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Fig. 1. Structures of the (—)~ and (+)-BPDE-dG adducts.

K, a homologue of Escherichia coli DinB (DNA Pol 1V), appears
to be involved in error-free TLS across N2-deoxyguanine adducts
induced by BPDE, specifically (+)- and (—)-trans-anti-BPDE-N2-dG
(Fig. 1)(hereafter, we call them (+)-BPDE-dG and (—)-BPDE-dG,
respectively). Pol k strongly binds to DNA containing (—)-BPDE-
dG [12], and preferentially incorporates dCMP opposite both (+)
and (-) lesions [12-17]. Pol « has been implicated in error-free
TLS past (+)-BPDE-dG in mouse embryonic fibroblasts transfected
witha gapped plasmid containing a site-specific lesion [18]. Embry-
onic fibroblasts from Pol k~/~ mice display sensitivity to the killing
effects of racemic (+)-anti-BPDE, as well as the mutagenic and
killing effects of BP plus rat liver homogenates (S9 enzymes) in
the presence of caffeine [19,20]. However, the catalytic mechanism
by which Pol k bypasses across (+)- and (-)-BPDE-dG is not fully
understood.

Fortunately, X-ray structures of the ternary complex of Pol
with DNA and incoming dNTPs have been resolved [21]. Based
on these structures, it has been suggested that N2-dG adducts, for
example trans-4-hydroxy-2-nonenal-N2-dG, are positioned at the

minor groove in the active site. The predicted amino acid residues

proximal to the adducts are phenylalanine 171 (F171), arginine 175
(R175), and leucine 197 (L197). Molecular dynamics studies also
suggest that F171, which is conserved between Pol k and E. coli
DinB, stacks with the pyrene ring of (+)-BPDE-dG [22]. The goal of
the current study is to elucidate the relationship between these
Pol « structural features and the TLS process. We have changed
F171, R175, or L197 to alanine, and examined the TLS activities
and DNA binding properties of the resulting mutant Pols. Remark-
ably, the substitution of F171 to alanine increased the TLS activities
approximately 18-fold, and significantly enhanced the ability to
bind DNA with (~)-BPDE-dG. These results suggest that the con-
served F171 acts a molecular brake for Pol k-mediated TLS across
the BP adducts; additional space to accommodate the bulky lesions
in the active site may be required for active TLS. Because of the
presence of the molecular brake in the active site, we speculate
that Pol k may not have evolved to bypass the BPDE adducts or
perhaps other adducts induced by polycyclic aromatic hydrocar-
bons. Possible candidates for DNA lesions suitable for TLS by Pol k
are discussed.

2. Materials and methods
2.1 Proteins

Human wild-type Pol k and variant proteins with alanine substitutions (F171A,
R175A, L197A) were prepared as C-terminal truncations with 10 His-tags, including
559 N-terminal residues as previously described [12]. Briefly, overexpression plas-
mids for F171A, R175A, and L197A were constructed from pYG8591 by site-directed
mutagenesis using PCR. pYG8591 was also used for overexpression of wild-type Pol
k. The restilting plasmids were transformed into Rosetta (DE3) pLysS (Novagen),
and protein expression was induced with isopropyl B-D-1-thiogalactopyranoside.
Wild-type Pol x, F171A, R175A and L197A were purified to near homogeneity using
BD TALON Metal Affinity Resins (BD Biosciences), gel filtration (16/60 Superdex
200 pg, GE Healthcare), and ion-exchange chromatography (HiTrap Heparin HP
columns, GE Healthcare) with an FPLC system (AKTAexplorer 10s, GE Healthcare)
(Fig. 1 of the Supporting Information).
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Fig. 2. Fluorescent -two-phase PAGE determines miscoding specificity of DNA
adducts. Unmodified and (-)-/(+)-BPDE-dG-modified 38-mer templates were
annealed to Alexa546-labelled 12-mer primers. Primer extension reactions cat-
alyzed by wild-type or F171A Pol k were conducted in the presence of all four
dNTPs at concentration of 100 uM each. Fully-extended products formed during
DNA synthesis were recovered from the 20% polyacrylamide gel, annealed with
a complementary 38-mer, cleaved with EcoRl, and subjected to two-phase PAGE .
(Section 2). To determine miscoding specificities, mobilities of the reaction prod-
ucts were compared with those of 18-mer standards containing dC, dA, dG, or dT
opposite the lesion, and one-base (A1) or two-base (A?) deletions.

