Fig. 5. Miscoding specificities of the dI lesion in reactions catalyzed by pol e, pol 1), or pol k AC. Using unmodified and

_ dI-modified 38-mer templates primed with.an Alexa546-labeled 12-mer, we conducted primer extension reactions at 25 °C |,
for 30.min in a buffer containing four dNTPs (100 uM each) and either pol « (200 fmol for unmodified and dl-modified
templates), pol K AC, or pol 1 (20 fmol for unmodified and dI-modified templates), as described in Materials and Methods.
The extended reaction products (>26 bases long) produced on the unmodified and dI-modified templates were extracted
following PAGE. The recovered oligodeoxynucleotides were annealed to an unmodified 38-mer and cleaved with EcoRI
restriction enzyme, as described in Materials and Methods. The entire product from the unmodified and dl-modified
templates was subjected to two-phased PAGE (20x65x0.05 cm). Mobilities of reaction products were compared with
those of 18-mer standards (Fig. 3) containing dC, dA, dG; or dT opposite the lesion and one-base (A') or two-base (A%
deletions. - o ’ . ’

The mutation spectrum induced by "NO has been
investigated in a variety of experimental systems.
"NO gas showed mutagenicity in TK6 cells'® and
caused predominantly A:T— G:C transitions in plas-
mids replicated in cultured human and E. coli cells™*
and C—T transitions in a bacterial system.” More-
over, "NO-releasing compounds exclusively resulted
in G:C— AT transitions in pSP189 plasmids propa-
gated in human cells.®® Using similar "NO-releasirig
compounds, ONOO™ caused G:C—T:A and G:C—
C:G transversions with the same experimental
system.>'*? Thus, based on the information obtained
from these previous reports, the mutation spectrum

by "NO has not been extensively determined yet.*
In our previous studies, the miscoding frequencies
and specificities of dX, 8-NO,-dG, and 8-OxodG le-
sions were quantitatively determined by two-phased
PAGE. As a result, 8-NO,-dG* and 8-OxodG!725 are
miscoding lesions generating primarily G—T trans-
versions (~20% and ~38%, respectively), while the
miscoding spectrum - of the dX adduct® exclusively
shows G — A transitions (~50%), which differs from
that of 8-NO,-dG and 8-OxodG. This indicates that
each DNA adduct has a unique miscoding specificity
and frequency. The mutation spectrum by "NO can be
hardly determined due to the présence of diverse

Table 1. Kinetic parameters for nucleotide insertion and chain extension reactions catalyzed by human DNA pol\a, poln,

and pol kAC .
Insertion dNTP Extension dGTP
IGAAGAAAGGAGAN546 INGAAGAAAGGAGAA 546
" 5'CCTTCZCTTCTTTCCTCTCCCTIT 5'CCTTCZCTTCTTTCCTCTCCCTIT
N:Z K (uM)® Vemax (% min~ ) Fins Km (M) Vinax (% min™?)? Fen Fing % Fext
Pol a TA 0.56+0.03 0.53+0.02 ’ 1.0 0.410.14 0.31+0.03 1.0 1.0
Cz  073x0.26 0.47x0.03 0.718 0.48+0.09 0.25£0.01 0.679 0.487
AZ N.D. N.D. ND. N.D. N.D. N.D. N.D.
GZ N.D. N.D. N.D. N.D. N.D. N.D. N.D.
T:Z 9.74+1.60 ©0.11x0.07 121x107%  7.0921.50 10.1£0.65 1.92x1072  2.32x107*%
Polq TA 0.65+0.17 © 5.37£0.26 21.0 0.69+0.13 7.49:0.11 1.0 1.0
Cc:z 1.74+0.58 7.79+0.48 0.551 0.96+0.18 8.44+0.25 0.809 0.446
AZ  487+1.22 1.28+0.03 3.18x10"%  6.63x0.76 2.66+0.08 © 3.66x107%2  1.16x10°3
GZ  161%1.03 1.00+0.01 730x107%  11.624.23 1.1420.11 9.40x107%  6.86x107°
. T:Z - 7.00%1.97 1.19+0.03 207x1072  6.76:041 4.99:x0.02 6.72x107%  1.39x1073
PolkAC T:A 1432038 11.1:0.47 1.0 0.55+0.07 13.9+0.54 1.0 .10
CZ  1.36:040 10.320.44 0.987 0.79+0.76 13.1+0.12 0.651 . 0.642
A:Z  15.5x4.30 1.10£0.05 923x107%  10.7+243 2.17+0.07 813x107%  7.50x1075
GZ 84.0+15.4 0.76:+0.30 1.12x107%  12.8x2.25 ° 0.51%0.05 1.57x10"%  1.75x107°
TZ 23.5+6.93 1.50+0.11 826x107%  5.28+037 - 1.59+0.03 1.18x1072  9.74x1075

