests that 1260M has

relationship was not observed for 1260M, a fact that we lower fidelity than WT for misinsertion of dGTP opposite

. : . o o template A, within the sequence context present at position
interpret as rt_efleg:tmg an increased efficiency of misaligned 132 of the HSVtk gene. Using the 45AC DNA substrate,
substrate utilization by 1260M.

which has the sequence context at and surrounding position
In this mutational spectrum, I260M appears to induce more 132 we demonstrate that I260M has a 23-fold loss of fidelity,
transversion mutations. Of the 14 base substitution mutationscompared to the WT for insertion of G opposite template
induced by 1260M in thek target sequence itself, 57% (8/ A, as shown in Table 4. To investigate the ability of I260M
14) of them are transversions compared to 33% for the WT, to induce other types of errors within this sequence context,
a 7-fold difference in polymerase error frequen2@)( These  we also assessed its ability to misinsert dATP and dCTP
data indicate that 1I260M and WT may differ in the way that opposite template A. We found that 1260M has a lower
they chose the dNTP substrate for incorporation into the fidelity for insertion, compared to the WT, of dATP and
primer. Importantly, a comparison of the mutational spectrum dCTP opposite template A by 6- and 10-fold, respectively,
of 1260M to that of the WT suggests that 1260M induces as shown in Table 4. For each of these misinsertion events,
mutations within different types of sequence contexts than we again observe that 1260M has a slower rate of polym-

BE>
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50 with substrate 203T, which has the sequence context at and
A A surrounding position 203 of th& gene. We show that 1260M

: has less fidelity than the WT opposite template-B¢fold)

o (Table 5) if the incoming nucleotide is dTTP, as would be
expected from the mutation spectrum. Again, it appears that
30 H ° [260M has a slow reaction raté() for correct nucleotide
incorporation, resulting in a lower fidelity for the incorpora-
20 tion of the incorrect nucleotide. 1260M exhibits a similar
level of discrimination to the WT during the binding step
(Ka)-

10 I260M Is a Polymerase That May Be Permissifor
Incorporation of Purines Opposite TemplateAdifference

! L I ! L ! between the two DNA substrates that we used in our kinetic

40 L

Product(nM)

0 10 20 30 40 50 60 70 studies above is the nature of the templating base. In the
Time (min) 45AC substrate, the templating base is A, a purine. We
0.014 showed that 1260M misincorporates dGTP, dATP, and dCTP

opposite template A (Table 4). With substrate 45CT, where
the templating base, C, is a pyrimidine, it misincorporates
only dATP, a purine (Table 3). However, within the 203T
context, 1260M has a lower fidelity for insertion of dTTP
opposite template T versus the WT. This raised the possibility
that 1260M may be able to misincorporate purines opposite
a templating purine or pyrimidine but not pyrimidines
opposite a pyrimidine within certain sequence contexts. To
test this hypothesis, we used kinetics to assess the effect of
local sequence context on the fidelity of 1260M versus the
) . . . . . WT. We altered the templating base of our 45AC substrate
0 100 200 300 400 500 600 from Ato T. To prevent slippage-mediated misincorporation,
dATP(UM) we also changed the basktb the templating base from G
Ficure 4: Single-turnover experiments of dATP misincorporation to C. Therefore’ this neW, Sequ?nce context would not be
opposite template C. (A) Incorporation of dATP opposite template found in thetk target. Using this new substrate (45TC),
C (substrate 45CT) for 1260M at 3TC. A preincubated solution ~ [260M has no significant difference in fidelity compared to
containing 100 nM enzyme and 50 nM gapped DNA substrate was the \WT opposite template T, as we show in Table 6.

mixed with 10 mM MgC} and 50 (), 100 @), 200 ), 300 @), i At
and 500 4) uM dATP. The reactions were terminated by EDTA Although 1260M also exhibits a lower rate of polymerization

at different time points, and the product was resolved by denaturing (Keo) With this DNA substrate, it is able to discriminate better
sequencing gel electrophoresis. The data were fit to the single-than WT during the binding steg<¢). When our data are
exponential equation to obtaiky,s (B) This figure depicts the  taken together, they suggest that alteration of 1le260 to Met

secondary kinetic plot okeps versus the dATP concentration for regy|ts in a polymerase that has a low fidelity within certain
I1260M (O). The data were fit to a hyperbolic equation as described sequence contexts.

