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ABSTRACT: 8-Oxo0-7,8-dihydroguanine (8-oxoGua) can base pair with either cytosine (C) or adenine (A)
when replicated by DNA polymerases. The 8-oxo@uaismatch is extended in preference to the
8-oxoGuaC pair. Using a model 25-mer/36-mer DNA duplex containing either guanine {Gua)
8-oxoGuaC, or 8-oxoGugA base pairs at the primer terminus and A at the standing start position, we
found that the pre-steady-state addition of dTTP opposite A following all three base pairs by bacteriophage
T7 DNA polymerase exo showed burst kinetics, suggesting that extension of all three base pairs is
controlled by the rate of a step at or before phosphodiester bond formation. Substitution @tSQiTarP

dTTP yielded modest thio effects of-B, suggesting that extension of all three pairs is limited by the

rate of the conformational change prior to phosphodiester bond formation. Pre-steady-state values for
kpol (Maximum polymerization rate) were 120, 12, and 28 andKy values were 2, 75, and 22V for

insertion of dTTP following GueC, 8-oxoGuaC, and 8-oxoGueh base pairs, respectively. Additional
analysis of extension was provided by substitution of A in the standing start position by 2-aminopurine
(2-AP), a fluorescent base analogue. Comparison of rapid-quench gel-based assays with stopped-flow
fluorescence quenching assays suggested that during addition of dTTP opposite 2-AP phosphodiester
bond formation was rate-limiting when 8-oxoG@aor 8-oxoGuaA were the preceding base pairs, while
conformational change was rate-limiting when @liavas the preceding base pair. Furthermore, the
difference in apparent conformational change rates for addition of dTTP opposite 2-AP following the
8-oxoGua base pairs was greater than the differences in their phosphodiester bond formation rates,
suggesting that discrimination in extension may be influenced more by conformational change rates than
the rates of phosphodiester bond formation in this mispaired system.

DNA adducts are formed by the covalent interaction of DNA adducts, the rate of extension of the mispair is slower
reactive chemical species with DNA. Mutations and base than the rate of base excision, allowing the polymerase time
pair substitutions occurring during replication of DNA to correct the misinsertionl( 2). Also, it is likely that
adducts by DNA polymerases result from the capacity of phosphodiester bond formation is the rate-limiting step in
DNA adducts to base pair with noncomplementary bases inthe mechanism of normal mispair extensi@). (Thus, an
addition to or rather than complementary bases. The role additional “lesser known” mechanism for polymerase fidelity
of DNA polymerases in correct replication of DNA adducts is provided by the kinetic barrier of slow extension of
depends partly on the efficiency of the polymerase to select mismatches4—8).

the correct base for insertion opposite the adduct, which in  when a DNA adduct is involved in a mispair, there are
turn depends on the sequence context of the adduct andhdditional caveats to the extension kinetics that may help
mispair, the type of adduct and mispair formed, and the define a significant factor in the mutagenicity of DNA
specific polymerase responsible for the replication. Follow- adducts. Contrary to the effect of slow extension of non-
ing a misinsertion, the polymerase may dissociate from the \Watson-Crick base pairs, extension of many adduct mispairs

DNA, excise the mispair if the polymerase has exonucleasejs more efficient than extension of adduct “correct” pairs.
activity, or extend the mispair to seal the mutation. Innormal posanjh et al. § showed that the “mutagenicOf-

mispairs, i.e., non-WatserCrick base pairs not involving
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methylGuaT* base pair was efficiently extended while the
“correct” pair O5-methylGuaC was a block to replication.
The same was true for the mutagenic p#&XsethylThy-G
andO*methylThyG and the “correct” pair®*-ethylThyA
andO*methylThyA; the later two were replication blocking
while the former were efficiently extendedi@). The bulky
lesion trans-(+)-anti-benzof]pyrenediol epoxidéN?>-Gua

Table 1: Oligonucleotidés

36G-mer template with
25C-mer and 25A-mer

0

'-GCC TCG AGC CAG CCG CAG ACG CAG A
‘-GCC TCG AGC CAG CCG CAG ACG CAG C
'-CGG AGC TCG GTC GGC GTC TGC GTC GAT CCT GCG GCT

w o

-GCC TCG AGC CAG CCG CAG ACG CAG A
'-GCC TCG AGC CAG CCG CAG ACG CAG C
'-CGG AGC TCG GTC GGC GTC TGC GTC GAT CCT GCG GCT

36-8-0x0G-mer template with 5¢
25C-mer and 25A-mer

w u

- . . . 36G-mer template with 2-AP 5'-GCC TCG AGC CAG CCG CAG ACG CAG A
was also extended more efficiently when it was paired With  .ud 2scmer and 25a-mer 5-GCC TCG ACC CAG CCG CAG ACG CAG C
A rather than the correct base Cl). The 1N*propanoGusA 317€6G AGC GG GTC GGC GTC TOC OTC § A7AT T COT 606 cov
mutagenic pair was efficiently extended to full-length product “scs-oxoGmer emplate with 2-aP 5+ -scc 70 ace cas cco cas acs cas a
while the “correct” pair IN>propanoGueC was extended ™=@ 2 oo at 1m0 G G e mo e @ 2-ap T ccp acs aex