Kinetics of nucleotide insertion and chain extension reactions were determined as described in Materials and Methods. Frequendies
of nucleotide insertion (Fins) and chain extension (F.q) were estimated by the following equation: F=(Vinax/ Km)iwrong pairl/ (Vinax/
Ke)icorrect pair=aT:da)- Z=dA or dl lesion. .. : :
N.D., not detectable. R '

® Data are expressed as mean=SD obtained from three independent experiments.
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Fig. 6. Calibration cui've using fluorescent oligomers

labeled by Alexa546. Varying amounts of Alexa546-
labeled oligomer were subjected to 20% denaturing

PAGE. The volume of bands was quantitatively measured .
by using Molecular Imager FX Pro and Quantity One

software (Bio-Rad) to find a linear range in the fluorescent
analysis. _ .

DNA adducts caused by "NO-involved species (Fig.
1) and its miscoding variety.'”?*35 Therefore, the
quantitative miscoding. properties of each "NO-

derived DNA adduct must be required to explore its .

roles in the inflammation-driven carcinogenesis.

- The miscoding specificity of dI was determined by
using an in vitro experimental system that can
quantify base substitutions and deletions formed
during replication in the presence of four dNTPs. Pol
, pol 7, and pol kAC incorporated dCMP (83.3%,
55.0%, and 74.7%, respectively) preferentially oppo-
site the dI lesion rather than dTMP, the correct base
(Fig. 5). Kamiya et al. reported earlier that mouse pol
a inserted dCMP and: dTMP, the correct base,
opposite the dI lesion.’® In contrast, human pol «
promoted direct incorporation of dCMP only (Fig. 5).
These indicate that the pols promote miscoding by
incorporating dCMP opposite the dI lesion during
DNA synthesis. Thus, dI is a highly miscoding
lesion, generating' A — G transitions in human cells.
Steady-state kinetic studies supported these results.
When pol ¢, pol 7, and pol k AC were used, Fj,, X F.y
values for dC:dI pairs were 2100, 320, and 6600 times
higher than those for dT:dI pairs, respectively (Table
1). Therefore, the kinetic results were consistent with
that observed using two-phased PAGE analysis.
Taken together, both analyses showed that human

dCMP:dl

dTMP:dA

Fig. 7. Typical image of PAGE for kinetic studies
performed by Alexa546 labeling. Using unmodified or dI-
modified 38-mer templates (750 fmol) primed with an
Alexa546-labeled 12-mer (500 fmol), we conducted primer
extension reactions at 25 °C for 2 min in a buffer con-
taining pol kAC (1 fmol) and either dTTP (0.25-25 uM for
unmodified templates) or dCTP (0.25-25 M for dI-
modified templates), as described in Materials and
Methods. The whole amount of the reaction mixture was
subjected to 20% denaturing PAGE (30x40x0.05 cm). -

DNA pols miscode at dI lesions by exclusively
incorporating dCMP. The miscoding specificity was
consistent with that observed in E. coli, mammalian
cells,®” and mice exposed to "NO.**

To compare the relative bypass frequency of dI, dX,

and 8-NO,-dG by pol a, pol 1, and pol kAC, these

adducts were embedded -in a similar sequence
context*¢ (Table 2). With pol a, the Figx Fy, ratio
for the dC:dI/dT:dI pairs was 2100. This number was
remarkably higher than that for the dT:dX/dC:dX
(ratio=1.5) or dA:8-NO,-dG/dC:8-NO,-dG (ratio=
0.01) pairs. Similar results were observed with pol n
and pol kAC. The ratios of FinsXFeq past dI were 2
orders of magnitude higher than those of dX and
8-NO,-dG. Thus, dl adducts promote a higher
miscoding potential (A—G transitions) than those