under the Materials and Methods. The solid line represents the best o . .
fit of the data to the hyperbolic equation. Tkg is 0.015 s?, and Misincorporation Opposite Template A Is Context-De-
Kq is 117.5uM. pendentTo test the hypothesis that sequence context plays

an important role in DNA synthesis fidelity by 1260M, we

erization ko) for the correct nucleotide, which results in  examined the fidelity of this variant with the 45AG-U22-
less discrimination at the chemical step when the incorrect D22 DNA substrate. This substrate has a sequence context
substrate is present. Importantly, 1I260M also exhibits less that is not present within the HS¥-gene. However, both
of an ability than WT to discriminate the correct from the this substrate and the 45AC substrate have a templating A
incorrect substrate during the binding step for misincorpo- and a 5 G, but in both cases, thé Base and surrounding
ration of dGTP, dATP, and perhaps dCTP opposite template sequence are different from each other. As shown in Table
A. We note that misincorporation of dCTP opposite A could 7, in 45AG-U22-D22 sequence context, I260M and WT have
occur by slippage of the templating base, such that the Gsimilar fidelities, suggesting that dGTP misincorporation
that is 3 to the templating base serves as the templating baseopposite template A at position 132 is a sequence context-
itself. These types of errors were most likely not observed dependent event. Importantly, the maximum rate of polym-
in thetk assay because, in a collection of over 1000 mutants, erization Kyo) for 1260M is slower for correct nucleotide
other types of base substitutions have not been detected aincorporation, resulting in less discrimination during chem-
position 132. istry when the incorrect nucleotide is present. However, this

I260M Misincorporates dTTP Opposite Template T De- defect is compensated by the increased discrimination during
pending upon the Sequence Contexisition 203 is the only  the binding step Kq4) by 1260M, which results in no
site within thetk gene where we observe misincorporation significant loss in fidelity.
by 1260M of a pyrimidine opposite pyrimidine. This suggests  1260M Participates in BERWe constructed a uracil-
that 1260M is able to misincorporate pyrimidines opposite containing DNA substrate and treated it with uracil DNA
pyrimidines depending upon the particular sequence context.glycosylase (Table 1) for this assay as descrildg). (We
To test this hypothesis, we performed single-turnover kinetics reconstituted then »itro BER assay by using whole-cell
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Table 3: 1260M Misincorporates dATP Opposite Template C intth8equence Context at Position 60

base pair enzyme Kool (579 Ka (uM)® Kpotd/Kpoii® KailKgd Kpo/Kg (M~ s71) fidelity® (x 10%)
C:dGTP WT 15+1 7+t1 21.0x 10°
1260M 2+0.1 6+1 3.3x 10°
C:.dATP WT 0.03+ 0.001 219+ 20 500 31 136 16.0
1260M 0.02+ 0.001 118+ 24 100 197 170 2.0
C.dTTP WT 0.05+ 0.007 340+ 79 300 49 147 14.0
1260M 0.04+ 0.003 718+ 139 50 120 55 6.0
C:dCTP WT 0.02t 0.002 190+ 43 750 27 105 20.0
1260M 0.01+ 0.0005 259+ 20 200 43 39 8.0

2The correct pair is bold? Units are micromolars The ky is for correct (c) divided by incorrect (i}. The Kq is for incorrect (i) dNTP divided
by correct (c).2 Fidelity = [(Kpo/Kd)C + (Kpol Ka)il/[( Koo/Ka)i], where ¢ and i represent the correct and incorrect dNTPs, respectively. The DNA
substrate employed is 45CT.

Table 4: 1260M Misincorporates Nucleotides Opposite A in th&equence Context at Position $32

base pair enzyme Kpot (579 Kqg (uM)® Kpotd Kpoli® KailKad Kool Kg (M1 s71) fidelity® (x 10%)
AdTTP WT 18+ 2 4+0.1 45x 10°
1260M 4404 31+5 1x 10
A:dGTP WT 0.01+ 0.001 310+ 66 1800 78 32 140.0
1260M 0.01+ 0.0004 574+ 99 400 19 17 6.0
A:dATP WT 0.02+ 0.001 103t 11 900 26 194 23.0
1260M 0.01+ 0.0001 374+ 11 400 12 27 4.0
A:dCTP WT 0.02+ 0.0003 8+ 1 900 2 2500 2.0
1260M 0.01+ 0.001 17+ 5 400 1 588 0.2

2The correct pair is bold? Units are micromolaré The ky is for correct (c) divided by incorrect (i}. The Kq is for incorrect (i) dNTP divided
by correct (c).2 Fidelity = [(Kpo/Kd)C + (Kpol Ka)il/[( Koo/Ka)i], where ¢ and i represent the correct and incorrect dNTPs, respectively. The DNA
substrate employed is 45AC.

