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ABSTRACT: Misincorporation at a DNA-carcinogen adduct may contribute to formation of mutations if

a polymerase proceeds past the lesion, compromising fidelity, as in the G:C to A:T mutations caused by
0Of-alkylguanine. Replication of primer/templates containing guanine @&methylguanine ©@%-MeG),

or O8-benzylguanine@5-BzG) was assessed using T7 DNA polymerase 4@ ) and HIV-1 reverse
transcriptase (RT). The steady-state parameters indicated thaaric/ RT preferentially incorporated
dTTP oppositeéd®-MeG andO8-BzG. The incorporation efficiencie&£/Kny) were less foiO8-BzG than
05-MeG for both dCTP and dTTP insertion. Pre-steady-state analysis indicated that the product formed
during the burst phase, i.e., the burst amplitude, differed significantly between the unmodified 24-mer/
36-G-mer and théS5-alkylG-containing substrates. Extension of #B&BzG-containing duplexes was
much more difficult for both polymerases as compare®tavieG, except when RT easily extended the
0°-BzG:T base pair. ThES"" for binding of dCTP or dTTP to a RDNA complex containingds-MeG

was 8-fold greater than for dNTP binding to a complex containing unmodified DNA.KEHE for a
RTeDNA complex containingd®-BzG was 50-fold greater. In conclusion, the bulkBzG is a greater

block to polymerization by T7 and RT than i€05-MeG, but some polymerization does occur with an
05-BzG substrate. Pre-steady-state analysis indicates that neither dCTP nor dTTP insertion is strongly
preferred during polymerization @®-BzG-containing DNA, unlike the case @®-MeG. These results

and others regarding polymerase stalling oppoSiteMeG andOf-BzG are discussed in the following
paper in this issue [Woodside, A. M., and Guengerich, F. P. (2B8&@hemistry 411039-1050].

Maintenance of genomic integrity is essential for cell (11). The miscoding potential 0D5-MeG is due to poly-
survival, and the stability of DNA can be compromised with merase insertion of T opposi@-MeG, resulting in GC to
exposure to exogenous and endogenous chemicals of varyind\T transition mutationsg§).
structure {, 2). Once inside the cell, a chemical can be  NMR studies of DNA duplexes containit@f-MeG:C (12)
subsequently activated to a potent electropti|es], which andOf-MeG:T pairs (3) indicate that the wobble base pair
can then react with DNA to yield a covalent modification 0Of-MeG:C is more stable than the pseudo-Wats@nick
of the nucleotide base, i.e., a DNA addugt Because many  base paifO5-MeG:T in duplex DNA. In addition, theD®-

DNA lesions have potent miscoding abilities, mutations can MeG:C base pair has more hydrogen bonds B&ivieG:T
result if the lesion escapes repair and the polymerase insert§12, 13), but T is preferentially incorporated across fr@%

an incorrect nucleotide opposite the adduct during replication MeG, dispelling the notion that only hydrogen bonding of
(5—8). Thus, polymerase fidelity in the presence of a DNA base pairs dictates which base is inserted. Rather, incorpora-
adduct is of paramount importance. tion of T oppositeOb-MeG is preferred due to the ease of

Nitrosamines and nitrosamides are environmental carcino-phosphodiester bond formation for @5-MeG:T base pair,
gens 4, 9) that may also be formed in vivadl(). These which has geometric similarity to a Watse@rick base pair
chemicals have been implicated in the alkylation of nucleo- (14).
philic sites in DNA @). Although N’-alkylG! is the most
prevalent lesion formedD%-alkylated derivatives of G are 1 Abbreviations: G, guanine; C, cytosine; T, thymir@-alkylG,
believed to be the most carcinogenic lesions that result O%-alkylguanine0®-MeG, O*-methylguanine(®-BzG, O°-benzylguan-

: ; : ; ; : : ine; N"-alkylG, N’-alkylguanine; Bz, benzyl; dG, 2leoxyguanosine;
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The mutagenicity 0D%-MeG has been characterized in a
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agnostics, Atlanta, GA), which were run ik ITBE buffer.

number of studies using site-specific mutagenesis and steadyFollowing separation, bands were excised and the oligo-
state incorporation experiments. Sequence contexts can affecbucleotides were eluted from crushed gel overnight in 500

the polymerase preference for incorporation of T oveBIC (
Also, some polymerases are blocked at the sit®%MeG,
which can affect misincorporation efficiencg5). Genetic

and biochemical evidence indicates that both yeast poly-

merased and polymerase; bypassO®f-MeG in vivo, but

mM NH,CH;CO, (pH 7.5) containing 1.0 mM EDTA.
Following removal of acrylamide, oligonucleotides were
desalted using Sephadex G-10 columns (Pharmacia, Piscat-
away, NJ). Purity was determined by CGE on a Beckman
P/ACE 2000 instrument (Fullerton, CA) using a 27 om

polymerase; is more accurate and efficient than polymerase 100um eCAP capillary filled with Beckman 100-R ssDNA

S (16).

gel. Samples were applied at 10 kV for 10 s and separated

Pre-steady-state kinetic analysis is utilized to determine at 11 kV (30°C) in Tris-borate-urea buffer (from Beckman).

the rates of individual steps in the polymerization cydlé

19) for evaluation of their roles during incorporation. Pre-
steady-state experiments by Tan et 20) (with polymerase

| (KF, exonucleas®), a repair polymerase ifscherichia
coli, indicate a 5-fold difference in phosphodiester bond
formation for the incorporation of T as compared to C. This
difference in bond formation may play a role in the
mutagenicity ofO®-MeG. Understanding polymerase enzy-
mology in the presence of a DNA lesion can provide insight
into how adducts perturb polymerization and allow the
incorporation of the wrong base.

In this paper and the following one in this issugly
misincorporation opposit€d5-MeG and 0%-BzG by the
replicative polymerases T7and RT was investigated using
steady-state and pre-steady-state kinetic anal@idleG

The extinction coefficients for the oligonucleotides, deter-
mined by the Borer metho®8), were as follows: 24-mer,
€260 = 224 mM cm™; 25C-mer,e260 = 230 MMt cm 4,
25T-mer, exg0 = 232 MM cm™L; 26C-mer, ex60 = 240
mM~tcm™1; 26 T-mer,ex60 = 243 mM~t cm™%; and 36-mer,
€260 = 310 mMtcm™L.

Synthesis of &Bz-dG Phosphoramidite and Site-Specif-
ically Modified 36-mer. ®Bz-dG phosphoramidite was
synthesized using Aldrich chemicals (Milwaukee, WI), unless
otherwise indicated, according to a previously published
procedure 29) with slight modification.N>-Phenoxyacetyl-
5'-0-(4,4-dimethoxytrityl)-2-deoxyguanosine, purchased from
Sigma Chemicals (St. Louis, MO), was reacted with 1-(tri-
methylsilyl)imidazole in anhydrous conditions under argon.
The reaction was monitored by analytical TLC [@&H,:CHs-

and O°-BzG were chosen as substrates to provide generalOH:(CHs)sN, 94.5:5:0.5, viv/v] R 0.4) using silica gel 60

insight regarding how bulk at the O6 position affects the

F, visualized by UV light (254 nm). Next, a Mitsunobu

interaction of the DNA with the polymerase. Previous studies reaction 80) was performed without purification of the first

have confirmed the mutagenicity ab%-MeG, but the
miscoding potential of the bulkigd®-BzG is not understood
as well £2). Model replicative polymerases and pre-steady-

product. Triphenylphosphine, benzyl alcohol (1.6 molar
equivalent), and diethyl azodicarboxylate were added suc-
cessively to the reaction, which was heated at@5or 15

state kinetics can be used to further our current understandingnin and slowly cooled overnight. Tetrabutylammonium

of how O%-MeG and O%-BzG affect replication. Results

fluoride (1.6 molar equivalent) was added to deprotect the

indicated that both polymerases preferentially extended thedeoxyribose 3hydroxyl group. The product was extracted

05-MeG:T base pair, but RT extended t@8-BzG:T base
pair as well. More significantlyQf-BzG was a stronger block
thanO8-MeG to polymerization, causing polymerase stalling.

