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ABSTRACT. 8-Nitro-2-deoxyguanosine (8-N&dG) DNA adducts are induced by the reactive nitrogen
species and may be associated with the development of cancer in inflammatory tissues. To explore the
miscoding potential of 8-N@dG adduct, an oligodeoxynucleotide containing a single &NG adduct

was prepared by photochemical synthesis and used as a template in primer extension reactions catalyzed
by mammalian DNA polymerases (pol). Primer extension reactions catalyzed byop@dl were strongly
retarded at the 8-N&dG lesion; a fraction of primers was extended past the lesion by incorporating
preferentially dCMP, the correct base, opposite the lesion, accompanied by lesser amounts of dAMP and
dGMP incorporation. In contrast, primer extension reactions catalyzed by pok truncated form of

pol « (pol kAC) readily extended past the 8-NAG lesion. Poly and«AC showed more broad miscoding
spectra; direct incorporations of dCMP and dAMP were observed, along with lesser amounts of dGMP
and dTMP incorporations and deletions. The miscoding frequencies induced pyapdlkAC were at

least 8 times higher than that of palor 5. Miscoding frequency and specificity of 8-N@G varied
depending on the DNA polymerases used. These observations were supported by steady-state kinetic
studies. 8-N@dG adduct may play an important role in initiating inflammation driven carcinogenesis.

Nitric oxide (NO) is a product of normal methabolic 1 Peroxidase, HOCI
activity in vivo and is overproduced in response to various ’ HO Yo~ l
diseases such as chronic inflammatory, reperfusion injury, v ONOO _
and cancer 2). ‘NO generates endogenously as through Zé} 0, 0, e co, OO0 NO.C
the L-arginine oxidation pathway catalyzed by NADPH- NO*

. - . N,O, ONOOH

dependentNO synthase3, 4) and functions in nerve tissue, ote H,0, 1l
blood vessels, and immune system as a multifunctional Nitrosating species

bioregulator $—8). *NO also is formed by the combustion

- . ) v T v a4
of fossil fuels and C|g_arette9(-13). NO producgs nltros_o— Nitrosation Oxidation & Nitration
(e.g.,Snitrosoglutathione) and nitro- (e.g., 3-nitrotyrosine) (Nitrosative deamination) B-oxoqUaNine
. . . . -oxoguanine,
compounds in many tissues such as brain and vascular tissues santhine S_nit,fguaninev
(14—20) and reacts with cellular DNA to form'z2leoxyx- hypoxanthine, etc. AP sites, etc.

anthosine (dXab) (21—23) and 8-nitro-2-deoxyguanosine _ : -
(8-NO,-dG) (24, 25). There are two possible major pathways Ficure 1. Possible pathways for formation of NO-induced DNA
for the *NO reaction (Figure 1). One pathway involves adducts.

nitrosative deamination of DNA bases #YO via formation  pjtrous anhydride (bDs) at physiological pHZ26). A second
of several nitrosating agents, which predominantly exist as jnyolves combination ofNO and superoxide with formation
of highly toxic peroxynitrite (ONOO). Spontaneous hy-
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Ficure 2: Structures of major NO-induced DNA adducts.
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gastric gland epithelium of patients witkelicobacter pylori
infection (32). The increased formation of 8-N@G was
also observed in th@pisthorchisviverrini-infected hamsters
used as a model animal of chronic inflammati88)(and in
mice with inflammatory bowel diseas&4). 8-NO,-dG is
spontaneously hydrolyzed under physiological conditions,
resulting in release of free base 8-NG and formation of
apurinic sites in DNA 25). Since the resultant apurinic sites
induce G— T transversions35, 36), the mutagenicity of
8-NO,-dG is thought to result from the miscoding event
associated with the depurination of this adduct.