Table 5: 1260M Misincorporates dTTP Opposite Template T intth8equence Context at Position 203

base pair enzyme Kool (S7%) Ka (uM)®P Kpolo/Kpoi® K Kad kpo/Ka (M1 57%) fidelity® (x 10%)
T:dATP WT 9+1 25+5 4.00x 10°
1260M 1+0.1 56+ 10 0.2x 10°
T.dTTP WT 0.01+ 0.001 187+ 27 643 8 53 8.0
1260M 0.01+ 0.00001 428t 1 91 8 23 1.0
T.dCTP WT 0.02+ 0.004 81+ 10 530 3 247 2.0
1260M 0.02+ 0.003 815+ 153 61 15 25 1.0
T:.dGTP WT 0.01+ 0.001 4+ 0.4 682 0.2 2500 0.1
1260M 0.01+ 0.001 20+ 5 143 0.4 500 0.04

2The correct pair is bold? Units are micromolaré The ky is for correct (c) divided by incorrect (i}. The Kq is for incorrect (i) dNTP divided
by correct (c).2 Fidelity = [(Kpo/Kd)C + (Kpol Ka)il/[( Koo/Ka)i], where ¢ and i represent the correct and incorrect dNTPs, respectively. The DNA
substrate employed is 203T.

Table 6: WT and 1260M Do Not Misincorporate a Pyrimidine Opposite Pyrimidine in 45TC Sequence Gontext

base pair enzyme Koot (579 Kq (uM)P Kpold/Kpoli® KailK g kpo/Kg (M1 s71) fidelity® (x 10°)
T:dATP WT 9+1 7+1 13.0x 10°
1260M 1+0.01 9+ 1 1.0x 1P
T.dTTP WT 0.03+ 0.001 484+ 19 300 70 62 21.0
1260M 0.01+ 0.001 845+ 200 100 93 12 8.0
T:dCTP WT 0.03t+ 0.004 108t 19 300 15 277 4.0
1260M 0.04+ 0.003 558+ 110 25 62 72 1.0

2The correct pair is bold? Units are micromolaré The ky is for correct (c) divided by incorrect (i}. The Kq is for incorrect (i) dNTP divided
by correct (c).2 Fidelity = [(Kpo/Kd)C + (Kpol Ka)il/[( Koo/Ka)i], where ¢ and i represent the correct and incorrect dNTPs, respectively. The DNA
substrate employed is 45TC.

extract (WCE) prepared from either pot-/+ or pol —/— WT within certain sequence contexts, as summarized in
mouse embryonic fibroblast cell lines. The qualitative Table 8. For example, 1260M has an 23-fold lower fidelity
comparison of BER performed by WT and 1260M was than the WT when misinserting dGTP opposite template A
carried out in the presence of WCE from pbl—/— cells within the 45AC DNA substrate, but its fidelity is only 1.7-
and supplemented either with purified WT or 1260M as noted fold lower than the WT for misinsertion of dGTP opposite
in the caption of the figure. Our results show that 1260M is A within the 45AG-U22-D22 substrate. We also found that

able to participate in BER (Figure 5). the DNA-binding affinity of 1260M is higher than that of
the WT. The lowered fidelity of 1260M within certain
DISCUSSION sequence contexts, combined with its ability to induce

In this study, we found that the 1260M prostate-cancer- cellular transformation 12), suggests that this tumor-
associated variant has significantly lower fidelity than the associated pgf variant has a functional phenotype that is
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Table 7: Misincorporation Opposite Template A Depends upon Sequence Context

base pair enzyme Kool (574) Ka (uM)®P KpotdKool® K Ka Kpo/Kg (M~ 571 fidelity® (x 10%)
AdTTP WT 13+ 2 66+ 10 2.0x 1¢°
1260M 3+0.2 38+ 70 0.7x 1
A:dGTP WT 0.01+ 0.001 314+ 60 1300 5 32 5.0
1260M 0.01+ 0.0002 461+ 47 300 12 22 3.0

2The correct pair is bold? Units are micromolars The ky is for correct (c) divided by incorrect (i}. The Kq is for incorrect (i) dNTP divided
by correct (c).2 Fidelity = [(Kpo/Kd)C + (Kpol Ka)il/[( Koo/Ka)i], where ¢ and i represent the correct and incorrect dNTPs, respectively. The DNA
substrate employed is 45AG-U22-D22.