EXPERIMENTAL PROCEDURES

EnzymesT7~ and RT were expressed and purified in this
laboratory as previously describezBf using stock plasmids
provided by K. A. Johnson (T7and thioredoxin, University
of Texas, Austin, TX) 24, 25) and S. Hughes (RT, Frederick
Cancer Facility, Frederick, MDPE). Protein concentrations
for each experiment were determined usig values of
144 mMt cm for T7-, 13.7 mM* cm? for thioredoxin,
and 522 mM?! cmt for RT (27). UV spectra were recorded
using a Cary 14/OLIS spectrophotometer (On-Line Instru-
ment Systems, Bogart, GA).

Nucleoside TriphosphatedJnlabeled Ultrapure Grade

and then isolated on preparative TLC plates (prewashed with
acetone) using a 94.5:5:0.5 mixture of HL/CH;OH/
(CzHs)sN (viviv). Extractions were done using a 99.5:0.5 (v/
v) mixture of acetone/(&1s)sN (2 x 50 mL) and CHCI,/
CH3;OH/(C:Hs)sN  (94.5:5:0.5, 2 x 50 mL). The 06
substitution was confirmed by deprotecting a small portion
of the 3-DMT-N?-PheAcO8-Bz-dG for analysis by HPLC

(tr 55 min). For isolation 0f0%-Bz-dG, an octadecylsilane
(Cig) 4.6 x 250 mm YMC-Pack ODS-AQ column, sm,

was used with a Spectra-Physics 8700 pumping system
(Thermo-Separation Products, Piscataway, NJ). The solvent
system used for purification was GBIH (solvent B) in 50
mM NH4CH3;CO, (pH 4.5, solvent A) at a flow rate of 1.0
mL min~* using the following gradient: 0 min (95% A, 5%
B), 20 min (80% A, 20% B), 30 min (70% A, 30% B), 40
min (50% A, 50% B), 50 min (30% A, 70% B), 60 min
(0% A, 100% B), and 70 min (95% A, 5% B). The

dNTPs were purchased from Amersham-Pharmacia BiotechQs-substituted product was analyzed by UV spectroscopy:

(Piscataway, NJ)32P]JATP was purchased from NEN Life
Science (Boston, MA).

OligonucleotidesAll oligonucleotides, except the 36-mer
oligonucleotide containingO%-BzG, were purchased as
“trityl-off” oligonucleotides from Midland Certified (Mid-

Amax 287 nm (pH 2.0)Amax 281 and 247 nm (pH 7.0f,max
280 and 247 nm (pH 12.0). Thé-BMT-N?-PheAcO5-Bz-
dG was reacted with 2-cyanoethyIN,N,N'-tetraisopropyl-
phosphorodiamidite andHttetrazole, and the reaction was
monitored by TLC R 0.75). The reaction was quenched with

land, Texas) or Operon Technologies (Alameda, CA). Gel 5% ag. NaHCQ® (w/v), with extraction of the product using
electrophoresis purification was done using gels containing CH.Cl, (3 x 5 mL); the organic layer was then dried over

8.0 M urea and 16% acrylamide (w/v) (from a 19:1
acrylamide:bisacrylamide solution, AccuGel, National Di-

N&SQ,. Flash column chromatography (1520 cm) was
performed using silica gel 60 (#4230 mesh) to isolate the
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product with a stepwise gradient of 99.5:0:0.5 to 97.5:2:0.5
of CH,CIl,/CH30OH/(C;Hs)3N (v/viv). The product was dried
in vacuo and concentrated in @EN (PerSeptive Biosys-
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of 0.5 nM enzyme for 3 min. In the presence of eitk@¥r
MeG or 0%-BzG (or when using the unmodified template
with a dNTP other than dCTP), the reaction was done in the

tems, Framingham, MA) for oligonucleotide synthesis. The presence of 210 nM enzyme for 5 or 10 min. Each reaction
36-mer oligonucleotide was synthesized using an Expeditewas done at six dNTP concentrations (in triplicate) so that
nucleic acid synthesis system (PerSeptive Biosystems) on ahe final INTP concentration was at least the estimated
1-umol scale using benzoyl and isobutyryl protective groups. K. After the appropriate time, reactions were quenched with
To compensate for phosphoramidite hydrolysis, the DNA 2 volumes (16uL) of 20 mM EDTA (pH 9.4) in 95%
adduct nucleoside solution (100 mg ml was made twice  formamide (w/v) and run on a denaturing polyacrylamide
as concentrated as the standards. After overnight deprotectiorgel. The percentage of incorporation into the primer was
in 0.10 N NaOH, the beads from the cassette were pelleted,quantitated using a model 400E Phosphorimager (Molecular
the solution was neutralized, and the beads were washed thre®ynamics, Sunnyvale, CA) using Image Software, version
times with water. The supernatant was lyophilized three times 3.3. A graph of rate vs dNTP concentration was fit using
before gel purification, and purity was confirmed by CGE nonlinear regression in GraphPad Prism Version 2.0b (San

(see Supporting Information). To confirm the presence of
08-BzG, the 36-mer (1.0Az0 unit = ~2.9 nmol) was

Diego, CA) for the determination dé, and K, values.
Pre-Steady-State Reactiofye-steady-state kinetics were

digested into nucleosides in two steps using nuclease Plperformed using a model RQF-3 KinTek chemical quench

snake venom phosphodiesteraSeofalus adamanteugenom,

flow apparatus (KinTek Corp., Austin, TX) with 50 mM Tris-

Pharmacia), and alkaline phosphatase in a previously pub-HCI (pH 7.4) buffer containing 5 mM MgGland 1.0 mM

lished procedure3l). The nucleosides were analyzed on a
4.6 x 250 mm YMC-Pack ODS-AQ HPLC column ¢&m)

EDTA in the drive syringes. The reaction was initiated when
the preequilibrated polymerag@NA complex in sample

connected to a Hitachi L-7100 pumping system and were syringe A (12.5uL) was mixed with the dNTP-M& in

resolved with the above solvents at 1.0 mL mlinsing the
following gradient; 0 min (100% A, 0% B), 10 min (80%
A, 20% B), 20 min (50% A, 50% B), 40 min (20% A, 80%
B), 55 min (0% A, 100% B), 65 min (0% A, 100% B), and
70 min (100% A, 0% B). Using this gradien®%-Bz-dG
eluted attg 45.6 min. The presence of th@%-BzG in the
intact oligonucleotide was confirmed using MALDI/TOF MS
(see Supporting Information).

Buffers and Reaction Conditions for Enzyme Assays.

syringe B (10.L). The reactions were quenched with 0.3

M EDTA (pH 9.4) after reaction times of 5 ms to 5 s.
Reactions were combined with 45Q of formamide-dye
solution and run on a denaturing gel, with analysis as
described for the steady-state reactions. The burst rate was
determined via single-exponential analysis from the negative
slope of the line of Iy — P vst, whereP, = product
concentration at the end of the burst phase R product
concentration at time, The points were fit in Prism to the

Unless indicated otherwise, all RT reactions were performed purst equatiory = A(1 — e %Y + ks, Where A = burst

at 37°C (32 in 50 mM Tris-HCI buffer (pH 7.5 at 37C)
containing 50 mM NaCl. All T7 reactions were performed
at 22°C (33). For each experiment, T/Avas reconstituted

immediately prior to use. Thioredoxin was prepared sepa-

rately in buffer containing 5 mM DTT without BSA, and
T7~ was prepared in buffer without DTT and BSA. TWas
then reconstituted so that Tand thioredoxin were in a 1:20
molar ratio 4) with a final buffer composition of 40 mM
Tris-HCI (pH 7.5 at 22°C), 50 mM NaCl, 1.0 mM EDTA,
10 mM DTT, and 9.5¢g BSA mL™% All reactions were
initiated by addition of dNTP so that the final buffer
composition was 50 mM Tris-HCI (pH 7.4 at 22C)
containing 12.5 mM MgGl

Labeling/AnnealingThe primer (200 pmol) was'&nd-
labeled using T4 polynucleotide kinase and purified on a
Biospin column (BioRad, Hercules, CA). Template{3@r)
and3®?P-labeled primer (1.5:1 molar ratio) were annealed in
50 mM Tris-HCI buffer (pH 7.4) containing 2.0 mM
B-mercaptoethanol and 5 mM MgChy heating at 90C
for 10 s and slowly cooling to 22C overnight.