Many DNA polymerases are involved in DNA synthetic
events in cells, and the physiological significance of these
enzymes has been review&¥). Among them, human DNA
pol 1 (38) and k (39, 40) are associated with translesion
synthesis past a variety of DNA lesiongl(42). We present

here a quantitative determination of the miscoding frequen-

cies and specificity of 8-N&dG lesion occurring during in
vitro DNA replication catalyzed by mammalian DNA poly-
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38-mer product was isolated onu@ondapak Gs column
(0.39 cm x 30 cm), using a linear gradient of 0.05 M
triethylammonium acetate (pH 7.0) containing-12D%
acetonitrile, with an elution time of 60 min at a flow rate of
1.0 mL/min. The modified and unmodified oligomers were
purified using HPLC and gel electrophoresis. Oligodeoxy-
nucleotides were labeled at thetérminus with®?P (48) and
subjected to 20% polyacrylamide gel electrophoresis (PAGE,
35 cmx 42 cmx 0.04 cm). The positions of the bands and
homogeneities of oligodeoxynucleotides following gel elec-
trophoresis were determined using faphosphorimager
(Molecular Dynamics). Separation and purification of oli-
godeoxynucleotides was performed using a Waters 515
HPLC pump, 996 photodiode array detector and pump
control module. UV spectra and concentrations of oligode-
oxynucleotides were measured with a Hewlett-Packard
8452A diode array spectrophotometer.

Stability of 8-NQ-dG-Modified Oligomer.3?P-labeled
8-NO,-dG-modified and -unmodified oligomers (10 pmol,
SCCTTCXCTACTTTCCTCTCCATTT, where X is dG or
8-NO.-dG) were prepared by incubating at Z5 for 15 min
using T4 polynucleotide kinase ang-}°P]JATP (48) and
passed through a molecular filter to remove féde and
buffer. The3?P-labled oligomers were incubated atZ5in
50 uL of buffer (40 mM Tris-HCI (pH 8.0), 1 mM MgGCl
10 mM DTT, 250ug/mL BSA, 60 mM KCI, and 2.5%
glycerol), which was used for primer extension reactions

merases using a two-phase polyacrylamide gel electrophore—cata|yzed by pok. To measure the degradation rate of the
sis analysis that quantifies base substitutions and deletionsg.NO,-dG-modified oligomers, an aliquot (2L) of the

(43, 44). Relative bypass frequencies past the 8,NG

reaction mixture was collected at 0, 0.5, 2da® h and

lesion were also determined using steady-state kinetic studies;ypjected to 20% denaturing PAGE (35 &m#2 cm x 0.04

(45, 46).

MATERIALS AND METHODS

General.[y-*?P]ATP (specific activity> 6000 Ci/mmol)
was obtained from Amersham Corp. dNTPs were from

Pharmacia; T4 polynucleotide kinase was from Stratagene.

EcoRl restriction endonuclease (100 units) and T4 DNA
ligase (400 unitg/L) were purchased from New England
BioLabs. HPLC-grade acetonitrile, triethylamine, and dis-
tilled water were purchased from Fisher Chemical.
Synthesis of Oligodeoxynucleotidddnmodified DNA
templates {CCTTCGCTACTTTCCTCTCCATTT and
SYCATGCTGATGAATTCCTTCGCTACTTTCCTCT-
CCATTT), primers, and standard markers (Figure 2) were

cm). The radioactivity of the oligomers was measured using
p-phosphorimager (Molecular Dynamics) and ImageQuaNT
software.

Primer Extension Reaction8.10-mer FAGAGGAAAGT)
or 12-mer {AGAGGAAAGTAG) was labeled at the'5
terminus with T4 polynucleotide kinase and¥P]ATP (48).
Using 8-NQ-dG-modified and -unmodified 38-mer oligode-
oxynucleotide (200 fmol) primed with &P-labeled 10-mer
(100 fmol) or 12-mer (100 fmol), we conducted primer
extension reactions catalyzed by palg, i, or k at 25°C
for 30 min in a buffer (1QuL) containing four dNTPs (100
uM each) (Figure 3). The reaction buffer for pmicontains
40 mM Tris-HCI (pH 8.0), 5 mM MgCJ, 60 mM KCI, 10
mM dithiothreitol (DTT), 250 ug/mL BSA, and 2.5%