only after slippage of the templaté?). Furthermore, the
major factor contributing to the presence of A opposité*d,
propanoGua in full-length product was preferential extension
of the 1N?-propanoGueA mispair to full-length (2). Thus, Nucleoside TriphosphatesUnlabeled Ultrapure Grade

in contrast to the situation encountered with mismatches of dNTPs were purchased from Pharmacia Biotech (Uppsala,
the four normal bases, a general phenomenon of preferentiaSweden), §)-dNTPaSs were purchased from United States
extension of the adduct mispair has been defined in the Biochemical Corp. (Cleveland, OH), and all radioisotopes

aG denotes the position of 8-oxoGua.

literature, although the initial misinsertion event may not be
favored over correct nucleotide insertion.

The most abundant DNA adduct formed from reactive

were purchased from DuPoenNew England Nuclear (Bos-
ton, MA).
Oligonucleotides The oligonucleotide sequences chosen

oxygen species is 8-oxoGua. Due to its ability to base pair for these experiments are shown in Table 1. The sequences

with both C and A, 8-oxoGua causes G to T transversions for primers (25-mer with 3A and 25-mer with 3C,
when replicated by DNA polymerases. Preferential extension designated 25A-mer and 25C-mer, respectively) were the

of the 8-0x0GA mispair over the 8-oxo€ “correct” pair
was first reported in the literature by Shibutani et a3)(

same as those used previously in this 1&B)( except that
an A or 2-AP was placed' ®f the standing start position,

We subsequently found in pre-steady-state rapid-quenchi-e-v next to either the Gua control base or the 8-oxoGua base.

assays with KF, pol II7, HIV-1 RT, and T7 that the rate

of extension of the 8-oxoGuA mispair was greater than
that of the 8-oxo@&C pair (L4, 15. In the cases of KF, pol

II7, and HIV-1 RT, the biphasic kinetics observed during
extension of 8-oxo@A were absent during extension of
8-0xoGC. However, with T7, extension of both pairs
showed biphasic kinetics with the burst rate for extension
of 8-o0xoGC being slower than that for extension of
8-0x0GA (15). This result provided the opportunity for

detailed exploration of the mechanistic bases for the pref-

erential extension of the 8-oxe®& pair. Specifically, by

using rapid-quench and stopped-flow fluorescence quenching

The primers were purchased as “trityl-on” oligonucleotides
from Midland Certified Reagent Co. (Midland, TX). All
other oligonucleotides were synthesized as trityl-on oligo-
nucleotides on an Expedite Nucleic Acid Synthesis System
(Millipore Corp., Bedford, MA). The 8-oxoGua and 2-AP
phosphoramidites were purchased from Glen Research
(Sterling, VA). Oligonucleotides were detritylated and
purified using NENSORB PREP cartridges (E. I. du Pont
de Nemours & Co., Boston, MA), followed by purification
by gel electrophoresis. The oligonucleotides were eluted
from the gel as described4) and recovered and concen-
trated with MICROPURE Inserts and MICRON Microcon-

assays, we have addressed the questions of what the kineti€&Ntrators, respectively, from Amicon (Beverly, MA). OThe
barriers are to extension of adduct-containing base pairs andPUrity of all oligonucleotides was determined to b&9%

why the adduct mispair is preferentially extended over the
“correct” pair.

EXPERIMENTAL PROCEDURES

T7- and Thioredoxin The overproducing strains for T7
and thioredoxin were provided by Prof. K. A. Johnson
(Pennsylvania State University). The proteins were purified
to electrophoretic homogeneityt®) as described by Patel
etal. 07) and Lunn et al.18). Protein concentrations were
estimated usingzso = 144 mM™ cm™ for T7~ andezgo =
13.7 mMt cm™? for thioredoxin. Purified T7 was stored
in small aliquots at-70 °C in 20 mM potassium phosphate
buffer (pH 7.4) containing 0.1 mM EDTA, 1.0 mM DTT,
and 50% glycerol (v/v). Thioredoxin was also stored in small
aliquots at—70 °C in 50 mM Tris-HCI buffer (pH 8.5)
containing 3 mM EDTA and 50% glycerol (v/v). T#vas
reconstituted with thioredoxin immediately prior to use as
described 15, 179. The activity of T7 was determined to

by capillary gel electrophoresis using Beckman P/ACE 2000
and 5000 instruments (Beckman, Fullerton, CA) as described
previously (5). Concentrations of purified oligonucleotides
were estimated by UV absorbance (260 nm) from spectra
determined using a modified Cary-14/OLIS spectrophotom-
eter (On-Line Instrument Systems, Bogart, GA). Extinction
coefficients were as follows: 25A-metas0 = 237 mM™L
cmt; 25C-mer,ez60 = 230 MMt cm™L; 36G-mer,ex60 =