Steady-State Reactions 3?P-labeled primer, annealed to

amplitude k, = pre-steady-state rate of nucleotide incorpora-
tion, t = time, andkss = steady-state rate of nucleotide
incorporation 24, 35). The % burst of incorporation was
determined by dividing the burst amplitude of product by
the concentration of enzyme. Enzyme concentration was
determined from the UV absorbance of the enzyme stock
(prepared in buffer) for a particular reaction. The enzyme
and DNA concentration used in a particular pre-steady-state
reaction are stated in the figure legends.

Determination of E"™". KN values were determined
by performing a succession of rapid quench reactions at six
different ANTP concentrations with reaction times varying
from 0.005 to 0.4 s. The burst ratk,{) from each of the
six reactions was determined, and a grapk.gfvs [dNTP]
was plotted. This graph was fit to a hyperbola in Prism using
the equatiorkeps = [Koo[dNTP/([ANTP] + Kg)], wherekyo
= maximal rate of nucleotide incorporation ak{f"™" =
ground-state binding constant of dNT24( 35).

RESULTS

either an unmodified or adducted template, was extended in  The sequence of the 24-mer/36-mer duplex chosen for this
the presence of a single dNTP. The reaction was initiated study (Table 1) was successfully employed in previous

by adding an equal volume of dNTP-Kigto a preincubated
EeDNA complex (100 nM DNA duplex) so that the ratio of
primer/template to enzyme in the® reaction volume was

polymerase studies with T7and RT in this laboratory23,
36). In addition, the duplex region of this DNA primer/
template (24 nucleotides) is long enough to accommodate

at least 10:1. Enzyme concentrations and reaction times werghe DNA binding sites of T7and RT @7, 38). T7~ and RT

chosen so that maximal product formation would-b20%
of the substrate concentratioB4j. For both T7 and RT,

were selected for use in this study for several reasons,
including availability in large quantities and ease of purifica-

the unmodified primer/template was extended in the presencetion (24, 26), the need for only one (TJ or no (RT)
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Table 1: Oligonucleotides Used in These Studies

24-mer 5 GCCTCGAGCCAGCCGCAGACGCAG
25C-mer 5 GCCTCGAGCCAGCCGCAGACGCAG
25T-mer 5 GCCTCGAGCCAGCCGCAGACGCAGT
26C-mer 5 GCCTCGAGCCAGCCGCAGACGCAGG
26T-mer 5 GCCTCGAGCCAGCCGCAGACGCAGG
36-mer 3 CGGAGCTCGGTCGGCGTCTGCGTE*-CTCC-

TGCGGCTP
aG* = unmodified G,0%-MeG, or 05%-BzG.

Table 2: Steady-State Kinetic Parameters for One-Base
Incorporation at Position 25

incorp
efficiency
dNTP keat(51)  (KeaKiy
enz inserted template Kn@M) (x 1079 (x 1079 fa
T7-
C G 1.7£0.7 280+30 160
Of-MeG  75+6 9.6+0.3 0.13
06-BzG 530+70 4.4+0.3 0.0082
T G 82+10 1.6+0.1 0.020 0.0001
Of-MeG  45+7 40+ 2 0.89 6.9
Of-BzG  89+9 9.7+04 0.11 13
RT
C G 0.03+0.01 120+5 4000
Of-MeG 19+1 13+ 3 0.68
06-BzG  93+18 20+ 1 0.22
T G 230+40 9.3£0.6 0.040 <0.0001
Of-MeG 7.8+£09 99+03 1.3 1.9
0f-BzG 190+ 20 20+ 1 0.11 0.5

af (misinsertion frequencyx (KealKm)dNTP/KealKm)acte Where
dNTP = dCTP.

Woodside and Guengerich

dNTP = dCTP @1)], reflect the preference for the correct
or incorrect nucleotide during incorporation. Tihcorpora-
tion of dTTP was greatly preferred over incorporation of the
correct nucleotide, dCTP, for bo®-MeG andO®-BzG in
steady-state conditions.

The ability of RT to incorporate dCTP opposite G-
MeG, and08-BzG also depended upon the bulk at the O6
position of guanine (Table 2). The individual steady-state
parameterd..: or Kp, did not follow a clear trend, but the
efficiencies k.afKm) did. RT was more than 3 orders of
magnitude more efficient at incorporating dCTP opposite G
when compared to both®-MeG and08-BzG and was 3-fold
more efficient at incorporating dCTP oppos{®-MeG as
compared toO%-BzG. Interestingly, the incorporation ef-
ficiencies for dCTP and dTTP differed only 2-fold for both
05-MeG and0®-BzG. Thus, the misinsertion frequency for
05-MeG was 1.9 (i.e., RT was somewhat more efficient at
incorporating dTTP) and 0.5 f@%-BzG (i.e., RT had a slight
preference for dCTP incorporation).

Pre-Steady-State Kinetics of dCTP and dTTP Insertion
Opposite GO5-MeG, and05-BzG. Steady-state analysis is
useful for general polymerase characterization of nucleotide
incorporation preferences, but steady-state kinetics are
complicated by the overall slow step of DNA dissociation
from the polymerasel@). Pre-steady-state kinetic analysis
of dCTP and dTTP incorporation opposiP&-MeG andO®-

BzG allows examination of a single reaction cyclg,(24).
Pre-steady-state kinetic experiments, with the DNA concen-
tration 3-fold greater than the enzyme concentration, were

accessory proteins, and their extensive previous use as modgberformed in a rapid-quench flow instrument. Preformed
replicative polymerases. Recent studies of mammalian poly- EEDNA complexes were mixed with saturating dNTP-#g

merase) in this laboratory 89, 40) show that polymerasé&
behaves much like T7and RT in kinetic studies, validating

(1-3 mM dNTP, except when using unmodified templates
and correct dNTP, then 2QaM dNTP) and then quenched

use of T7 and RT as model polymerases to study the effect following mixing times between 0.005 drb s (Figure 1).

of guanyl O6 substituents on polymerase fidelity.

The first phase of the cycle, i.e., the burst phase, was over

Steady-State Kinetics of dCTP and dTTP Incorporation by ~100 ms for both polymerases with the three different
Opposite GO%-MeG, and08-BzG Steady-state parameters primer/template substrates, as determined by single-expo-
were measured for dNTP incorporation into 24-mer/36-mer nential analysis.

duplexes opposite @5-MeG, orO°%-BzG (Table 2). Steady-

T7- incorporation of dCTP into the 24-mer/36-G-mer

state reactions were performed using each of the four normaloccurred with a burst rate & = 31 + 1 s (Table 3), as

dNTPs, but incorporation of dATP and dGTP by Tand

determined from the burst equatigr= A(1 — e™%) + k.