“of dX or 8:NO;-dG. However, thé highly mutagenic

dI lesions did not show serious mutation fre-
quency®® even though they wére predominantly

. paired with the wrong base, dCMP. Endonuclease V

(endo V) has shown to be a dI-specific endonuc-
lease 3540 Methylpurine glycosylase also recognizes
this lesion.*’~* For instance, E. coli cells lacking the

" endo V (nfi) gene were shown to exhibit elevated

mutation frequencies when exposed to nitrous acid.
The. increased mutations were predominantly A:
T—G:C mutations, followed by lesser G:C— A:T
mutations.***® This indicates that endo V is primarily
involved in the repair of dI lesions.**#%

The structure of double-stranded oligodeoxynu-
cleotide containing the dI:dC pair was determined by
thermodynamic and NMR studies.*>*° dI can most
stably pair with dC among four dNs, and its geo-
metric structure is similar in form with the Watson—
Crick structure (Fig. 8). dI has a carbonyl group at
position C6 and a positive charge at position N1 after
dA suffers from nitrosative deamination by "NO.
Thus, since the structure of dI is similar to that of dG
rather than dA, the dI adduct can predominantly pair
with dC, the wrong base. C '

In conclusion, nonradioactive kinetic studies and
two-phased PAGE were performed to explore the

Table 2. Fin, % Fex; past DNA adducts by human DNA pol
a, pol 1, and pol KAC

Z= dr ax® 8-NO~dG*

Pol o C:Z . 0.487 450x1073 1.69x1073
AZ N.D. 2.18x107* 1.31x1073

GZ "N.D. 111x107°  2.63x107°

T-Z 2.32x1074 6.68x1073 5.87x107%

Pol 4 Ccz 0.446 5.24x1072 6.94x1073
_ AZ 1.16x107? 1.71x1073 5.09x1072

GZ - 6.86x1075. 294x107* 463x107*

TZ 1.39x107* . 0.259 406%x107*

Pol kAC C:Z 0.642 8.39x1073 6.37x1073
AZ - 750x107°  2.43x107° 2.88x107°

GZ 1.75%10°8 248x1076 2.62x107%

TZ 974x107%  512x1072 6.62x1077

Values in boldface show a primarily misincorporated base
opposite the DNA adduct. : :
N.D., not detectable,
® Data were taken from Table 1.
® Data were taken from Ref. 36.
- © Data were taken from Ref. 34. .-
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Fi‘g. 8. Possible base pairing of the dI adduct with dC.

miscoding specificities and frequencies of the dI
lesion catalyzed by Y-family human DNA pols. The
dI adduct represents a highly miscoding lesion cap-
able of generating A — G transitions, indicating that
this "NO-induced lesion plays an important role in
initiating inflammation-driven carcinogenesis.

Materials and Methods

General

Ultrapure dNTPs were from GE Healthcare EcoRI
restriction endonuclease (100 U/uL) was purchased from
New England BioLabs. Blue Dextran (D5751) was obtained
from Sigma. Human pol a was obtained from CHIMERx
(Milwaukee, WI). Human pol n was purified as previously
described.’” Human pol k (pol k AC) was overexpressed in
E. coli and purified as a C-terminally truncated form. The
protein has 10x His tag at the N-terminal position and
contains 559 amino acids from the N-terminus (N. Niimi
and T. Nohmi et al., unpublished results).

Preparation of oligodeoxynucleotides

All oligodeoxynucleotides, Alexa546 (Molecular Probes)-
labeled primers, standard markers, and dl-modified tem-
plate were obtained from Japan Bio Service Co. (Saitama,

Japan). Alexa546 _was conjugated at the 5'-terminus of
primers and standard markers. A single dI was located at
the 20th position from the 5'-termini in the modified 38-mer
template (5'CATGCTGATGAATTCCTTCZCTTCTTTC-
CTCTCCCTTT, where Z is dI). The oligomers were puri-
fied by using 20% denaturing PAGE before use.