319 mM* cm™%; 36-8-0x0G-mergzso = 319 mMt cm;
36G-mer with 2-AP¢s60= 319 mM cm; and 36-8-0x0G-
mer with 2-AP,e260 = 319 mMt cm™ (19).

Primer End Labeling and Primer/Template Annealing
Primers were 5end-labeled using T4 polynucleotide kinase
(Gibco BRL Life Technologies, Grand Island, NY) with
[y-32P]ATP (3000 Ci/mmol) as previously describead) and
as modified in this laboratoryld).

Steady-State Incorporation of dTTP Opposite A following
GuaC, GuaA, 8-OxoGuaC, or 8-OxoGuaA Base Pairs
The general approach of Boosalis et &0)(was used, as

be nearly 100% in active-site titration experiments described modified in this laboratory¥4, 15. Steady-state reaction

previously (5).

mixtures with T7 and the 25C-mer/36G-mer complex used
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0.3nM T7-, 100 nM duplex DNA, and 0.053.0uM dTTP
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fluorescence quenching. Emission was monitored by use

(final concentrations) and were run for 3.5 min. For steady- of a 335-nm cutoff filter. Data were collected and analyzed

state assays with T7and the 25A-mer/36G-mer complex,
5.2nM T7°, 100 nM duplex DNA, and 462000uM dTTP

using the software package and Acorn A5000 computer
provided by Applied Photophysics. Reactions were initiated

were used in 10 min reactions. Steady-state reactions withby rapid mixing of equal volumes of primer/template/
T7~ and the 25C-mer/36-8-0x0G-mer complex used 0.7 nM polymerase mixtures with dTTP in buffer A. All reactions

T7-, 100 nM duplex DNA, and 1-640uM dTTP and were
run for 5 min. T7 reactions with the 25A-mer/36-8-0x0G-
mer complex also used 0.7 nM Tand 100 nM duplex DNA
and were run for 5 min, but the concentration of dTTP varied
from 0.1 to 1.5«M. Reactions were initiated by the addition
of an equal volume of dNTP in 100 mM Tris-HCI buffer
(pH 7.4) containing 25 mM MgGl (buffer A) (final
concentrations of Tris-HCI and Mgg&ere 50 and 12.5 mM,
respectively) to preincubated enzyme/DNA solution. All

were at 25°C. Traces are presented as averages of several
individual reactions (410 reactions), and analysis of residu-
als provided by the manufacturer’s software are shown below
the plots.

RESULTS

Pre-Steady-State Kinetics of dTTP Incorporation Opposite
A following GuaC, 8-OxoGuaC, and 8-OxoGueA Base
Pairs. Pre-steady-state reactions were initiated by the rapid

reactions were quenched with twice the reaction volume of mixing of a preincubated solution of duplex DNA and-T7

20 mM EDTA at pH 7.4 (13 mM final concentration). All
reactions were done in duplicate and at 252 Products

(~3-fold excess DNA) with dTTP in buffer A (Figure 1).
Incorporation of dTTP opposite A following Gt@,

were analyzed by gel electrophoresis and quantitated asg-oxoGuaC, and 8-oxoGua base pairs showed biphasic

described previouslyld, 15.
Pre-Steady-State Rapid-Quench Experimeni®apid-

kinetics in all cases. The normal dTTP was replaced by the
thio analogue, dTT&S, for analysis of the elemental effect

quench experiments were carried out in a KinTek Quench- o the bursts (Figure 1). Relatively small thio effects of 1,

Flow Apparatus (Model RQF-3, KinTek Corp., State College,
PA). Reactions were started by rapid mixing*&®-primer/
template/polymerase mixtures (21b) with dTTP in buffer

A (26.3 uL) and then quenched with an equal volume of
0.6 M EDTA, pH 7.4 (7, 21). The final concentration of
duplex DNA in all reactions was 102 nM. The final
concentration of T7 varied as did dTTP concentrations (as

6, and 5 were observed for incorporation following GDa
8-oxoGuaC, and 8-oxoGueh base pairs, respectively
(Figure 1).