RT opposite the adducts was much less inefficient than The burst rate of incorporation opposi®-MeG occurred
incorporation of dCTP and dTTP (results not shown). Thus, at a 2-fold slower rate and a 4-fold slower rate oppoSite
results shown focus on the kinetics of incorporation for BzG. The percentage of TAncorporation occurring in the
dCTP, to form the “correct” base pair, and dTTP, to form burst phase, i.e., the burst amplitude, differed significantly

the noncanonical base pair.
For incorporation of dCTP opposite G¢-MeG, andO®-
BzG, theK, of T7~ increased as a function of the bulk of

when comparing the unmodified 24-mer/36-G-mer vs the
duplexes containingd®-MeG andO8-BzG. The burst am-
plitude of product formation with the 24-mer/36-G-mer

the O6 substituent, while the inverse relationship was noted (dCTP incorporation) was 82% of the enzyme concentration,

for keat (Table 2). The incorporation efficienckd/Km) of

which is nearly stoichiometric (Figure 1A). In strong contrast,

T7- for dCTP insertion opposite G was 3 orders of the burst amplitudes fob®-MeG andOf-BzG were 6 and
magnitude greater as compared to dCTP incorporation 2%, respectively, indicating that only a small portion of the

opposite O-MeG. The highK,, for dCTP incorporation

oppositeOt-BzG (530+ 704M) caused additional reduction
in the incorporation efficiency of T7(by another order of

magnitude) as compared to the efficiency of B O5-MeG.

enzyme was competent in product formation. A similar trend
was seen when T7incorporated the wrong nucleotide

(dTTP) into the adducted DNA. The burst rates only differed
by 2-fold as compared to dCTP incorporation into the

Steady-state parameters for incorporation of dTTP oppositeunmodified DNA (Table 3), but the burst amplitudes were

0O%-MeG and O5-BzG were also a function of the O6

substituent. Interestingly, the incorporation efficiency of

dTTP incorporation opposi®?-BzG was only 5-fold greater
than for the formation of the G:T mispair. Misinsertion
frequencies, defined ds= (Keaf Kim)ante/ (Keal Km)dcte [Where

again dramatically reduced, to 12% f0f-MeG and 2% for
08-BzG (Figure 1B).

RT incorporation differed somewhat from that of T7
Incorporation of dCTP across from G by RT occurredat
= 26 + 3 s7%, with the burst rates ob%-MeG andO8-BzG
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dCTP d-T-P
-——'G*_ _G*_
(A
T7°
°
=
T
o
o
=
j =
RT

Time (s)

FIGURE 1: Pre-steady-state burst kinetics of incorporation across fro®)33-MeG @), or O5-BzG @). (A) T7~ (23 nM) was incubated

with 100 nM 24-mer/36-G-mer in the rapid quench-flow instrument and mixed withuBOACTP to initiate the reaction. The pre-steady-
state rate was determined from the burst equatien, A(1 — e %) + ks, as described in the Experimental Procedures. The percentage of
incorporation occurring in the burst phase for each reaction is indicated in the figur¢1T@ nM), preincubated with 250 nM 24-mer/
36-0°%-MeG-mer, was mixed with 2.0 mM dCTP to begin polymerization: T85 nM) was incubated with 100 nM 24-mer/88-BzG-

mer and mixed with 1.0 mM dCTP. (B) TA118 nM) was incubated with 250 nM 24-mer/88-MeG-mer or 180 nM T7 with 250 nM
24-mer/3605-BzG-mer. The reaction was started with addition of 1.0 mM dTTP or 3.0 mM dTTP. (C) RT (69 nM) was incubated with
100 nM 24-mer/36-G-mer, 78 nM RT with 100 nM 24-mer/@6-MeG-mer, or 80 nM RT with 100 nM 24-mer/388-BzG-mer, followed

by mixing with 1.0 mM dCTP (20&M dCTP for unmodified template) to initiate the reaction. (D) RT (140 nM) was incubated with 100
nM 24-mer/3606-MeG-mer or 92 nM RT was incubated with 100 nM 24-mer@&BzG-mer and mixed with 1.0 mM dTTP. All reactions
were quenched with EDTA at the indicated times. Results for individual reactions are also displayed as separate plots in Figures 8 and 9
(as well as Figures 2 and 3) of the following paper in this iss#. (

Table 3: Pre-Steady-State Parameters foOGMeG, andO8-BzG Table 4: Steady-State Kinetic Parameters of Next-Base Extension

(Insertion of dGTP)

T7 RT
primer/ dNTP Kk % ko % koo extension
i —1 1) —1) efficiency
template inserted (s7Y) burst (s  burst (s} template: K‘,’nGTP Ko (s‘? (ol Ko
24/G dCTP 31 82 2643 43 25+1 enzyme  primer (uh) (x10%  (x107)
2400>MeG  dCTP 1652 6 1242 28 26+1 =
24/05-B2G dcTP 72 2 13+2 3 231
24/05-MeG ~ dTTP  13t1 12 1541 6 28+2 GeC 0.20+£0.04 900+ 70 4600
24/0°-BzG dTTP  11+3 2 4+2 3 20+1 Q-MeGC  1.0+01 100+ 4 100
25CIG dGTP 321 100 31+2 98 O>-BzGC  0.30+0.04 60+ 1 220
25CI0°-MeG  dGTP 231 79 25+1 41 GT . 630+ 90 180+ 10 0.3
25C0O5-BzG ~ dGTP 221 35 17+2 16 O-MeG:T 17+02 210+ 7 130
25TIO%MeG  dGTP  27:2 85 2941 82 RT O>-BzGT 50+8 120+6 2
52}’%‘326 ‘é‘,iiﬁ s ég 321 > ;g GC 0.02+0.004 56020 34000
26CO5-MeG  dATP  22+1 100 23+2 67 0°-MeGC 3£05 75+ 3 22
26C0O5-BzG  dATP  16+1 25 17+2 46 O>-BzGC S0+6 140+ 4 3
26T/G dATP —d —  18+2 54 GT 130+ 30 70+ 3 0.6
26T/O-MeG ~ dATP  20+5 100 26+1 58 O-MeGT  0.4+01 140+ 4 320
26TIOS-BzG ~ dATP  14+1 66 22+1 24 O>-BzGT 1102 88+ 4 ”

a pre-steady-state burst ratePercentage of enzyme that turns over
product in burst phasé Maximum rate of dNTP incorporatio.No
burst phase.

(Figure 1C). Very small burst amplitudes were observed for
both adducts during incorporation of dTTP by RT, 6% for
05-MeG and 3% forO8-BzG (Figure 1D), similar to those
differing by 2-fold (Table 3). A 43% burst was observed observed during T7 polymerization.

for incorporation of dCTP into the unmodified 24-mer/36- Steady-State and Pre-Steady-State Kinetics of Next-Base
G-mer (Figure 1C), which is not uncommon for RT because Extension Following dCTP or dTTP InsertioBteady-state

it often binds unmodified DNA and RNA substrates in a kinetic analysis of next-base extension (Table 4) was done
nonproductive manner®). Incorporation of dCTP into a  to establish if the preference of each enzyme is to extend
24-mer/3608-MeG-mer occurred with a modest burst of the correct base pair, G*:C, or the mispair, G*:T, in the
28%, which differs from T7 kinetics, whereas incorporation  presence of the next correct nucleotide for this sequence,
of dCTP across fron©®-BzG by RT gave only a 3% burst dGTP (Table 1). These reactions were performed by anneal-
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FIGURE 2: Pre-steady-state burst kinetics of next-base extension of the “correct” base pair (G*:C) or the noncanonical base pair (G*:T).
Templates were annealed to a 25C-mer or a 25T-mer, indicating 25-mer primers termingtingd3dCTP incorporation) or T (dTTP
incorporation), respectively. Either @), O%-MeG @), or O5-BzG (@) was at position 25 on the DNA template (see Table 1); insertion

of dGTP occurred at position 26. (A) T{72 nM) was incubated with 200 nM 25C-mer/36-G-mer in the rapid quench-flow instrument.
Reaction at each time point was initiated by addition of 200 dGTP. The burst rate was determined from the burst equagien A(1