2.2, Oligonucleotide preparation

5'-Cy3-labelled oligonucleotides used for primers were purchased from BEX Co.,
Ltd. (Tekyo, Japan). Oligonucleotides labelled with biotin or Alexa546 at the 5’ end,
unmodified template oligonucleotides, and oligonucleotides with thymine glycol
were purchased from Japan Bio Services Co., Ltd. (Saitama, Japan). Oligonuclectides
containing (-)- or (+)-BPDE-dG were synthesized as previously reported [23].

2.3, TLS assays

The Cy3-labelled primer DNA (5'-CTTCCCTAGGAATT-3') was annealed to the
temp!ate DNA (5-GCGCGCTTCTGGCCAATXGCAGAATTCCTAGGGAAG-3, where X
represents dG, (—)-BPDE-dG, or (+)-BPDE-dG) at a molar ratio of 1:1.2. 100nM
primer/template DNA hybrid was incubated with 1,5, or 20 nM wild-type or mutant
Pol k in 10 WL reaction mixtures containing 40 mM Tris-HCl (pH 8.0), 5 mM MgCl,,
10mM DTT, 0.1 mg/mL BSA, 60 mM KCl, 2.5% glycerol, and 100 uM each of the four
dNTPs. The reactions were carried out for 1 min or 10 min at 37 *C, and were termi-
nated by addition of termination buffer (98% formamide, 10mM EDTA, 10mg/mL
blue dextran). After heat denaturation at 95°C for 5min, the products were sep-
arated by 15% polyacrylamide gel electrophoresis (PAGE) on gels containing 8 M
urea. The separated products were visualized with the Molecular Imager FX Pro
System (Bio-Rad Laboratories) and quantified with Quantity One software version
4.5 (Bio-Rad Laboratories).

2.4. Steady-state kinetics analyses

When measuring the kinetic paramieters for nucleotide insertion opposite dG,
(-)-BPDE-dG, (+)-BPDE-dG, or thymine glycol, the reaction mixtures were identical
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to the TLS assay mixtures except for the addition of 3-5nM wild-type or variant
Pol k and varying amounts of single dNTPs. The 36-mer template DNA, contain-
ing thymine glycol and annealed to the 18-mer primer DNA, was also used for the
steady-state Kinetic assay. For incorporation kinetics opposite dG, reaction mixtures
containing dCTP (0.2-20 uM) and 3 nM wild-type or variant Pol k were incubated
for 30s. For incorporation kinetics opposite (—)-BPDE-dG, reaction mixtures con-
taining dCTP (50~4000 p.M) and 3 nM wild-type or variant Pol k were incubated for
3 min(wild-type orR175A),305s(F171A) or 5 min(L197A). For incorporation kinetics
opposite (+)-BPDE-dG, reaction mixtures containing dCTP (20-1000 M) and 5nM
wild-type or variant Pol k were incubated for 20 min (wild-type, R175A or L197A) or
3 min (F171A). For incorporation kinetics opposite thymine glycol, reaction mixtures
containing dATP (20-1000 .M) and 3 nM wild-type or variant Pol k were incubated
for 30s. To measure the extension parameters, the reaction mixtures were identi-
cal to the nucleotide insertion reactions, except that 120nM Cy3-labelled 19-mer
primer (5'-CTTCCCTAGGAATTCTGCC-3') replaced the 18-mer primer. The concen-
trations of dNTPs and the incubation times were varied according to the activity of
given Pols. For extension kinetics from dG/dC, reaction mixtures containing dATP
(0.2-20 M) and 3 nM wild-type or variant Pol k were incubated for 30s. For exten-
sion kinetics from (—)-BPDE-dG/dC, reaction mixtures containing dATP (2-200 uM)
and 3 nM wild-type or variant Pol k were incubated for 30s (wild-type, R175A
and L197A) or 20s (F171A), For extension kinetics from (+)-BPDE-dG/dC, reaction
mixtures containing dATP (2-200 uM) and 3 nM wild-type or variant Pol x were
incubated for 10 min (wild-type, R175A and L197A) or 3 min (F171A). For extension
kinetics from thymine glycol/dA, reaction mixtures containing dATP (20-500 M)
and 3 nM wild-type or variant Pol k were incubated for 30s. The products were ana-
lyzed as described for TLS assays. The rate of incorporation was plotted against dNTP
concentrations, and the apparent Michaelis—-Menten constants, K, and Vmax values
were determined by the Enzyme Kinetics Module 1.1 of SigmaPlot 2001 software
version 7.101 (SPSS, Inc). kcar Was calculated by dividing the Viax by the enzyme con-
centration. All values represent means plus standard errors from three independent
experiments,