Determination of lKand kq. By varying the concentration
of dTTP, the dependence of the burst phase rate on the
concentration of dTTP was determined by single-exponential
analysis as described previously (Figure 2 and other data

reported in figure legends). Products were analyzed by gelnot shown) {4, 15. The rate of the burst phase for each

electrophoresis and quantitated as described previoldly (

concentration of dTTP was then plotted against the respective

15). Pre-steady-state experiments, except where indicated concentration of dTTP and the hyperblg, = { kyo[dTTPY/

were fit with the burst equationy = A(1 — e™!) + kg,
where A = burst amplitude,k, = pre-steady-state rate
constant for nucleotide incorporatiér,= time, andkss =

steady-state rate of nucleotide incorporation. Graphs shown
were generated in KaleidaGraph version 3.0.5. (Synergy
Software, Reading, PA). KaleidaGraph software is equipped

([dTTP] + Kg)} fit to the data, which describes the reaction
equation:

kpol

K
E-D + N==E-D-N=>E-D,,,PP

with nonlinear regression routines and error analysis which whereKy = dNTP dissociation constanky, = maximum
provide a best fit of the equations to the data (these equationgate for nucleotide incorporation, € enzyme, D= 25/36-

are indicated in the figure legends and text).
Single-Turneer Elemental Effect for Incorporation fol-
lowing a GuaA Base Pair. To evaluate a possible elemental
effect during incorporation of dTTdS opposite A following
a GuaA base pair, single-turnover analysis was used.
Reactions with both dTTP and the thio analogue, da$P
were done with final concentrations of 2, 4, 6, and 9 mM
dNTP, 100 nM duplex DNA, and 70 nM T7 Reactions
were initiated by the manual mixing of equal volumes of
32P-primer/template/enzyme mixture and dTTP or d&BP
in buffer A followed by quenching with twice the reaction
volume of 20 mM EDTA at pH 7.4 (13 mM final concentra-
tion). Reactions were done in duplicate and at’€3

mer oligomer, N= dTTP, D1 = 26/36-mer product
oligomer, and PP= pyrophosphate (Figure 2). Tlhgd™™
values for extension of Ge@, 8-oxoGuaC, and 8-oxoGua
base pairs were 2 1 uM, 75 £ 37 uM, and 22+ 4 uM,
respectively (Figure 2). Thé&, values for extension of
GuaC, 8-oxoGuaC, and 8-oxoGuah were 120+ 9 s1,
12 + 2 s, and 284 2 s? (Figure 2). The efficiency of
extension K,o/Kg) was in the order Gu& > 8-oxoGuaA
> 8-oxoGuaC > GuaA (Table 2). Steady-state efficiency
of extensionk.a/Km (9,22, followed the same trend (Table
2).

Elemental Effect for dTTP Incorporation following Géa
To determine the rate-limiting step for incorporation of dTTP

Pre-Steady-State Stopped-Flow Fluorescence Quenchingfollowing the GuaA mismatch, studies on the elemental
Experiments Fluorescence quenching assays were done €ffect were performed with 70 nM T7 100 nM duplex

using an Applied Photophysics SX-17MV stopped-flow

DNA, and 2, 4, 6, or 9 mM of either dTTP or dT&8 (final

spectrophotometer (Leatherhead, U.K.). An excitation wave- concentrations) (Figure 3 and Supporting Information). The
|ength of 310 nm was used in assays monitoring 2-AP time course for addition of 2 mM dTTP yielded a rate of

2The parameterK,” is defined in the text as the pseudo-first-order
rate constant whileKy,” is defined in the text as the maximum rate
for dNTP incorporation.

6.7 x 1072 s'1. Upon substitution of 2 mM dTTP with 2
mM dTTPuS, the rate was reduced to 46 1075 s1,
yielding a thio effect of 150 (Figure 3). Similar thio effects
of 130—-165 were observed with near saturating dTTP and
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Gua:C 8-oxoGua:C 8-oxoGua:A
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Ficure 1: Time progress and elemental effect for dTTP addition opposite A following@GuoxoGuaC, and 8-oxoGugh base pairs.
(A) T7~ (29 nM, preincubated with 102 nM 25C/36G-mer) was mixed with a solution of dTTP#®B0n buffer A in the rapid quench
instrument @). For analysis of the elemental effect on phosphodiester bond formation([32/M, preincubated with 102 nM 25C/36G-
mer) was mixed with a solution of dTHS (220uM) in buffer A in the rapid quench instrumerid). All reactions were quenched by the
addition of EDTA to 0.3 M. The burst equatign= A(1 — e %) + k¢ was fit to the data, wher& = burst amplitudek, = pre-steady-state
rate constant for nucleotide incorporatidrs time, andkss = steady-state rate of nucleotide incorporation. The elemental effect was unity.
(B) T7- (33 nM, preincubated with 102 nM 25C/36-8-0x0G-mer) was mixed with a solution of dTTP/&}0n buffer A in the rapid
guench instrument®). For analysis of the elemental effect on phosphodiester bond formation(3D7nM, preincubated with 102 nM
25C/36-8-0x0G-mer) was mixed with a solution of dToI%(220uM) in buffer A in the rapid quench instrument). The elemental effect
was 2. (C) T7 (38 nM, preincubated with 102 nM 25A/36-8-0x0G-mer) was mixed with a solution of dTTP4RB0n buffer A in the
rapid quench instrumen®). For analysis of the elemental effect on phosphodiester bond formation(3V/nM, preincubated with 102
nM 25A/36-8-0x0G-mer) was mixed with a solution of dTA® (220uM) in buffer A in the rapid quench instrumeritl). The elemental