— e kY + ke, as described in the Experimental Procedures. The percentage of incorporation occurring in the burst phase for each reaction
is indicated in the figure. T7(106 nM) was incubated with 250 nM 25C-mer/@8-MeG-mer or 74 nM T7 was incubated with 250 nM
25C-mer/360%-BzG-mer and mixed with 2.0 mM dGTP to initiate the reaction. (B) T39 nM) was incubated with 150 nM 25T-mer/
36-0%-MeG-mer or 75 nM T7 was incubated with 150 nM 25T-mer/Z38-BzG-mer. Each reaction was initiated with the addition of 2.0

mM dGTP. (C) RT (85 nM) was incubated with 150 nM 25C-mer/36-G-mer. Reactions were initiated by addition@¥1206TP. RT

(64 nM) was incubated with 150 nM 25C-mer/88-MeG-mer or 73 nM RT was incubated with 150 nM 25C-mer36BzG-mer and

mixed with 2.0 mM dGTP. (D) A preincubated solution of RT (35 nM) with 100 nM 25T-mef#8@4eG-mer or 34 nM RT with 100 nM
25T-mer/360°%-BzG-mer was mixed with 1.0 mM dGTP, thus initiating the reaction. All reactions were quenched with EDTA at the
indicated times.

ing a 25-mer, which had eithe@ C or a T at the '3end, to yielded a larger burst amplitude than extension of the 25T-
one of the three 36-mer templates. Tand RT extended  mer/3605-BzG-mer, the duplex containing the G*:T mispair,
the canonical base pair G:C much more easily than any of 35% as compared to 13% (Figure 2A,B).
the adduct-containing base pairs, as reflected by the 2 or 3 RT also extended the normal G:C base pair with a
order of magnitude differences in extension efficiencies for stoichiometric burst. Most of the burst rates obtained for the
G:C vs the other base pairs. Téxtended thed®-MeG:C Of-alkylG-containing duplexes were similar to those obtained
and 0%-MeG:T pairs with similar efficiency but greatly for the unmodified duplexi, = 31 + 2 s'1), except for the
preferred to extend the “correct” base p&f-BzG:C in 25C-mer/3606-BzG-mer, which had a 2-fold lower rate
preference tdD%-BzG:T. RT behaved differently than T7 (Table 3). RT had difficulty extending bot®®-MeG:C and
in that it extended both of the base p&d%MeG:T andO®- 08-BzG:C base pairs, yielding burst amplitudes of only 41
BzG:T much more efficiently thar0®-MeG or O°-BzG and 16% (Figure 2C). On the other hand, the enzyme had
paired with C. little difficulty extending theO®-MeG:T andO®-BzG:T base
The pre-steady-state kinetic results (Figure 2) agreed with pairs, i.e., nearly stoichiometric bursts (Figure 2D). With the
the general trend established by the steady-state kinetics. T7 exception of the extension d®*-MeG:C by RT, neither
extended the G:C base pair (incorporation into the 25C-mer/ polymerase encountered appreciable difficulty during exten-
36-G-mer) with ak, = 32 + 1 s'! (Table 3) and~100% sion of an 0O%-MeG-containing duplex as compared to
stoichiometric burst amplitude (Figure 2A). Burst rates for incorporation opposit®®-MeG. Thus, extension of duplexes
T7- with the O%-alkylG base pairs were all similar to that ~containing the bulkieD>-BzG was much more difficult for
of the G:C base pair, except for the extension of @fe both enzymes as compared to those contairdigveG,
BzG:T pair (incorporation into the 25T-mer/36-G-mer) where except for RT extension of th@®-BzG:T base pair.
the burst rate was half that for the G:C base pair (Table 3). Pre-Steady-State Kinetics of Incorporation Two Bases
The burst amplitudes for extension of tk¥-MeG:C and Beyond O8-AlkylG. Pre-steady-state kinetic analysis was
05-MeG:T base pairs by T7were similar in magnitude, 79  performed using 26-mer primers with eithee C (26C-mer)
and 85%, respectively, reflecting the results of the steady- or a T (26T-mer) at position 25 (across from G*) to access
state assays. Extension of the 25C-melBeBzG-mer the effect ofOf-alkylG on incorporation two bases past the
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FIGURE 3: Pre-steady-state burst kinetics of incorporation two bases be@atkylG. Insertion of dATP occurred at position 27 with
either G @), O%-MeG (@), or O5-BzG () at position 25 on the DNA template. Eithe C (26C-mer) pa T (26T-mer) was inserted at
position 25 of the primer, which is across from G@FalkylG in the template (see Table 1). (A) T{33 nM) was incubated with 100 nM
26C-mer/36-G-mer in the rapid quench-flow instrument. Reactions were initiated by the addition @M26BTP. The burst rate was
determined from the burst equation= A(1 — e %) + k4, as described in the Experimental Procedures. The percentage of incorporation
occurring in the burst phase for each reaction is indicated in the figure (22 nM), incubated with 100 nM 26C-mer/38*-MeG-mer,

was mixed with 20«tM dATP to initiate the reaction. T7(28 nM) was incubated with 100 nM 26C-mer/86-BzG-mer and mixed with

1.0 mM dATP. (B) T7 (114 nM) was incubated with 250 nM 26T-mer/36-G-mer. Reaction was initiated by addition of 1.0 mM dATP,
and data were fit to a straight line. 7746 nM), incubated with 200 nM 26T-mer/38-MeG-mer, was mixed with 1.0 mM dATP. T7

(33 nM) was incubated with 150 nM 26 T-mer/85-BzG-mer and mixed with 1.0 mM dATP to initiate the reaction. (C) RT (31 nM) was
incubated with 100 nM 26C-mer/36-G-mer. Reaction was initiated by addition o RDAATP. RT (29 nM) was incubated with 100 nM
26C-mer/3606-MeG-mer, or RT (34 nM) was incubated with 100 nM 26C-men¥6BzG-mer. Each reaction was mixed with 1.0 mM
dATP to initiate the reaction. (D) RT (35 nM) was combined with 100 nM 26T-mer/36-G-mer, 31 nM RT with 100 nM 26T-r¥¢/36-
MeG-mer, or 38 nM RT with 100 nM 26 T-mer/38¢-BzG-mer, followed by mixing with 1.0 mM dATP. All reactions were quenched with
EDTA at the indicated times.

lesion (Figure 3). Incorporation of dATP at position 27 by Rates were very close to that of the unmodified duplex [
T7- (i.e., two bases after the target G) showed stoichiometric = 23 s (O5-MeG) andk, = 17 s* (0%-BzG) vsk, = 23
bursts for bothO%-MeG:C andOf-MeG:T (Figure 3A,B), s 1 (Table 3)]. RT was able to incorporate dATP at position
indicating that theO®-MeG adduct no longer exhibits a 27 on a duplex that contained a G:T mispair at position 25
significant effect on polymerization. In addition, the rate of with a surprisingly high burst amplitude of 54%. Interest-
incorporation with bothOf-MeG-containing duplexes was ingly, incorporation into the 26T-mer/388-MeG-mer and
very close to that of the unmodified duplex (Table 3). the 26T-mer/3696-BzG-mer duplexes showed burst ampli-
Interestingly, theO®-BzG:C base pair was preferentially tudes of 58 and 24%, respectively (Figure 3D). These
extended by T7, but at two bases beyond the adduct percentages are lower than the burst amplitudes seen for next-
(incorporation into 26C-mer/36°-BzG-mer), a low burst  pase extension, i.e., incorporation at position 26; however,
amplitude (25%) was observed at position 27 on the these lower burst amplitudes correlate with gel electrophore-
oligonucleotide. Incorporation into the 26T-mer/@-BzG-  sjs polymerization assays done in the presence of all four

mer resulted in a burst amplitude of 66%, despite the fact yNTPs @1), which show an accumulation of product at
that theO°-BzG:T base pair was not a favorable substrate position 26.