prepared by solid-state synthesis on an automated DNAglycerol. The reaction buffer for p@ contains 50 mM Tris-
synthesizer. The 24-mer oligodeoxynucleotide containing a HCI (pH 8.8), 10 mM MgC}4, 10 mM KClI, 1.0 mM DTT,

single 8-NQ-dG located at the X positiorPCCTTCXC-
TACTTTCCTCTCCATTT, where X is 8-N@dG) was
prepared by photochemical synthesis described eaéy (
Modified 38-mer templates® CATGCTGATGAATTCCT-
TCXCTACTTTCCTCTCCATTT, where X is 8-N@dG)
were prepared by ligation of the 8-N@G-modified 24-
mer to a 14-mer(CATGCTGATGAATT) (47). Briefly, 2.0
ug of 8-NO,-dG-modified 24-mer was phosphorylated at the
5' terminus using 3.«L of T4 polynucleotide kinase (10
unitsjuL) and 1.54L of 10 mM ATP and ligated at 4C
overnight to a 14-mer (1.7ag, SCATGCTGATGAATT)
using 1.5uL of T4 DNA ligase (400 unitg/L) and a 18-
mer template (2.2g, SGTAGCGAAGGAATTCATC) in
100 uL of 50 mM Tris-HCI (pH 7.5) containing 10 mM
MgCl,, 10 mM DTT, 1 mM ATP, and 2..xg of BSA. The

and 1.0% glycerol. Poy and a truncated form (paAC)

and full-length of polk were provided by Dr. Hanaoka and
Dr. Ohmori, respectively.38, 39). The reaction buffer for
pol » contains 40 mM Tris-HCI (pH 8.0), 1 mM Mggl10

mM DTT, 250ug/mL BSA, 60 mM KCI, and 2.5% glycerol.

A similar reaction buffer was used for peAC, using 5 mM
MgCl, instead of 1 mM MgGCJ. The reaction was stopped
by addition of formamide dye. The samples were subjected
to 20% denaturing PAGE (35 cx 42 cmx 0.04 cm). The
radioactivity of extended products was measured using a
B-phosphorimager and ImageQuaNT software.

Miscoding AnalysisUsing 8-NQ-dG-modified and -un-
modified 38-mer oligodeoxynucleotide (450 fmol) primed
with a32P-labeled 12-mer (300 fmEIAGAGGAAAGTAG),
we conducted primer extension reactions catalyzed by pol
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TGAAAGGAGA3??
5' CATGCTGATGAATTCCTTCXCTACTTTCCTCTCCATTT (X=dG or 8-NO,-dG)

dNTPs
DNA polymerase

GTACGACTACTT. AAGNGATGAAAGGAGA3?P (N=C,A,G or T)
5'CATGCTGAT TTCCTTCXCTACTTTCCTCTCCATTT
‘ EcoRI1
GGAAGNGATGAAAGGAGA3??

5'AATTCCTTCXCTACTTTCCTCTCCATTT

c
a
GGAAG| G [GATGAAAGGAGA3?®
T
Al
GGAA| A?
AC A'TAG

-urea +urea

Ficure 3: Diagram of the method used to determine miscoding specificity. Unmodified and,88®nodified 38-mer templates are
annealed to either #P-labeled 10-mer primer or#P-labeled 12-mer primer. Primer extension reactions catalyzed by DN&,g&l 7,

or « were conducted in the presence of four dNTPs. Fully extended products formed during DNA synthesis were recovered from the

polyacrylamide gel (35 cnx 42 cm x 0.04 cm), annealed with a complementary 38-mer, cleaved EgtiRl, and subjected to a two-
phase PAGE (15 cnx 72 cm x 0.04 cm), as described in Materials and Methods. To determine miscoding specificity, mobilities of the
reaction products were compared with those of the 18-mer standards containing dC, dA, dG, or dT opposite the lesion Afdoone- (

two-base A?) deletions.