effect was 5.

dTTPoS concentrations of 4, 6, and 9 mM (Supporting

Information). The large thio effect strongly suggests that
phosphodiester bond formation is rate-limiting for incorpora-

tion of dTTP following the GugA mispair.

Pre-Steady-State Kinetics of dTTP Incorporation Opposite

2-Aminopurine following GueC, 8-OxoGuaC, and
8-OxoGuaA Base Pairs The low thio effects measured for
incorporation of dTTP opposite A following Gt@,
8-oxoGuaC, and 8-oxoGudh base pairs suggest that con-

formational change is the rate-limiting step in each addition

4A). The rates for dTT&S addition after 8-oxoGu& and
8-oxoGuaA base pairs were~0.03 s! and ~0.2 s,
respectively, producing thio effects of30 and ~20,
respectively (Figure 4B,C). These results suggest that the
rate-limiting step during dTTP addition opposite 2-AP is
phosphodiester bond formation, a different result than that
observed for addition opposite A after 8-oxoGDaand
8-oxoGuaA base pairs.

Stopped-Flow Fluorescence Quenching Assay of Incor-
poration of dTTP Opposite 2-Aminopurinélhe presence

reaction. An additional model system was developed which of 2-AP in the standing start position of the template allowed
could be used in both rapid-quench gel-based assays and ithe measurement of fluorescence quenching during incor-
stopped-flow fluorescence quenching assays to better delin-poration of dTTP (Figure 5). Stopped-flow experiments
eate contributions of conformational change and phosphodi-contained 1.3tM duplex DNA, 2.2uM T7~, and 200uM
ester bond formation to the kinetic barrier for extension. In dTTP (final concentrations). The dTTP concentration was
this case, 2-AP was substituted for A in the standing-start saturating in each caseAddition of dTTP opposite 2-AP
position of the template (Table 1). Although this substitution following the GuaC base pair fit a single-exponential rate
mimics the original model system and provides a mechanismequation very well, yielding a rate of 170 20 s (Figure
by which to monitor the conformational change, it does not 5A). Addition of dTTP opposite 2-AP following both
have the exact same kinetic profile as the model containing 8-oxoGuaC and 8-oxoGueA base pairs fit double-expo-
A (vide infra). nential plots but clearly not single-exponential plots. The
Pre-steady-state reactions were initiated by the rapid
mixing of a preincubated solution of duplex DNA (102 nM,
final) and T7 (37—44 nM, final) with dTTP in buffer A
(Figure 4) as described above. As in the case of addition
opposite A, incorporation of dTTP opposite 2-AP following
GuaC, 8-oxoGuaC, and 8-oxoGush base pairs showed
biphasic kinetics with burst rates ef75 s, 1 s'1, and 4
s 1, respectively (Figure 4). When the normal dTTP was
replaced by the thio analogue, dTd® (Figure 4), biphasic
kinetics were eliminated for addition after both 8-oxo@&Tia
and 8-oxoGugA base pairs. The Gu@ duplex still showed
biphasic kinetics for incorporation of dT®S, but the burst
rate was reduced te-13 s%, a thio effect of~6 (Figure

3 The Kq for addition of dTTP opposite 2-AP after any of the three
base pairs was determined to b&3 M from rapid-quench experi-
ments with varying concentrations of dTTP (Supporting Information).

4 Attempts were made using dT®&B substituted for dTTP, but
definitive change in fluorescence was not detected due to signal drift.