during next-base extension (Figure 3B). Although incorpora- L
tion oppositeOs-BzG greatly hindered T7polymerization, _ Determination of K™ and K" for dNTP Incorpora-
polymerization two bases beyoi@f-BzG was not signifi- tion by RT.Analysis gf the ghange.ln the pre—steady—sta}te
cantly affected. This result contrasts with the incorporation PUrst r%‘ﬁw‘?‘s a function of increasing dNTP concentration
two bases beyond the G:T mispair, which demonstrated noYieldsKy™ ", a measure of the binding affinity of the dNTP
burst (linear kinetics) indicating that the chemistry of bond to the BDNA complex to form a complex poised for
formation had become rate-limiting overall (Figure 3B).  catalysis.K{"'" reflects the formation of the productive
During RT-catalyzed polymerization, the burst amplitude ternary complex because initial dNTP binding is followed
of both O%-MeG:C and 0%-BzG:C increased two bases by a rate-limiting conformational change to the productive
beyond the adduct site to 67 and 41%, respectively (Figure complex, which is then converted into produg) The burst
3C), as compared to results seen for next-base extensionrate from each reaction was determined. Then, the resulting
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FiGURE 4: Determination oiKgCTP by analysis of dCTP concentration dependence of the pre-steady-state burst rate. All reactions were
guenched with EDTA over the range 0.005 to 0.4 s. Time points in the burst phase (up to 100 ms) are displayed to illustrate the changes
in the slopes of the lines. (A) RT (6880 nM) was incubated with 100 nM 24-mer/36-G-mer and mixed with increasing dCTP
concentrations: kM, @; 2 uM, B; 4 uM, O; 8 uM, O; 16 uM, a; 32 uM, A. (B) RT (120-140 nM), preincubated with 200 nM 24-
mer/360°%-MeG-mer, was mixed with increasing dCTP concentrationgVG @; 10 uM, O; 20 uM, B; 40 uM, O; 80 uM, a; 160uM,

A. (C) RT (130-155 nM) was incubated with 200 nM 24-mer/86-BzG-mer; BDNA was then mixed with increasing dCTP
concentrations: 2aM, @; 50 uM, O; 100uM, W; 200 M, O; 400uM, a; 600uM, A. (D) After determining the burst ratek,(9 from

each of the six reactions in panel A, a graphkaf vs [dCTP] was plotted and fit to a hyperbola (Prism software) using the equation

= [koo[dCTP)/([dCTP]+ Kg)], wherekyo = maximal rate of nucleotide incorporation akg= ground-state binding constant of dCTP. (E)

Burst rates Ky,9 from each of the six reactions in panel B were plotted vs [dCTP] to deterkginand KﬂCTP. (F) The burst ratekgpg of

each of the six reactions in panel C was determined; a graph.o¥s [dCTP] yieldedky, and KSCTP.

kobs Values were plotted as a function of [dNTP] and fit to a change much for the adducted templates when compared to

hyperbola using the equatidg,s = [Koa[dNTP]/([ANTP] + the unmodified templatekf, = 26 = 1 s* for O°-MeG;

Ka)], wherekyo is the maximal rate of nucleotide incorpora- ko = 23+ 1 s71 for 05-BzG (Table 3)].

tion and K{'™® is the ground-state binding constant for ~ TheKj'™ for the 24-mer/360°-MeG-mer was 8.6+ 2.2

dNTP. TheKSN™ values for incorporation of the correct «M (Figure 5C), which is not significantly different from

(Figure 4) and incorrect dNTPs (Figure 5) for the three 24- the binding constant for the correct nucleotide. TfEéTP

mer/36-mer duplexes were determined for RT but not for for the O%-BzG-containing DNA duplex, 7% 17 uM (Figure

T7°2 5D), was significantly higher than for tf@-MeG substrate.
The K™ for incorporation into the 24-mer/36-G-mer by In addition, theKg™™ for O%-BzG was somewhat higher

RT was 1.1+ 0.2 uM (Figure 4D). The tight binding of  than theK{N'® determined for formation of the ternary
dCTP to the unmodified DNA duplex reflects the ability of complex with the correct dNTP. Again, although kg™~

RT to easily form the productive ternary complex. The varied as a function of the O6 substituent, the maximum rates
for RT with the 24-mer/36-G-mer and dCTP was 251 of incorporation did not vary considerably from the unmodi-
s (Table 3). TheK "™ for the O%-MeG-containing DNA  fied DNA duplex Ky = 28 & 2 s7* for O°-MeG andkyo =
duplex increased 8-fold over the unmodified DNA duplex 20+ 1 s* for O%-BzG (Table 3)].

to 8.3+ 0.6uM (Figure 4E), reflecting the instability caused pjscussioN

by the DNA modification. A 50-fold increase in tH€;“™
(504 8 uM) was observed when RT replicated 1b&BzG-
containing substrate (Figure 4F). Interestingly, the maximum
rate of incorporation with the modified templates did not

Polymerase kinetics can provide valuable insight into how
genomic integrity is maintained by discerning the details of
the enzymology of DNA replication. Surprisingly, the
application of polymerase enzymology to understanding
fidelity is a relatively new field. Kornberg and his associates

2The pre-steady-state studies of Twith OFf-alkylG-containing discovered the first polymerase, DNA polymerase IEof
oligonucleotides (Figure 1A,B) presented more technical difficulties ¢g|i in 1956 @3, 44), but 30 years elapsed before detailed
than the studies with RT. The experiments withy T&quired high levels S tigati ;‘th ’ hani f leotide i ti
of enzyme and DNA in the presence of saturating dNTP concentrations Investigations ot the mechanism o nu.c.eo ide mcorp_ora lon
to determine the pre-steady-state burst rate. Thus, detection ofbegan 17). In the early 1990s, the minimal mechanism of
incorporation with subsaturating dNTP concentrations caused an polymerization was fully elucidated24), and this mecha-
unacceptable level of error due to the low rates. nistic knowledge has subsequently been applied to under-
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Ficure 5: Determination ongTTP by examining dTTP concentration dependence of the pre-steady-state burst r&é-dibylG-
containing templates. All reactions were quenched with EDTA over the range 0.005 to 0.4 s. Time points in the burst phase (up to 100 ms)
are displayed to illustrate the changes in the slopes of the lines. (A) RF-(#%nM) was incubated with 200 nM 24-mer/86-MeG-

mer, and the reaction was started by mixing with increasing amounts of dTTR(MR.®; 5 uM, O; 10 uM, B; 20 uM, O; 40 uM, a; 80

uM, A. (B) RT (130-150 nM) was incubated with 200 nM 24-mer/88-BzG-mer, followed by subsequent mixing with increasing
concentrations of dTTP: 25M, @; 50 uM, O; 100uM, B; 200uM, O; 400uM, A; 600uM, A. (C) The burst ratelg,) from each of the

six reactions in panel A was determined, and a grapkogfvs [dTTP] was plotted. This graph was fit to a hyperbola (Prism software)
using the equatiokons = [Kpa[d TTP]/([dTTP] + Kg)], wherekyo = maximal rate of nucleotide incorporation akgl= ground-state binding
constant of dTTP. (D) After determining the burst ratkgd from each of the six reactions in panel B, a graphkgf vs [dTTP] was

plotted to determine thk,, andKS'™".