o (80 fmol for unmodified template; 250 fmol for 8-NO
dG-modified template), pop (250 fmol for unmodified
template; 500 fmol for 8-N@dG-modified template), pol
7, or pol kAC (100 fmol for the unmodified and modified
templates) at 28C for 30 min in a buffer (3@.L) containing
four dNTPs (100uM each) and subjected to 20% PAGE
(35 cm x 42 cm x 0.04 cm). Extended reaction products

1.6 fmol), or polkAC (0.29-2.9 fmol) were used to measure
chain extension. The reaction samples were subjected to 20%
denaturing PAGE (35 cmx 42 cm x 0.04 cm). The
Michaelis constantsK,) and maximum rates of reaction
(Vmay Were obtained from HanedNoolf plots. Frequencies

of dNTP insertion [Eins) and chain extensionF¢) were
determined relative to the dC/dG base pair according to the

(>26 bases long) were extracted from the gel. The recoveredequationF = (Vima/Km)wrong pairf (Vma/Km)correct pairdciaa] (45,
oligodeoxynucleotides were annealed with an unmodified 38- 46).

mer, cleaved witlecaRl, and subjected to two-phase PAGE
(15 cm x 72 cm x 0.04 cm) containig 7 M urea in the
upper phase and no urea in the lower phdeg (Figure 3).

RESULTS
Primer Extension Reactions Catalyzed by DNA Poly-

To quantify base substitutions and deletions, mobilities of merases on the 8-N&IG-Modified DNA TemplatéJsing
the reaction products are compared with those of 18-mer unmodified and 8-N@dG-modified 38-mer templates, primer
standards containing dC, dA, dG, or dT opposite the lesion extension reactions were conducted in the presence of four

and one- A') or two-base A?) deletions 43, 44) (Figure
3).

Steady-State Kinetic StudiéSnetic parameters associated
with nucleotide insertion opposite 8-N@G lesion and chain
extension from the '3primer terminus were determined at
25°C using varying amounts of single dNTPs{B00uM).
For insertion kinetics, reaction mixtures containing dNTP
(0—500 uM) and either polo (25—250 fmol), pols (30—
300 fmol), poly (0.16-1.6 fmol), or polxAC (0.29-2.9
fmol) were incubated at 25C for 2 min in 10uL of Tris-
HCI buffer (pH 8.0) using a 24-mer template (150 fmol;
sCCTTCXCTACTTTCCTCTCCATTT, where X is dG or
8-NO,-dG) primed with a%?P-labeled 12-mer (100 fmol;
SAGAGGAAAGTAG). Reaction mixtures containing a 24-
mer template (150 fmol) primed with #P-labeled 13-mer
(100 fmol;AGAGGAAAGTAGN, where N is C, A, G, or
T), with varying amounts of dGTP (€500«M) and either
pol o (25—250 fmol), polS (30—300 fmol), polyn (0.16—

dNTPs and variable amounts of pwo| 3, 7, or kAC (Figure

4). Primer extension with these polymerases readily occurred
on the unmodified template to form fully extended products.
More than 95% of the starting primer was extended past the
unmodified dG (position 13) using 250 fmol of pwl(Figure

4A) or pol 5 (data not shown) and 10 fmol of pgl(Figure

4B) or kAC (Figure 4C). When the 8-N&lG-modified
template was used, primer extension reactions catalyzed by
pol o (Figure 4A) orf (data not shown) were retarded one
base prior to the lesion and opposite the lesion. However,
primer extension reactions catalyzed by par «kAC were
slightly blocked at the 8-N@dG site but extended past the
lesion to form the fully extended products (Figure 4B,C).
When the amounts of polymerases were increased, products
representing more than 32-mer bases long were produced
on the unmodified and 8-N&JG-modified templates. These
are blunt-end extension products, as reported earlier for
Escherichia coland mammalian DNA polymerase$9( 50).
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FiGure 4: Primer extension reactions catalyzed by poly, or
kAC on 8-NQ-dG-modified DNA templates. Using unmodified
or 8-NO,-dG-modified 38-mer templates primed witli%®-labeled
10-mer, we performed primer extension reactions at@3or 30
min in a buffer containing four dNTPs (1Q0M each) and variable
amounts of (A) pok (0, 8.0, 25, 80, 250 fmol), (B) po} (O, 1.0,