2.5. Quantitative assays fbr miscoding specificity

The method used to determine miscoding specificities has been previously
described [24-26] and is presented in Fig. 2. Briefly, 5'-Alexa546-labelled 12-
mer primer (5-AGAGGAAAGAAG-3') was annealed to 38-mer template DNA
(5'-CATGCTGATGAATTCCTTCXCTTCTTTCCTCTCCCTTT-3'), where X represents dG,
(—)-BPDE~dG, or (+)-BPDE-dG) at a 1:1.5 ratio. 50nM primer/template DNA was
incubated with 2.5 nM wild-type Pol k or F171A for 30 min at 25 °C in the presence
of all four dNTPs (100 pM).

Approximately 80% of primer DNA was converted to full length to ensure that
the assay has an ability to detect infrequent occurrences. Namely, 81.2%, 76.8% and
80.9% of the starting primer DNA was fully extended when the wild-type Pol
continued DNA synthesis across dG, (—)-BPDE-dG and (+)-BPDE-dG, respectively.
Sirnilarly, 83.8%, 78.5% and 79.5% of the starting primer DNA was converted to the
fully-extended products when F171A continued DNA synthesis across dG, (—)-BPDE-
dG and (+)-BPDE-dG, respectively. The extended products were separated by 20%
denaturing PAGE and extracted from the gel. The extracted DNA was annealed to
the unmodified 38-mer template having dG at the position X, cleaved with EcoRI,
and subjected to two-phase PAGE with 7 M urea in the upper phase and no urea in
the lower phase. To determine base substitutions and deletions, we used Alexa546-
labelled’18-mer standard DNA containing dC, dA, dG, or dT at the 13th position
(18C, 18A, 18G or 18T, respectively, shown in Fig. 4), 17-mer DNA lacking one base
at the 13th position (17A), or 16-mer DNA lacking two bases at positions 13 and 14
(16A2) as authentic samples for comparison with reaction product mobility [25,26].
Exact sequences of the authentic samples are shown in Fig. 2. The separated products
were visualized with the Molecular Imager FX Pro System (Bio-Rad Laboratories) and
quantified with Quantity One software version 4.5 (Bio-Rad Laboratories).

2.6. DNA binding BlAcore assay

The DNA binding assay was performed using the BIAcore3000 instrument (GE
Healthcare) as previously described [12]. Oligonucleotides were similar to those
used in the primer extension assay, except for 5’-biotinylation of the primers for
immobilisation to the Sensor Chip SA (GE Healthcare). The equilibrium dissociation
constants (Kp) were calculated from the kinetic traces using BlAevaluation version
4.0, employing local fitting according to the “1:1 binding with drifting baseline”
predefined model (GE Healthcare).

2.7. Modeling of (—)- and (+)-BPDE-adducts in the Pol k active site

To visualize the relative positions of F171/A171 and (—)-/(+)-BPDE-dG following

. the incorporation of dCMP opposite (- )-/(+)-BPDE-dG, the conformation of (—)-/(+)-
BPDE-dG with dCTP in the active site of Pol k was drawn based on the reported
crystallographic structure of Pol k with DNA and incoming dTTP [PDB ID: 20H2
[21]], using the 2007.09 version of the Molecular Operating Environment (MOE)
(Chemical Computing Group Inc., Montreal, Canada) and MOE-ASEDock 2005 [27].
We replaced the original dTTP with dCTP, and substituted the original template
dA with (~)-BPDE-dG [PDB ID: 1AXL [28]] or (+)-BPDE-dG [PDB ID: 1AXO [29]].

The resulting template and primer sequences were 5'-CCXGGGTCCTTCCCC-3’ and
5'-GGGGAAGGACCC-3', respectively, where X represents (—)-BPDE-dG or (+)-BPDE-
dG. After all replacements, we minimised the potential energies of F171 and the
replaced residues. The F171A mutant was visualized by substituting alanine for F171
and repeating the above processes.