standing how polymerases maintained genomic integrity in ~ Surprisingly, the pre-steady-state rates of incorporatig)n (
the presence of DNA modifications, including DNA oppositeO®-alkylG were no more than 6-fold different than
carcinogen adducts. Pre-steady-state kinetics were used irfor incorporation opposite G (Table 3). Also, there was no
this study to address the question of how End RT (which significant difference in the rates of incorporation of dCTP
function as true replication enzymes) maintain fidelity during or dTTP oppositeOf-alkylG. The presence of an O6
replication of DNA containing the highly mutager@®-MeG substituent reduced the pre-steady-state burst rate for T7
or the bulkierO®-BzG, which has been reported to be less by 2-fold for incorporation of either dCTP or dTTP opposite
miscoding but more likely to cause polymerase stalling O%-MeG and by 3- to 4-fold for dTTP or dCTP incorporation
(22). opposite0’-BzG, respectively. When compared to incorpo-
Both steady-state and pre-steady-state kinetics of nucle-ration opposite G, the presence of@halkylG reduced the
otide incorporation were performed in this study. Pre-steady- burst rate for RT by 2-fold except when dTTP was
state kinetic analysis (done with DNA in excess of enzyme) incorporated opposit®°-BzG, where a 6-fold difference was
reveals two phases of incorporation. The first phase, or burstmeasured. This pattern contrasts with the KF results obtained
phase, is a rapid accumulation of product in the first enzyme by Tan et al. 20), in which the pre-steady-state rate of
turnover, due to a rate-limiting conformational change before incorporation of dTTP opposit@®-MeG was 5-fold less than
phosphodiester bond formation during incorporation involv- for dCTP incorporation (with even greater assumed differ-
ing the normal bases 8, 24). The amplitude of this burst ~ences as compared to unmodified DNA).
phase corresponds to the amount of enzyme that rapidly Tan et al. 20) did not observe biphasic kinetics for the
converts substrate to product; during incorporation of the incorporation of dCTP opposite®-MeG by KF; thus, either
four canonical bases, the burst amplitude usually ap- the conformational change or phosphodiester bond formation
proximates the enzyme concentration. A nonstoichiometric presumably became the rate-limiting step. In our own work
burst (where product concentration is less than the amountwith T7~ and RT, turnover of eacheBNA«dNTP complex
of enzyme present) indicates that not all of the enzyme can containingO%-MeG orOf-BzG clearly demonstrated biphasic
form product rapidly. The second phase, or the steady-statekinetics (Figures +3). Although the burst ratekd) mea-
phase, is governed by the rate-limiting step in multiple sured withOS-alkylG-containing DNA did not differ much
turnovers of normal incorporation, probably DNA dissocia- from those with unmodified DNA (Table 3), the burst
tion (45). amplitudes were greatly reduced. @rd 2 to 3% burst
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amplitude was observed fab®-alkylG-containing DNA, tively) (Figure 2A,B). Although T7 extended botlD5-MeG
except for T7 incorporation of dTTP opposit®t-MeG base pairs equally, dTTP was preferentially inserted over
(12%) and RT incorporation of dCTP opposi@®-BzG dCTP opposité’-MeG, consistent with the high mutagenic
(28%) (Figure 1). Tan et al2Q) did not discuss the reduced potential ofO5-MeG in vivo (22).

burst amplitude observed for dTTP incorporation opposite  Although the addition of a methyl at the O6 position
0°-MeG, but a comparison of the amount of product formed represents a small change in the size of guanine, it does
during the burst and the enzyme concentration in the reaCtionchange the tautomeric structure of G. Therefore, base pairs
indicates that the burst is not stoichiometric. Unfortunately, Containingoﬁ-MeG do cause some distortions in the DNA
comparisons between the repair enzyme KF and the repli-helix (14) and probably in the transition state prior to
cative enzymes T7and RT are difficult to interpret because  incorporation of a dNTP opposit®f-MeG. Although no
differences between polymerases can result in varying effectsstructural work has examined ha®f-BzG affects the DNA
of a DNA adduct on replication. duplex, it has a more dramatic effect on polymerase kinetics
Adducts affect DNA structure and, subsequently, poly- than Of-MeG, and thus it may affect DNA structure more
merase fidelity and kinetics to varying extents. Even small than its less bulky counterpart. Another adduct that causes
changes, such as addition of a methyl to the O6 position of major DNA distortions, i.e., a large kink of 3%5°, is an
G, can have significant effects on fidelity. Misincorporation intrastrand cross-link of cisplatin46). Studies of the
percentages [defined as misincorporation=94f/(1 + f), interaction of cisplatir DNA with T7~ and RT by Suo et
wheref = (KealKm)are (KealKm)actd (41) predict that T7 al. (47) indicate that both enzymes show a large reduction
greatly prefers to insert dTTP rather than dCTP opposite bothin the burst amplitude at the site of both cross-linked
0°-MeG andO°-BzG (87% forO°*-MeG and 93% forO°- guanines. RT was affected an additional base after the site
BzG) (Table 3). RT showed only slight preference for dTTP  of adduction, and T7polymerization was affected five bases
incorporation opposit®©°®-MeG (65%) and demonstrated a after the cisplatin adduct. Suo et afi7| rationalized the
slight preference for dCTP incorporation opposieBzG results by hypothesizing that T4s more sensitive to the
(67%), which contrasts with the strong tendencies displayed changes in DNA caused by cisplatin because @@es not
by T7". In a previous study of T7and RT with 8-0x0G,  have as much flexibility in its active site as RT, which
another adduct with a small change in its chemical structure accepts both DNA and RNA substrates. TB&-alkylG
(23), an opposite trend was noted: “T@xhibited a moderate  adducts affected T7and RT differently.05-MeG did not
preference for incorporation of dCTP (63%), but RT had a affect T7" polymerization two bases after the site of the
very strong preference for dATP incorporation (93%). These adduct, but RT demonstrated altered kinetics from normal
steady-state results reveal only general enzyme preferencesncorporation at this position, i.e., lower burst amplitudes
for ANTPs @5), whereas pre-steady-state kinetics can give (Figure 3).08-BzG affected both polymerases two bases
information about the chemistry of phosphodiester bond heyond the adduct site, but neither Tior RT was affected
formation as well as the conformational change preceding at position 28, i.e., three bases beyond the adduct (results
bond formation. not shown). Thus, althougBs-alkylG adducts affect po-
Previous pre-steady-state studies with™Tahd RT and  |ymerization of T7 and RT one or two bases downstream
8-0x0G @3) only demonstrated biphasic kinetics whermT7  from the actual site of modification, other adducts (e.g.,
incorporated the correct base dCTP opposite 8-0xoG and RTcisplatin-G) disrupt nucleotide incorporation to a greater
incorporated dATP opposite 8-0x0G. Incorporation of dATP extent.

opposite 8-0x0G by RT was the first reported example of gy et al. 47) reported that cisplatin affected the
biphasic kinetics observed for incorporation of the “wrong” ground-state binding of nucleotides, i.e., altekf}™, at
base pair partner opposite 8-0x0G. In contrast, blphas'Csites of incorporation downstream from the adduct. The
kinetics were observed for incorporation of either dCTP or determination of a |arngNTP suggests that the productive

i 6_ 6_ i d
dTTP opposite botl®™MeG andG™BzG (Figure 1). The EesDNAdNTP complex may not readily form in the presence

burst amplitudes observ_ed during incorporation opposite of a DNA—carcinogen adduct. Thus, changes in the enzyme,
8-0x0G @3) were much higher than those observed®$+ ;
DNA, or both must occur for bond formation to occur. The

alkylG adducts (228%), indicating tha©%-alkylG is more _ . .
of a hindrance to polymerization than 8-oxoG. K™ for T7~ was 8,5 & _18) #M for Incorporation oTr;e
While incorporation opposite an adduct provides some Paseé beyond the cisplatin adduct, similar to thig"
information about polymerase fidelity, it also important to détermined at the site of the adduct for RT wiifi-BzG
(50 4+ 8 uM for dCTP and 74 17 uM for dTTP) (Figures

determine if the G*:C base pair or the noncanonical G*:T , L . )
base pair is preferentially extended (&*modified G). RT 4F and 5D). This result indicates that cisplatdNA is more

preferred to extend both tH@-MeG:T andOP-BzG:T base  disruptive to polymerization tha®®-BzG since theki"™
pairs (as compared 05-MeG:C andOf-BzG:C), indicated ~ downstream of cisplatin-G is greater than t§'"" at the

by the large burst amplitudes (Figure 2). Thus, formation of O°-BzG site.