10, 100, 500 fmol), and (C) paAC (0, 1.0, 10, 100, 500 fmol),
as described in Materials and Methods. One-third of the reaction
mixture was subjected to denaturing 20% PAGE (35xm2 cm

x 0.04 cm). A 32-mer YAGAGGAAAGTAGCGAAGGAAT-
TCATCAGCATG) was used as a marker of fully extended product.
13X represents the adducted position.
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Ficure 5: Miscoding specificities of 8-N@dG lesion in reactions
catalyzed by poty, 3, #, or kAC. Using unmodified and 8-N£&
dG-modified 38-mer templates primed witl#%#-labeled 12-mer,
we conducted primer extension reactions af@5or 30 min in a
buffer containing four dNTPs (100M each) and either pal (80
fmol for unmodified template; 250 fmol for 8-NG@IG-modified
template), pol3 (250 fmol for unmodified template; 500 fmol for
8-NO,-dG-modified template), pokAC, or (100 fmol for
unmodified and 8-N@dG-modified templates), as described in
Materials and Methods. The extended reaction produc2é bases
long) produced on the unmodified and 8-N@G-modified tem-
plates was extracted following PAGE. The recovered oligodeoxy-
nucleotides were annealed to an unmodified 38-mer and cleaved
with EcoRlI restriction enzyme, as described in Materials and
Methods. A half of the reaction product from the unmodified
template and the entire product from the 8-Nd5-modified
template were subjected to a two-phase 20% PAGE (15«cr2

cm x 0.04 cm). Mobilities of reaction products were compared
with those of 18-mer standargBigure 3) containing dC, dA, dG,
or dT opposite the lesion and one-bage)(or two-base 432)
deletions.

Miscoding Properties of 8-N£dG Adduct.Translesion
synthesis catalyzed by pal, j, 7, or kAC was conducted
in the presence of all four dNTPs. Following primer
extension past 8-N£dG, extended products>@6 bases
long) were recovered from the gel and digestedBaypRI
as described in Materials and Methods. Products were
subjected to two-phase PAGE to quantify base substitutions
and deletions formed opposite the lesion (Figure 2). A
standard mixture of siX?P-labeled oligodeoxynucleotides
containing dC, dA, dG, or dT opposite the lesion or one-
and two-base deletions can be resolved by this method
(Figure 5). The percentage of miscoding was normalized to
the amount of starting?P-labeled primer. When an unmodi-
fied template was used, expected incorporation of dCMP,
the correct base, was observed opposite dG (Figure 5). Using
pol o or 3, 8-NO,-dG-promoted preferential incorporation
of dCMP (4.2 and 20.0%, respectively) opposite the lesion,
accompanied by lesser amounts of dAMP (1.4 and 1.1%,
respectively) and dTMP (0.13 and 0.38%, respectively). With
pol 5, small amounts of one- (1.4%) and two-base (2.2%)
deletions were also observed. Rohnd«AC showed broad
miscoding specificity and high miscoding frequency. Rol
promoted direct incorporation of dACMP (29.7%), the correct
base, and dAMP (24.5%), along with lesser amounts of
dGMP (11.3%) and dTMP (7.5%) incorporations (Figure
5B); small amounts of one-base (3.9%) and two-base (2.5%)
deletions were also observed. With peAC, 8-NO-dG
promoted preferential incorporation of dAMP (18.8%) op-
posite the lesion, accompanied by small amounts of dCMP
(12.5%), dGMP (6.2%), and dTMP (3.4%) incorporations
(Figure 5C); one- (4.6%) and two-base (8.9%) deletions were
also detected. Therefore, total miscoding frequencies of
8-NO.,-dG observed with paj (50%) andkAC (42%) were
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Table 1: Kinetic Parameters for Nucleotide Insertion and Chain Extension Reactions Catalyzed by DNA Polymerases