Substrate betanull WCE  beta null Cell Extract + WT pol beta betanull Cell Extract + I1260M beta
WCE
Time (min) 5 20 1 2 5 10 15 20 30 1 2 5 10 15 20 30

R e T

17-mer

16-mer

Ficure 5: 1260M participates in BER with the same efficiency as WT. Lane 1, annealed oligo substrate; lane 2, annealed oligo substrate,
treated with uracil DNA glycosylase (UDG), incubated withd of pol 5 knockout WCE for 20 min; lanes-34, UDG-treated substrate,
incubated with 1Qtg WCE from WT cells for 5 and 20 min, respectively; lanesl®, UDG-treated substrate, incubated withudpof pol

B knockout WCE plus 2 ng of purified WT pdgl for 1, 2, 5, 10, 15, 20, and 30 min, respectively; lanes-18, UDG-treated substrate,
incubated with 1Q:g of pol 8 knockout WCE plus 2 ng of purified 1260M for the same time length as above.

To characterize the mechanisms of infidelity of the [I260M
variant, we assessed its ability to misincorporate nucleotides
within various sequence contexts, using the results ofkthe

Table 8: 1260M Is a Sequence-Specific Mutator
template sequente DNA substrate mispair fidelity WT/I260M

é%g :‘égé ggﬁ g-g assay to guide our thinking. Our kinetic studies show that
CAG 45AC A-dC 10 I260M has a lower fidelity than the WT within certain
CAG 45AC A-dG 23 sequence contexts. This suggests that 1260M is not a general
GAG 45AG-U22-D22 AéiG 17 “sloppier copier”, as are the 1260Q and Y265C variant
ATC 203T TdT 8.0 _ i i
cTC 15TC TdT 26 enzymes 22—24). Our results suggest that the interaction

with specific DNA sequences contributes to its infidelity.
a2 The template is written'3— 5, and the target base is underlined. Interestingly, misinsertion by the WT on undamaged tem-
b . . . L
Fidelity WT/1260M is taken from Tables 37. plates is also influenced by sequence contef.(

Our results lead us to suggest that certain types of DNA
; S sequences within prostate cells expressing 1260M could be
f”llso S.UQQESt that the hlngg regionis 'T“.po”a”t for the'mgnnerat risk for mutations induced by this variant and that a subset
in which pol £ interacts with and positions DNA within its ¢ 1hase sequences would be different than those that may
active site an_d that this interaction is critical for accurate be at risk for mutation by the WT. Mutation of microsatellites
DNA synthesis. similar to the TC repeat or dipyrimidine motifs, which tend

1260M Induces Different Types of Mutations Than the WT. to be located within regulatory regions of genes such as
Using the HSVtK assay with the pSS4 template, we show promoters and introns, could result in altered expression of
that 1260M produces a -68-fold higher frequency of  key growth control genes and lead to cancer. In the case of
misalignment errors at template dipyrimidine sequences andl260M, BER may be an initiating event that creates a free
a 7-fold higher frequency of transversion errors, relative to primer-terminus that can misalign with complementary
the WT. Interestingly, I260M specifically induces expansion template residues upstream of the primer, thereby producing
mutations within the [TCL microsatellite. These observa- longer gaps where expansion may occur. 1260M could also
tions suggest that alteration of hinge residue 1e260 to Met induce mutations within growth control genes that are more
results in a polymerase that interacts with certain DNA prone to mutation by this enzyme because of their sequence
sequence contexts in a different manner than the WT. context, resulting in cancer or a more aggressive disease.

linked to the onset or progression of neoplasia. Our results
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Gin264

HELIX N

Ficure 6: Neighboring residues of 1le260 are important for catalysis. A ribbon representation was shown for the superimposed open (pink)
and closed (blue) form of pd. a-Helix M and N are shown in arrows. The figure includes two catalytic Asp residues 256 and 192. Also
shown is Arg283, which plays important role in the minor groove interaction. Hinge residue 11260 is shown in the ball-and-stick representation.
Neighboring Arg258 is presented in the stick. Recent evidence suggests that rotation of Arg258 plays an important rgiefidalippl