product by RT occurred readily during the burst phase. T7- and RT exhibited differences in incorporation kinetics
Similarly, many polymerases prefer to extend the nonca- with Of-MeG andO8-BzG as well as differences in nucle-
nonical base pair, e.g., Furge and Guenger3®) (vhere otide preference. These results demonstrate that adducts with
8-0x0G:A was a much better substrate for-Tand RT similar basic structures, i.e., substitution at the O6 position
extension than 8-oxoG:C. In our present work; Tprefer- of G, can have different effects on a polymerase. Lindsley
entially extended the “correct” base pdad®-BzG:C but and Fuchs 48) demonstrated that incorporation opposite
displayed very similar kinetics for extension ©f-MeG:C AF-G and its more distorting acetylated derivative, AAF-G,
and O%-MeG:T (burst amplitudes of 79 and 85%, respec- also have different effects on T748). Choice of nucleotide



Misincorporation Kinetics aD%-AlkylG

for insertion opposite the two adducts differed, and AF-G
caused less stalling of T#han did AAF-G. Incorporation
opposite AAF-G demonstrated monophasic kinetics, which
differs significantly from our results obtained widf-alkylG.
Although incorporation opposite bo®f-MeG andO®-BzG
demonstrated biphasic kinetid3%-BzG gave much smaller
burst amplitudes and larger downstream effects (Figures
1-3). Thus, althougl®®-BzG and AAF-G both stalled T7

the adducts affected the polymerase differently. 6BzG

Biochemistry, Vol. 41, No. 3, 2002037

dCTP, pre-steady-state kinetic analysis for insertion of dCTP
or dTTP oppositeD®-BzG was very similar for both T7

and RT (Figure 1). In addition, the preference for a primer/
template containing a@%-BzG:C base pair 005-BzG:T base
pair differed between T7and RT and also depended on
whether incorporation occurred at position 26 or 27 (Figures
2 and 3). Thus, pre-steady-state kinetic analysis indicates
that neither dCTP nor dTTP is preferentially inserted opposite
08-BzG, and neither of the resulting primer/templates can

the burst amplitude is reduced; during incorporation opposite be extended easily. These results may explain why the bulkier
AAF-G the conformational change or chemistry of bond OFf-BzG is less miscoding than its smaller counterpart because
formation apparently becomes rate-limiting in the steady- both polymerases preferred to extend D&MeG:T base
state (i.e., monophasic kinetics). pair in pre-steady-state analysis.

Polymerization can be greatly affected by the presence of  Ajthough the pre-steady-state kinetics of these model
a DNA adduct or any other structural change in the DNA, polymerases correlated with in vivo mutagenesis results, this
such as a DNA hairpin4Q), but simple mispairs of the  anpalysis is oversimplified because neither Fior RT is the
canonical A, C, G, and T bases are even more disruptive topolymerase involved in the bacterial or mammalian cell
polymerization. Wong et al50) studied the effects of A:A,  mutagenicity experiments. In addition, the recent discovery
A:C, and A:G mispairs on polymerization by T™Monopha-  of specialized polymerases complicates the understanding
sic kinetics were observed during formation of all of these of in vivo mutagenesis as it is not clear which polymerase
mispairs, indicating that the rate-limiting step was no longer replicates when certain DNA adducts are pressay. (Our
DNA dissociation but the rate of conformational Change or pre-steady-state ana|ysis did ShOW, however, that the bulkier
phosphodiester bond formation. In our study, a 26T-mer/ strycture ofO8-BzG caused the polymerase to stall at and

36-G-mer (containing a G:T mispair at position 25) was used
as a control substrate to look at polymerization two bases
beyond the adduct (Figure 3). Surprisingly, RT did not have
any difficulty incorporating at position 27 on a 26T-mer/
36-G-mer substrate, probably due to its more flexible active
site. The 26T-mer/36-G-mer greatly affected Tkinetics

as in the case of the substrates of Wong et &l),(and
monophasic kinetics (no burst) were observed even two base
after the G:T mispair. In contrast, incorporation opposite or
beyond08-MeG andO®-BzG by T7 demonstrated biphasic
kinetics (Figures 13). Although the burst amplitudes were
small (indicating that the E&®NA«dNTP complex was not
efficiently being turned over into product), a step following
bond formation was still the overall rate-limiting steady-state
step for polymerization of oligonucleotide containing@h
alkylG, unlike kinetics observed with mispairsQj.

Kinetic analysis allows elucidation of polymerase enzy-
mology in a simplified system, but the information must also
be considered in the context of in vivo mutagenesis, which
requires the concerted action of several polymeras#s (
Moschel and his associates have found B&BzG is two
or three times less mutagenic th@&MeG in bothE. coli
and mammalian cells2@, 52, 53). This difference in
mutagenicity is due to two factorsnore efficient repair of
05-BzG by alkyltransferase$4§) and an apparently lower
miscoding potential 0f0f-BzG. In addition,0-MeG and
05-BzG display different mutational spectra at some DNA
sequenceD’-BzG can cause different kinds of mutations,
including G— T and G— C mutations in addition to the
expected G~ A mutation, butO8-MeG only causes G- A
mutations 22).

Can mutagenesis results be reconciled by kinetic analysis
of replication ofOf-MeG and0%-BzG by model polymerases
T7- and RT? Interestingly, steady-state analysis demon-
strated that both dATP and dGTP could be incorporated
opposite08-BzG by T7- much more efficiently tharO®-
MeG (results not showrf)which may explain why varied
mutations are seen in the presenceQ§{BzG. Although
steady-state kinetics indicated a preference for dTTP over

beyond the site of the adduct more th@$-MeG. This
stalling of the polymerases b@5-BzG is significant as it
may signal for the action of specialized polymerases.

Pre-steady-state kinetics of model polymerases can be
valuable in understanding how adducts affect polymerization
and can be applicable to mammalian systems. Other studies
in this laboratory 89, 40) have shown that polymerase

the major leading-strand mammalian polymerase, behaves

very similarly to the polymerases studied here. Since
polymerased utilizes the same steps of the minimal
mechanism of incorporation as the model replicative poly-
merases, some general knowledge of [@valkylG perturbs
fidelity can be gained from this study.

In summary, pre-steady-state analysis indicated that when
polymerization does occur on &@Pf-BzG-containing sub-
strate, no strong preference is seen for dCTP or dTTP
insertion and neithe®®-BzG:C nor0°%-BzG:T is preferen-
tially extended, unlike the case of the less buB§MeG.
Thus, the fidelity of T7 and RT, much like those poly-
merases involved in bacterial and mammalian mutagenicity,
is compromised more b§°-MeG than the bulkie©8-BzG.
Importantly, O%-BzG caused much polymerase stalling as
T7~ and RT had more difficulty inserting a nucleotide
opposite0f-BzG thanO8-MeG, as denoted by the lower pre-
steady-state burst amplitudes (Figure 1). These lower burst
amplitudes indicate that fewer BENAdNTP complexes are
being converted to product. In conclusion, pre-steady-state
analysis indicated that althou@t-MeG is more miscoding,
05-BzG is a greater block to polymerization by Ta@nd RT.

The roles of individual reaction steps in misincorporation
and stalling by T7 and RT are considered further in the
following paper in this issue2(l).

8 The misinsertion frequency [definedfas (Keal Kim)ante/ (Keal Km)dcTe
where dNTP= dCTP @1)] of T7~ for dATP incorporation opposite
05-BzG was 3.8. The misinsertion frequency was 0.3 for dGTP
incorporation opposit€’-BzG. These values were 10- to 100-fold
higher than the corresponding misinsertion frequencies of fbr
incorporation of dATP and dGTP opposi@¥-MeG.
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Three figures give the characterization of (b&BzG-36-
mer. ldentity of theD®-Bz-dG was confirmed by the HPLC
analysis of the enzymatic digest of the oligonucleotide into
nucleosides. The presence of B&BzG adduct in the intact
36-mer was confirmed by MALDI/TOF MS. Purity of the
05-BzG-36-mer was checked by CGE. This information is

available free of charge via the Internet at http://pubs.acs.org.
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