5 Additional stopped-flow experiments with the templates containing
A in the standing start position were performed with dideoxy-terminated
primers. In this case, the change in intrinsic protein fluorescence of
T7- was measured over time (excitation at 295 nm, emission monitored
with a 320 nm cutoff filter). Since T7contains 18 tryptophan residues,
we were hopeful that a fluorescence signal corresponding to protein
conformational change would be observed. Howevery @l ZIr'7— and
DNA and 200uM dTTP, no change in fluorescence signal was detected.
A confounding problem is the large excess of thioredoxin present in
the polymerization system.
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Ficure 2: dTTP concentration dependence of the pre-steady-state burst rate for addition opposite A and determiatiodlgf. (A)

A preincubated solution of T7(25—38 nM) and 25C/36G-mer (102 nM) was mixed with increasing concentrations of dTTRNB.D;
11uM, O; 22 uM, A; 44 uM, @; 66 uM, B; and 110uM, A) in buffer A to start the reactions. The reactions were quenched over a time
range of 0.0053 s. (B) A preincubated solution of T7(22—34 nM) and 25C/36-8-oxoG-mer (102 nM) was mixed with increasing
concentrations of dTTP (1M, O; 22 uM, O; 44 uM, A; 66 uM, @; 110 uM, B; 220 uM, A; and 440uM, @) in buffer A to start the
reactions. The reactions were quenched over a time range of-03005(C) A preincubated solution of T{24—32 nM) and 25A/36-8-
oxoG-mer (102 nM) was mixed with increasing concentrations of dTTP4BL50; 11 uM, O; 22 uM, A; 44 uM, @; 66 uM, B; and 110

uM, 4a) in buffer A to start the reactions. The reactions were quenched over a time range of8.603he pre-steady-state rates of
product formation in panels A, B, and C were determined by single-exponential analysis of the burst phase (see text for explanation) and
then plotted against [dTTP] to determiig andkp, for incorporation of dTTP by T7 following (D) GuaC base pair, (E) 8-oxoGe@

base pair, or (F) 8-oxoGuea base pair.

Table 2: Kinetic Parameters for TMNext Correct Base Addition Opposite A

steady-state pre-steady-state

Km (,MM) Keat (S_l) Keal Km (S_l,uM_l)a Kqg (HM) kpo| (S_l) kp0|/Kd (S_lﬂM_l)a
GuaC 0.24+0.05 0.34+ 0.02 1.4 2+1 120+ 9 60
GuaA 1700+ 500 0.011+ 0.002 6.5x 1076 NDP —c NDP
8-oxoGuaC 22+ 3 0.17+0.01 7.7x 1073 75+ 37 12+ 2 0.2
8-oxoGuaA 0.7+£0.2 0.046+ 0.007 7x 1072 22+ 4 28+ 2 1.3

a Efficiency of extension® ND, not determinedS From single-turnover experiments using 2 mM (final) dTTP, a rate of6.X0~% s™* was
obtained (see Figure 3 and text for details).

initial and second-exponential rates for addition following the adduct mismatch duplex DNA preferentially over duplex

8-oxoGuaC were 3+ 1 st and 0.55+ 0.01 s (Figure
5B). For addition following 8-oxoGud, the rates were 37
+ 8 stand 1.94+ 0.02 s (Figure 5C)*5

DISCUSSION

The preferential extension of DNA adduct mismatche

versus extension of the adduct paired with the correct base
presents a mechanism by which replication errors leading

DNA containing the adduct with the correct base. However,
a large number of groups working with a variety of DNA
adduct pairs [including 8-oxoGua paifsy 15] and a variety
of DNA polymerases have shown that polymerases bind
mismatched termini efficiently3, 7, 14, 15, 22-24). The
s preferential extension of the mismatch or the replication
blocking potential of an adduct correct pair is, then, believed
to be controlled by a kinetic barrier to extension.

to mutagenesis can be propagated by polymerases. One We and others have examined the pre-steady-state kinetics
explanation for the preferential extension of adduct mis- of extension of adduct mismatches. Tan et a5) (showed
matches that has been offered is that the polymerase bindghat anO8-methylGuaT pair was extended more efficiently
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. . . . suggest that the preferential extension of 8-oxo@us due

to a larger rate constant for nucleotide addition and lower
KT, The combined effects of highdgso and lowerKgy

for extension of 8-oxoGua yield an efficiency of extension
~T7-fold greater than that for extension of 8-oxoGDg1.3
stuM~1tvs 0.2 s uM™1). From previous work with T7
(15), the efficiencieskyo/Kq) for formingGuaC, 8-oxoGuaC,
dTTPaS 1 and 8-oxoGugA base pairs were approximately 27 &M,

, . , 0.2 s uM~1, and 0.002 s' uM™1, respectively, in this

0 10 20 30 40 50 oligonucleotide pair.