260M Synthesizes DNA with a Lower Rate than WT Pol the bond between Pro261 and GIn264 in the 1260M enzyme
B. The 1260M variant has a lower rate of polymerization for could result in destabilization of the closed form of the
the correct nucleotide with each of the DNA substrates that polymerase, ultimately leading to a low reaction rate.
we examined. This results in less discrimination at the level A |ess stable hinge could also lead to inefficient disruption

of kpol When the incorrect nucleotide is present in the reaction. of the salt bridge between Asp192 and Arg258. Because
This suggests that alteration of the hinge of pahfluences  Agn192 is a key catalytic residue of p8j retention of any
the reaction rate. . interaction between residues 192 and 258 could lead to a
The hydrophobic hinge consists of Leu194, 11e260, and |ower rate of polymerization for correct nucleotides, which
Phe272 lining the inside and lle174, Thr196, and Tyr265 js what we observe with 1260M. The Glu295 and Tyr296
on the outside of the hinge. The fingers doma2, (27) residues interact with Arg258 in the closed form of gdb
moves by as much as 12 &3) upon dNTP binding, and  giminjsh the interaction of Arg258 with Asp192. The salt
this movement originates within the hydrophobic hinge. This pjgge between Glu295 and Arg258 occurs along the inside
movement is largely due to the flexible character of the hinge ¢ the hinge, and we predict that this interaction would also
loop connecting the palm and finger domains. Structural datape somewhat diminished in the 1260M hinge, ultimately
suggest that the movement of the fingers results in alignment|eading to a reduced rate of polymerization.
of the active-site residues, including Aspl190, Aspl92,
Asp256, the 30H of the primer, and the. phosphate of - ; .
incoming dNTP 28). This geometric alignment favors rapid  indicates that alteration of Arg258 to Ala would introduce
catalysis. Thus, alteration of the hinge by mutation could additional space into the active site. I__ysme, however, at the
result in less stability in the closed position or aberrant S&Me position (258), would be predicted to decrease flex-
closure and lead to a low reaction rate. ibility and delay thg side-chain flipping of ArgZS&SQ,QO). .
The overall hydrophobic nature of the hinge is maintained Overall, these studies suggest that Arg258 side-chain rotation

when 116260 is altered to Met. Molecular modeling of energy- plays a significant role on limiting or destabilizing the closing

minimized structures suggests that there is a small <:hangeOf pol 5 before chemistry (Figure 6). They also suggest that

in position of each of the hinge residues in the 1260M this Ioc_al f?a”af?geme”‘ will help FO discourage incorrect
polymerase compared to the WT (data not shown). We nuclepnde insertion in the. gcnve site of pBland play a
propose that the presence of Met260 slightly alters the "0/ in polymerase selectivity. We suggest that the local
positioning of its neighboring residue, Pro261, as depicted rearrangements that occur in the 1260M active site result in
in Figure 6. When pol8 assumes a closed conformation a slightly reduced rate of polymerization that has little effect
Pro261 forms a hydrogen bond with the backbone of GIn264, On fidelity with most DNA substrates. However, the slowed
which is a pivotal residue in the loop that connects the palm rotations of key residues of the enzyme in combination with
and fingers subdomains. The hydrogen bond between Pro2ecertain DNA substrate structures leads to misinsertion of
and GIn264 stabilizes the closed form of the polymerase, ucleotides or utilization of misaligned primer templates.
most likely resulting in an active site that is poised for Infidelity of I260M Is Influenced by &at Sites of Mutation.
insertion of the correct dNTP. However, slight disruption of In each of the kinetic assays that we performed, the 1260M