3. Results

3.1. Enhanced incorporation of dCMP opposite (—)- and
(+)-BPDE-adducts by F171A

Primer extension reactions were performed in order to examine
the effects of alanine substitutions of residues F171,R175,and L197
on the translesion activities of Pol k variants (Fig. 3). Interestingly,
TLS by F171A past (—)- and (+)-BPDE-dGs was much more active
than by wild-type Pol k. DNA synthesis by F171A past unmodified
dG appeared similar to that of the wild-type enzyme (Fig. 3A). DNA
synthesis by R175A and L197A across unmodified dG, the (-)- or
(+)-BP lesions was lower than that of the wild-type Pol k.

As a quantitative analysis, we carried out steady-state kinetic
analyses to determine the catalytic efficiencies (kcat/Km) of ACMP
incorporation opposite unmodified dG, dCMP opposite the BP
lesions, and dAMP opposite thymine glycol (Fig. 2 of the Support-
ing Information and Table 1). Remarkably, the efficiency of dCMP
incorporation opposite (-)- and (+)-BPDE-dGs by F171A was 18-
fold higher than by the wild-type Pol k, while the kcat/Km values
for dCMP incorporation opposite normal dG were almost identi-
cal. Both Pols bypassed the (—)-adduct approximately four times
more actively than the (+)-adduct. In contrast, the efficiency of
dATP incorporation opposite thymine glycol by F171A was less
than two-fold higher than by the wild-type Pol k. Therefore, the
marked increase in catalytic efficiency by the amino acid sub-
stitution appeared specific to TLS across the BPDE-adducts. The
incorporation efficiencies displayed by the R175A variant were the
same as the wild-type Pol k. Finally, the substitution of L197 to
alanine reduced efficiency by 30% for incorporation opposite the

" BPDE-adducts, and by 50% for incorporation opposite thymine gly-

col.

We also determined the kinetic parameters for extension reac-
tions; the kear and Ky values for dAMP incorporation opposite
template dT next to unmodified dG or the lesions appear in Table 1.
Extension of 3’'-dC primers was enhanced 1.6-fold and 3.7-fold
opposite template (—)- and (+)-BPDE-dGs, respectively, by F171A
Pol k relative to wild type. The extension efficiency of F171A from
3’-dA opposite thymine glycol was 1.3-fold higher than by the wild
type. Thus it would appear that the F171A substitution affects the
extension reactions less than the insertion reactions. The exten-
sion efficiencies of R175A and L197A from dCs opposite (—)- and
(+)-BPDE-dGs and from dA opposite thymine glycol were the same
or lower in comparison to the wild-type enzyme, We also prepared
and purified a catalytically “dead” variant of Pol k, in which the
active-site residues aspartic acid 198 (D198) and glutamic acid 199
(E199) were substituted with alanine (D198A/E199A), by the same
method as for F171A, R195A and L197A. D198A/E199A Pol k com-
pletely lost polymerase activity (data not shown), Therefore, the
possibility that bacterial polymerases, such as DNA polymerase IV
(DinB), may have contaminated the preparations of F171A, R195A
and L197A and affected the results can be ruled out.