Time, min To define more rigorously the contributions of phosphodi-
rcmp or dTTPuS ester bond formation and the conformational change before

5 A phosphodiester bond formation to the kinetic barrier for
¥ G-A adduct base pair extension, an additional model system was
Ficure 3: Single-turnover elemental effect for dTTP incorporation ysed in which the template A was replaced with a fluorescent

opposite A following a Gugd mispair. Reactions were initiated _ ;
by the manual addition of dTTF) or dTTRS @) (2 mM, final) base analogue, 2-AP. This model system has been used

to T7- (70 nM, final) preincubated with 25A/36G-mer (100 nM, previously to provide direct eyidence for the confprma}tional
final) followed by quenching with 20 mM EDTA at the indicated change prior to phosphodiester bond formation in the
times. The time course for addition of dTT®)(was 6.7x 103 mechanisms of bacteriophage T4 DNA polymerase and KF
s tand of dTTRS (@) was 4.6x 10°° s, yielding an elemental  (26)  |n our experiments, the 2-AP is at the standing start
effect of 150. o . position of the template, and thé-t&rmini of the duplex
thanO8-methylGuaC, but the kinetic parameters governing contains either a Gu&, 8-0xoGuaC, or 8-0xoGusA base
those_results were not defined. In previous wor.k witTKF pair. Initial rapid-quench burst assays showed a biphasic
pol II”, HIV-1 RT, and T7, we showed in rapid-quench \oq,nse for addition of dTTP opposite 2-AP following each

assays that 8-oxoGua base pairs were extended more of the three base pai : .
o ; pairs, suggesting that phosphodiester bond
efficiently than 8-oxoGueC in all cases14, 19, but only formation or a step before is rate-limiting. Substitution of

now have we attempted to clearly define what the kinetic dTTP with the thio analogue, dTHS, resulted in a loss of

anddmlechlanistic basis for these results are usingas/our biphasic kinetics during addition following both 8-oxoGua
m(')l'he Eo yTeraTe. d iously with-T pairs but not for addition following Gu&. The thio effects
e burst analyses done previously with™T[A5) were of 30 and 20 observed for addition after 8-oxo&tiaand

repeated presently with the new template containing A in 8-0x0GUAA. res ; ;
! . ! ; . 8- , respectively, strongly suggests that phosphodi-
the standing start position, and again we found biphasic ester bond formation is the rate-limiting step in the mech-

kinetics for addition of the next correct base following . .
GuaC, 8-oxoGuaC, and 8-oxoGud base pairs, suggesting anism of extension. ]
that phosphodiester bond formation or a step before phos- 1he results of stopped-flow fluorescence quenching assays
phodiester bond formation is rate-limiting in the single- With the 2-AP-containing template supported and expanded
turnover mechanism. The modest thio effects (from 1 to 6) the rapid-quench results. Addition of dTTP following GOa
observed in the elemental effect experiments suggest thaShowed a single-exponential trace with a rat-fold the
the conformational change prior to phosphodiester bond burst rate determined from rapid-quench assays. The kinetic
formation is the rate-limiting step in the mechanism of correct traces for nucleotide addition following both of the 8-oxoGua
base addition following GU&, 8-oxoGusC, and 8-0xoGua base pairs fit a double exponential with an initial fast rate
base pairs. Thus, mechanistically, all three extension reac-followed by a slower second rate, which was nearly the same
tions above appear to be governed by the same rate-limiting@s the burst rate determined from rapid-quench experiments
step. The thio effect of~150 for nucleotide addition with each 8-oxoGua base pair. The initial rates in the traces
following a GuaA base pair strongly suggests that phos- for nucleotide addition following 8-oxoGe@ and 8-oxoGugh
phodiester bond formation is the rate-limiting step for that occurred at rates of & 1 s and 37+ 8 s, respectively.
extension reaction in agreement with previous analysis of The initial rate of fluorescence quenching measured is faster
nucleotide addition by T7following a mispair 8). than product formation in rapid-quench gel based assays and
Differences in the pre-steady-state parame@redNTP thus is postulated to reflect the rate of the conformational
dissociation constant) an#,, (the maximum rate for  change prior to phosphodiester bond formation (it is probably
nucleotide incorporation) for addition of dTTP opposite A too slow to be dNTP binding). In this case, there is a larger
following GuaC, 8-oxoGuaC, and 8-oxoGuel base pairs  difference between the rates of conformational change than
help to define the kinetic barrier to extension of 8-oxo€iia  between phosphodiester bond formation rates in extension
and the preferential extension of 8-oxo&GNa Extension of 8-oxoGuaC and 8-oxoGusA base pairs. Thus, the
of a normal base pair, Gt@, proceeds more readily than kinetic and mechanistic barrier to extension of the 8-oxeGua

(o2 o
o o

[Product], nM
N
o

20 ?

extension of either 8-oxoGua base pair, witk,@of 120+ base pair may reside in discrimination at the conformational
9 st aKqof 2+ 1uM, and an overall efficiencykgo/Kq) change level, although overall discrimination in extension
of ~60 st uM~L. The kyo for extension of 8-oxoGu#é of either 8-oxoGua base pair compared to the Gubase

was 2-fold greater than the,, for extension of 8-oxoGu& pair is at the level of phosphodiester bond formation when