Interestingly, a recent study of R258A and R258K mutants
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variant had a lower polymerization rate than the WT. that the geometries assumed by certain DNA sequences
Importantly, in all but one case in which we observed a low within the active site of 1I260M differ from their conforma-
fidelity of 1260M versus the WT, [1260M exhibited less tions in the WT. In I260M, this results in aberrant positioning
discrimination during the binding step. In contrast, I260M or stabilization of the templating base or primer-template
did not compensate for the low rate of correct nucleotide misalignment and ultimately leads to errors. Therefore, both
insertion by increasing discrimination during the binding step the DNA conformation itself and the polymerase play critical
when employing DNA substrates in which its fidelity was roles in DNA fidelity.
similar to the WT. Therefore, alteration of [1e260 to Met Summary and ImplicationsWe have shown that the
influences substrate discrimination during dNTP binding. prostate-cancer-associated 1260M variant has a mutator
Because the hinge is critical for movement of the fingers phenotype specific for certain DNA sequence contexts. The
domain that contains amino acid residues that stabilize themechanistic basis for misinsertion most likely resides in
templating base and incoming substrate, a destabilized hingesubtle changes in the active-site geometry of the closed
may disrupt precise positioning of these residues, resulting conformation of poj that emanates from slight alterations
in a loss of discrimination during dNTP binding. of the hydrophobic hinge in combination with certain DNA
DNA Positioning Impacts upon PglFidelity. It is known structures. Our data suggest that alteration of 1260 to Met
that rotation about the hinge positions key enzyme residuesleads to a change in the genomic sequences that are at risk
including Arg283, which appears to stabilize the templating for mutation in the human genome. Prostate cancer is thought
base in position for correct dNTP insertion. We suggest that to result from complex gereenvironment interactions4).
a less stable hinge could result in slightly aberrant positioning Although family history has been established as a risk factor
of Arg283, which, in most cases, has little effect. However, for prostate cancer, only-510% of cases are believed to
when the position of Arg283 is slightly altered in the arise from major susceptibility genes. Therefore, it has been
presence of certain DNA structures, such as the one atsuggested that common genetic polymorphisms in combina-
position 132 of thek gene, the geometry of the templating tion with the environment are linked to the etiology of human
base is destabilized, resulting in misinsertion by 1260M. prostate cancef3@). Pol 5 functions in the gap-filling step
Similarly, the production of expansion mutations within the of BER, which is thought to be critical for the repair of at
[TC] microsatellite requires slippage of the nascent polypu- least 10 000 lesions per cell per day that result from the
rine strand, which is expected to produce an intrahelical bulgeinherently unstable nature of DNA and from environmental
(20). The altered active-site geometry of I260M may result insults. Much of the time, gap filling by pg during BER
in more favorable positioning of such bulged primer- is accurate. However, we speculate that the presence of
templates for continued DNA synthesis. [1260M in tumor cells leads to inaccurate gap filling within
Substrate choice by DNA polymerases varies dependingcertain sequence contexts, increasing the chances that certain
upon the identity of the templating base, incoming dNTP, at-risk sequences will be mutated. Thus, at-risk sequences
and the interaction with the neighboring protein residues. In that are present within key growth control genes in cells
the active site of poB, the nascent base pair is sandwiched expressing the 1260M variant could be mutated, resulting in
between the DNA substrate andhelix N (31). Crystal a tumor or more aggressive disease.
structures of pofs show that it induces a 9(end in the
DNA upon binding, which is suggested to play an important ACKNOWLEDGMENT

role in polymerase fidelity48). This bend is observed in This work was supported by PO1-CA16038 (J. B. S.

the binary and ternary complexes of gblThe templating  roiect leader). We thank members of the Sweasy lab, Dr.

base is centrally positioned within the 9@end and is  j54chim Jaeger, and Dr. Daniel DiMaio for many insightful
stabilized by Arg283, a residue that is present on helix N of iscussions.

pol 3 (28). Alteration of Arg283 results in a polymerase with
significantly reduced activity and fidelityl(), suggesting
that template stabilization is important for catalysis. Studies
of the T79S poJf mutant in our lab suggest that the hetix
hairpin—helix motifs adjacent to Thr79 play important roles against the cytotoxicity of oxidative DNA damageNA Repair

in stabilizing the 90 bend for proper template presentation 1, 317-333.

(32). A lack of stabilization of the DNA in this bent form 2. Lindahl, T. (2000) Suppression of spontaneous mutagenesis in
results in a lowering of fidelity, as observed with the T79S gggan cells by DNA base excision-repdifitat. Res462 129~
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that template positioning plays on pdffidelity include the of 8p genes POLB and PPP2CB in bladder canancer Genet.
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We suggest that the sequence context of the DNA directly - Emi, M., Fujiwara, Y., Ohata, H., Tsuda, H., Hirohashi, S., Koike,
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