Primer extension reactions

' Primer extension reactions catalyzed by pol a, pol 5, or”
pol kAC were conducted at 25 °C for 30 min in a buffer
(10 pL) contalmng all four ANTPs (100 pM each) using dI-
modified and unmodified 38-mer templates (750 fmol)
primed with an Alexa546-labeled 10-mer (500 fmol, 5'
AGAGGAAAGA) (Fig. 3). The reaction buffer for pol o
contains 40 mM Tris-HCl (pH 8.0), 5 mM MgCl,, 60 mM
KCl, 10 mM dithiothreitol, 250 pg/mL bovine serum
albumin, and 2.5% glycerol. The reaction bBuffer: for'pol 1
and pol kAC contains 40 mM Tris-HCl (pH 8.0), 1 mM

MgCl,, 10 mM dithiothreitol, 250 pg/mL bovine serum

* albumin,. 60 mM KCl, and 2.5% glycerol. Reaction was

stopped by addition of 2 pL formamide dye containing
Blue Dextran (100 mig/mL) and ethylenedlammetetraace-
tic acid (50 mM) and incubation at 95 °C for 3 min. The
whole amount of the reaction sample was subjected to
20% denat'urmg PAGE (30 x40 x0.05 cm). The positions of
bands and homogeneities of oligodeoxynucleotides fol-
lowing PAGE were determined by using Molecular
Imager FX Pro and Quantity One software (Bio-Rad). -
The linear range to quantitatively detect fluorescence-
labeled ohgomers was from 5 to 1500 fmol (F1g 6).

Quantitation of miscoding SpECIfICIty

Using dI-modified and unmodified 38-mer oligodeox-
ynucleotide (750 fmol) primed with an Alexa546-labeled
12-mer (500 fmol, 5’ AGAGGAAAGAAG), we conducted
primer extension reactions catalyzed by pol « (200 fmol),
pol 1 (20 fmol), or pol k AC (20 fmol) at 25 °C for 30 minina
buffer (10 pL) containing all four dNTPs (100 uM each) and
subjected them to 20% denaturing PAGE (30x40x
0.05 cm). Extended reaction products (>26 bases long)
were extracted from the gel. The recovered oligodeoxynu-
cleotides were annealed with an unmodified . 38-mer,
cleaved with EcoR], and subjected to two-phased PAGE
(20x65x0.05 cm) containing 7 M urea in the-upper phase
and no urea in the middle and bottom phases (each phase
contains 18%, 20%, and 24% polyacrylamide, respectively).
The phase width is approximately 10, 37, and 18 cm from
the upper phase. To quantify base substitutions and
deletions, we compared the mobility of the reaction
products with those of Alexa546-labeled 18-mer standards
contammg dC, dA, dG, or dT opposite the lesion and one-
base (A?) or two-base (A?) deletions'”® (Fig. 3).

Steady-state kinetic studies of nucleotlde insertion
and extension

Kinetic parameters associated with nucleotide insertion
opposite the dI lesion and chain extension from the 3’
primer terminus were determined at 25 °C, using varying
amounts of single dNTPs. For insertion kinetics, reaction
mixtures containing dNTP (0-250 uM) and either pol «
(20-200 fmol), pol n (2-20 fmol), or pol kAC (1-20 fmol)
were incubated at 25 °C for 2 min in 10 uL of Tris-HCI
buffer (pH 8.0) using a 38-mer template (750 fmol) primed
with an Alexa546-labeled 12-mer (500 fmol; 5'AGAG-
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GAAAGAAG). Reaction mixtures containing a 38-mer
template (750 fmol) primed with an Alexa546-labeled 13-
mer (500 fmol; 5’ AGAGGAAAGAAGN, where Nis C, A,
G, or T), with varying amounts of dGTP (0-250 uM) and
either pol a (20-200 fmol), pol 7 (120 fmol), or pol kAC
(1-20 fmol), were used to measure chain extension. The
reaction samples were subjected to 20% denaturing PAGE
(30><40><0.05 cm). The Michaelis constants (K;) and
maximum rates of reaction {Vp.,.) were obtained from
Hanes-Woolf plots. Frequencies of dNTP insertion (Fin)
and chain extension (F.,) were determined relative to
the dT:dA base pair according to the following equahox;

F= (Vmax/Km)[wronh paxr]/(Vn1a>./Km)[correct pmr dT:dA]-
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