(28 &+ 2 st vs 124+ 2 sY), and additionally theKqy for 2-AP is in the standing start position since both 8-oxoGua
extension of 8-oxoGu#a was one-third thé, for extension base pairs show a phosphodiester bond formation rate-
of 8-oxoGuaC (22+ 4 uM vs 75+ 37uM). These results  limiting step.
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Ficure 4: Time progress and elemental effect for dTTP incorporation opposite 2-AP followingG8a@xoGuaC, and 8-oxoGudh base
pairs. (A) T7" (37 nM, preincubated with 102 nM 25C/36G-2AP-mer) was mixed with a solution of dTTP4RB0n buffer A in the
rapid quench instrumen®). For analysis of the elemental effect on phosphodiester bond formation3v/nM, preincubated with 102
nM 25C/36G-2AP-mer) was mixed with a solution of dTd® (220uM) in buffer A in the rapid quench instrumerid). The elemental
effect was 6. All reactions were quenched by the addition of EDTA to 0.3 M. The burst equatidq{1 — e~ + ksd was fit to the data,
where A = burst amplitudek, = pre-steady-state rate for nucleotide incorporatios, time, andkss = steady-state rate of nucleotide
incorporation. (B) T7 (44 nM, preincubated with 102 nM 25C/36-8-0x0G-2AP-mer) was mixed with a solution of dTTP:(220n
buffer A in the rapid quench instrumer®@). For analysis of the elemental effect on phosphodiester bond formatior{387HM, preincubated
with 102 nM 25C/36-8-0x0G-2AP-mer) was mixed with a solution of d@BR220xM) in Buffer A in the rapid quench instrumeridy.
The elemental effect was 32. (C) T141 nM, preincubated with 102 nM 25A/36-8-0x0G-2AP-mer) was mixed with a solution of dTTP
(220 uM) in buffer A in the rapid quench instrumer®). For analysis of the elemental effect on phosphodiester bond formation(417
nM, preincubated with 102 nM 25A/36-8-0x0G-2AP-mer) was mixed with a solution of dBI220uM) in buffer A in the rapid quench
instrument 0). The elemental effect was 24.

A

:ﬁ.ooz

Fluorescence (F319/3304)

0.:)1 0.03 0.05 0.07 = 0!2 O.IS 1 I.O 1!4 11.8
?0.004 H ' I I " l I 600912
Time, s
A
or dTTP
5 c
3 G* - 2AP

Ficure 5: Stopped-flow fluorescence quenching assay of incorporation of dTTP opposite 2-aminopurine. (A) Extension of@GheaSeia

pair. Excess T7 (2.2 uM) preincubated with duplex DNA with 2-AP in the standing start position (Vg was rapidly mixed with an

equal volume of 20«M dTTP at 25°C. The data shown are an average of four consecutive runs fit to a single exponential. The rate
constant was determined to be 1#®0 s*. (B) Extension of the 8-oxoGu@ base pair. Experiments were performed as described above.

The data shown are an average of five consecutive runs fit to a double-exponential function. The initial and second rate constants were
determined to be & 1 s* and 0.55+ 0.01 s, respectively. (C) Extension of the 8-oxoGAabase pair. Experiments were performed

as described above. The data shown are an average of 10 consecutive runs fit to a double-exponential function. The initial and second rate
constants were determined to be 378 s and 1.94+ 0.02 s!, respectively. Residual analysis is shown below each of the traces, as

described under Experimental Procedures.

In conclusion, with A in the standing start position position, the conformational change prior to phosphodiester
following GuaC, 8-oxoGuaC, and 8-oxoGudh base pairs, bond formation may be the more discriminatory step in
the rate-limiting step in the mechanism of T@ppears to  preferential extension of 8-oxoGuabased on the differ-
be the conformational change before phosphodiester bondences in conformational change rates compared to the smaller
formation with all three base pairs. Thus, the adduct- differences in phosphodiester bond formation rates.
containing pairs do not appear to alter the general mechanism
of T7~. The kinetic barrier to extension of the 8-oxoGQa SUPPORTING INFORMATION AVAILABLE
base pair is best described by the smatigrand largerKq Elemental effect studies with Gt mismatch and 4, 6,
values compared to those for extension of 8-oxoc@ua and 9 mM dTTP and dTTé&S and determination df,; and
Furthermore, extrapolating from stopped-flow fluorescence ky, for addition of dTTP opposite 2-AP (4 pages). Ordering
quenching experiments with 2-AP in the standing start information is given on any current masthead page.
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