dNTP dGTP
i |GATGAAAGGAGA®™® i INGATGAAAGGAGA™*
SCCTTCXCTACTTTCCTCTCCATTT ¥CCTTCXCTACTTTCCTCTCCATTT
N:X Km (M) Vinax(% min2) Fins Km (M) Vinax(% min2) Fext Fins X Fext
pola; X =dG
C:G 1.61+0.19 186+ 24.1 1.0 2.39t0.12 135+ 2.3 1.0 1.0
pol a; X = 8-NO»-dG
C:X 20.8+1.88 68.7+ 15.9 2.85x 1072 3.09+0.73 10.3+1.5 5.93x 1072 1.69x 1078
A:X 116 + 24.2 70.3+-1.98 5.38x 1073 68.7+ 2.2 9.40+ 0.22 2.44x 1073 1.31x 10°°
G:X 140+ 15.3 22.3+0.39 1.39x 1073 48.7+ 3.3 517+ 0.11 1.89x 1073 2.63x 107
T:X 123+ 2.69 17.0£ 1.07 1.20x 1073 36.7+1.9 10.1+ 0.65 4.89x 1073 5.87x 10°¢
poln; X =dG
C:G 1.174+0.09 43.8+ 3.5 1.0 0.54+ 0.24 33.2+1.8 1.0 1.0
pol7; X = 8-NO,-dG
C:X 2.62+0.16 13.14+ 0.46 0.133 3.55%0.13 11.44+0.39 5.22x 1072 6.94x 1073
A:X 8.89+ 0.53 16.6+ 1.3 4.99x 102 1.67+0.29 10.5£ 0.31 1.02x 10t 5.09x 1073
G:X 22.3+9.0 13.1+ 1.1 1.57x 1072 5.33+0.42 9.68+ 0.10 2.95x 1072 4.63x 104
T:X 21.7+0.3 8.70+ 0.40 1.07x 102 3.09+0.31 7.214+0.13 3.79x 102 4.06x 104
polx; X =dG
C:G 2.70+£0.18 32.2+0.83 1.0 1.53+ 0.06 155+ 54 1.0 1.0
pol x; X = 8-NO,-dG
C:X 15.24+0.71 1.30+1.1 5.69x 1073 8.14+ 0.08 9.21+ 0.10 1.12x 1072 6.37x 10°°
A:X 10.6+ 3.5 1.45+ 0.22 1.15x 102 28.24+ 3.54 7.13+0.24 2.50x 1073 2.88x 10°°
G:X 13.44+ 0.66 0.36+ 0.02 2.26x 1078 52.1+8.71 6.11+ 0.37 1.16x 1073 2.62x 107
T:X 38.2+ 45 0.08+ 0.01 1.78x 10 9.49+ 0.53 3.58+ 0.08 3.72x 1073 6.62x 1077

aKinetics of nucleotide insertion and chain extension reactions were determined as described under Materials and Methods. Frequencies of
nucleotide insertionKj,s) and chain extensionF{,) were estimated by the equati®h= (Vmad/Km)iwrong pairf (VmadKm)correct pait X = 8-NO»-dG
lesion.” Data are expressed as the mearsD.

at least 8 times higher than that of po(1.5%) ands (5.1%),
respectively.

To determine the stability of 8-N&G-modified oligomer,
32p-labeled 8-N@dG-modified 24-mer{CCTTCXCTAC-
TTTCCTCTCCATTT, where X is 8-N@dG) was incubated

pair and 3.5 and 2.7 times higher than for the dG/8,:MG
and dT/8-NQ-dG pairs, respectively. Therefor€s x Fex

for the dA/8-NQ-dG pair (5.09x 10°3) was similar to that
for the dC/8-NQ-dG pair (6.94x 1073 but 1 order of

magnitude higher than that for other pairs. When paC

at 25°C in which the same reaction condition was used for was usedFi,s for dATP was 2.0 times higher than that for

primer extension and miscoding analysis for pand then

dCTP (Table 1)F. . for the dA/8-NQ-dG pair was 6.7 times

analyzed using PAGE (data not shown). The degradation ratelower than that for the dC/8-N&dG pair. As a resultFins

of the 8-NQ-dG-modified oligomer was approximately

x Fext for the dA/8-NQ-dG pair (2.88x 10 °) was slightly

1.6%h ; a similar degradation rate was observed previously lower that for the dC/8-N@dG pair (6.37x 1075 but at

(29). On the basis of our reaction condition (25 and 30

min) used for miscoding and primer extension assays, only

0.8% of 8-NQ-dG-modified oligomer was estimated to be

degraded. Such a small degradation may not affect the

miscoding analysis.

Kinetic Studies on 8-N£dG-Modified DNA Template.
Using steady-state kinetic methods with DNA pol, we
measured the frequency of dNTP insertidd and chain
extension Fey) opposite 8-N@-dG within the linear range
of the reaction. With pob, Fi,s for dATP was 5.3 times

least 1 order of magnitude higher than that for other pairs.

DISCUSSION

The 8-NQ-dG lesions in DNA are unstable and depurinate
by releasing 8-N@G (25), suggesting that the dupurinated
lesion contributes to NO-mutagenic ever8s, 36). The half-
life of 8-NO,-dG-modified oligodeoxynucleotide at Z&
in a buffer (pH 7) was previously determined to €0 h,
although the stability of the lesion may depend on the

lower than that for dCTP, the correct base, and 3.9 and 4.5c0mposition of the buffer incubated, oligomer sequence,
times higher than that for dGTP and dTTP, respectively DNA secondary structure, and so fortB9). In fact, the

(Table 1).Fey for the dA/8-NQ-dG pair was 24 times lower
than that for the dC/8-N&dG pair but 1.3 and 5.0 times
higher than those for dG/8-N&IG and dT/8-N@-dG pairs,
respectively. Therefore, the relative bypass frequerGy (
X Fex) past the dA/8-N@dG pair was 129 times lower than
that for dC/8-NQ-dG and 5.0 and 2.2 times higher than for
the dG/8-NQ-dG and dT/8-N@-dG pairs, respectively. With
pol 7, Fins for dATP was 2.7 times lower than that for dCTP

degradation rate of 8-N@G-modified oligomer used in the
present study was 1.6%/h (the half-life 31 h) at 25°C.
Therefore, the slow rate of degradation at°Zballowed us

to explore the miscoding events of 8-MWAG during trans-
lesion synthesis catalyzed by mammalian DNA polymerases.

The miscoding specificity of 8-N&dG was determined
using an in vitro experimental system that can quantify base
substitutions and deletions formed during replication in the

and 3.2 and 4.7 times higher than that for dGTP and dTTP, presence of four ANTPs. Although primer extension reactions

respectively (Table 1). HoweveF.,; for the dA/8-NQ-dG
pair was 2.0 times higher than that for the dC/8- NG

catalyzed by polx andj were strongly blocked at the 8-NO
dG lesion, significant amounts of dAMP misincorporation
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HoOND\ HoOND\ The two-phase PAGE analysis was performed in the
H/NN\dR H/NN\dR presence of four dNTPs, while the kinetic parameters were
0" NN 0 NN determined under conditions where only a single dNTP was
N,H’ N,H‘ present. Therefore, kinetic results obtained under the dNTP
< | ML oNL [l noncompetitive conditions may not be directly comparable
dIR NH; le NH. with the data obtained from the two-phase PAGE analysis.
4G dA 8-NO,-dG : dA With pol a, Fins for dCTP was approximately 5 times higher
o than that for dAMP andF.y, for the dC/8-NQ-dG pair was
o \3 24 times higher than that for the dA/8-N@G pair. The
Lo Hs resultingFins x Fex Value for dC/8-NQ@-dG was 129 times
s \c')]/ R o N higher than that for dA/8-N@dG (Table 1). However, when
0 H,x N N,H' H/NY R t_he two-phase PAGE_anaIysis was used,_the direct in_corpora-
MKN/ < I N)‘o‘/ 0 tion of dACMP opposite the 8-N&JG lesion was 3 times
\ N%Lo‘ dIR higher than that of dAMP. Similarly, with palAC, although
dr Fins X Fext for dA/8-NO,-dG was 2.5 times lower than that
dXao : dT for dC/8-NO-dG, the 2.9-fold higheFi,s for dAMP than
Ficure 6: Proposed base-pairing structures involving 8:MG. for dCMP reflects the results obtained using the two-phase

PAGE analysis. Since fully extended products used for two-
were observed. Primer extension past the lesion with eitherphase PAGE analysis were obtained after long incubation
pol  or kAC was more efficient and showed a higher times (30 min) with DNA polymerases lacking the-%'
miscoding frequency and broad miscoding specificity. Both exonuclease activitydg, 43, 44), theFins value, notFe value,
pol n or kAC promoted preferential incorporation of JAAMP  of this enzyme may reflect the frequencies of dCMP and
opposite the lesion, along with the lesser amounts of dGMP ¢TMP incorporation opposite the lesion.
and dTMP incorporation and deletions. Although the rate  |n the earlier reports5g, 59), a shuttle vector containing
of primer extension reaction catalyzed by a full-length pol the supF gene was exposed to peroxynitrite (ONOGn
« was increased approximately 10% than that of the truncatedyitro and then replicated i&. colior human cells for analysis
form (pol kAC), the miscoding specificities observed with  of ONOO -induced mutations. Over 90% of mutations
both enzymes were identical (data not shown). Therefore, occurred at G:C base pairs, predominantly involving G:C
8-NO,-dG is expected to generate primarily-8 T trans- ~ — T:A transversions followed by G:€- C:G transversions
versions in cells. Using this system, we used the fully and G:C— A:T transitions. All of the base substitution
extended products=(26 bases long) formed at 2& in 30 mutations were located at G or C base, presumably reflecting
min for analysis of miscoding properties. On the basis of mjscoding errors introduced by guanine modification includ-
the degradation rate, only less than 0.8% of 8:MG- ing 7,8-dihydro-8-oxoguanine, 8-nitroguanine, and apurinic
modified template was estimated to be depurinated. Thesites 69) 718_Dihydro_8_oxodeoxyguanosine (8_oxodG) le-
contribution of apurinic sites to the high frequency of sjons 0, 61) and apurinic sites35, 36) induce G— T
miscoding events observed with pgland x<AC may be  transversions, as observed with 8-N@G in the present
minimal. study. When the kinetic data of 8-oxod&)( 61) and 8-NO-

Even using lower molar amounts of pglor kAC (100 dG are compared, DNA polymerases may bypass 8-oxodG
fmol), primer extension past the 8-N@OG adduct was much  much rapidly than 8-N@dG during DNA synthesis by
higher than that observed with pal(250 fmol) ands (500 incorporating dAMP opposite the lesion. Since amounts of
fmol). As a result, the higher miscoding frequencies (50% these DNA modifications produced by ONO®@ave not yet
for pol » and 42% for pokAC) were at least 8 times greater been determined, it is difficult to estimate the contribution
than those for polt (1.5%) andp (5.1%). Although all of individual DNA damage to the formation of &> T
enzymes primarily promoted dAMP incorporation opposite mutations.
the lesion, poly or xkAC showed broad miscoding spectra In conclusion, 8-N@dG is characterized by a high
and significant amounts of dGMP and dTMP incorporation. miscoding potential; the miscoding frequency and specificity
In addition, deletions were also detected. Therefore, the varies depending on the DNA polymerase used. &-NG
miscoding frequencies and specificities vary depending on contributes, together with the depurinated site, to the NO-
the DNA polymerase used. induced mutagenic events.

When similar experimental systems were used, dXao,
another major NO-induced DNA adduct, preferentially ACKNOWLEDGMENT
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