3.2. Comparison of DNA synthesis fidelities of wild-type and
F171A Pol k across (—)- and (+)-BPDE-adducts

We wished to determine whether the TLS enhancement dis-
played by the F171A variant was accompanied by an increased
mutation (substitutions and deletions) rate of sequences contain-
ing BP lesions. Examination of the molecules produced by wild-type
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Table 1
Kinetic parameters for nucleotide insertion and extension reactions catalyzed by wild-type, F171A, R175A, and L197A Pol k.
Template/dNTP " Polk keat, min™! KmpM " keat [Km, uM-! min’? Related efficiency
“dNTP incorporation
dG/dCTP WT? 28 £23b 74+18 3.8 1.0
F171A 27 £3.1 © 68+19 4.0 1.0
R175A 32+44 9.7 £ 3.1 33 0.87
L197A 20+ 1.7 23+33 0.87 0.23
(—)-BPDE-dG¢/dCTP WT . 1.9+02 1200 + 310 0.0016 1.0
F171A 15 £ 0.56 . 520 £ 69 0.029 18
R175A 18 +£0.17 ! 1100 £ 300 0.0016 1.0
L197A 0.55 = 0.045 1100 + 250 0.00050 0.31
(+)-BPDE-dG4/dCTP WT 0.26 & 0.019 700 + 95 0.00037 1.0
F171A 19+0.18 290 + 70 0.0066 18
R175A 0.24 + 0.021 650 & 98 0.00037 1.0
L197A 0.087 + 0.010 680 + 89 0.00013 032
Thymine glycol/dATP WT 15 £ 0.95 220 £ 37 0.068 1.0
F171A 18+ 1.0 140 =+ 24 0.13 19
R175A 14+ 14 200 £ 60 0.070 1.0
) L197A 9.1+12 270 £ 95 0.034 0.50
. dATP extension
dG/dC WT 48 + 1.8 1.5+0.19 32 1.0
F171A 28 + 0.96 0.88 + 0.12 32 1.0
R175A 59+ 1.7 24022 25 0.77
L197A 23+16 - 53%x 1.1 4.3 0.14
(—)-BPDE-dG/dC WT 16 £ 0.70 36+47 0.44 1.0
F171A 2615 ’ 37+ 6.6 0.70 16
R175A = 2012 42 £ 6.9 0.47 1.0
L197A 1.2+0.15 53+ 18 0.023 0.052
(+)-BPDE-dG/dC WT 12+£033 260 + 110 0.0046 1.0
F171A 39074 230+ 72 0.017 3.7
R175A 1.1+ 0.18 260 + 68 0.0042 0.91
L197A 0.57 £0.10 210 £ 65 0.0027 0.59
Thymine glycol/dA WT 8.6 + 0.37 32+57 0.27 1.0
F171A 14 + 0.66 41+£73 0.34 13
R175A 11+ 0.62 57+ 11 0.19 0.71
L197A 7.9 + 0.61 69 + 17 0.11 0.41

2 WT: wild-type Pol k.

b Data are expressed as mean = SE obtained from three independent experiments.
¢ (=)-BPDE-dG: (~)-trans-anti-BPDE-N?-dG,

4 (+)-BPDE-dG: (+)-trans-anti-BPDE-N2-dG.

Cy3-5-TGC
3--ACGXTAACC---5
A. dG

ACGT
R175A

dNTP A C G T
Wild-type

B. (-}-trans-anti-BPDE-dG
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Fig. 3. Incorporation of dNMPs opposite dG, (—)-BPDE-dG, or (+)-BPDE-dG by wild-type, F171A, R175A, or L197A Pol k. The template strands contained dG (A), (—)-BPDE-dG
(B), or (+)-BPDE-dG (C) at position X. 100 nM template/primer DNA was incubated with 10 nM wild-type, F171A, R175A, or L197A Pol « in the presence of 100 uM dATP,

dCTP, dGTP, or dTTP for 1 min (A) or 10 min (B and C) at 37 °C. Extended primers were separated by denaturing PAGE.
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Table 2
Miscoding properties of (—)- and (+)- trans-anti- BPDE-N2-dG by wild-type and F171A Pol k2P<,
Pol k DNA adduct dcb [%] dA [%] dG [%] dT [%] Al[%] A2 (%]
wrd dG 799 £ 3.2
(-)-BPDE-dG® 74.8 = 0.1 ND ND ND 21+£04 ND
(+)-BPDE-dGf 707 £ 1.9 ND ND ND 101+ 1.8 ND
F171A dG 813425
(—)-BPDE-dG 746 £ 2.0 ND ND ’ ND 25+03 ND
(+)-BPDE-dG 67.5 £ 1.7 ND ND ND 120+ 1.7 ND

2 Primer extension reactions were conducted for 30 min at 25 °C as described in the legend of Fig. 3.

b Expressed as percentage of starting primer converted to fully extended product.
¢ ND indicates not detectable.

4 WT: wild-type.

e (~)-BPDE-dG: (~)- trans-anti- BPDE-N?-dG.

[ (+)-BPDE-dG: (+)-trans-anti-BPDE-N2-dG. Data are expressed as mean = SE.

and F171A Pol « is detailed in Fig. 4 and Table 2. dCMP was exclu-
sively incorporated opposite (—)-BPDE-dG by both wild-type and
F171A Pol k. Small amounts of one-base deletions were also iden-
tified in the products generated by the enzymes. However, there
were no obvious differences in the deletion frequencies. When
confronted with template (+)-BPDE-dG, both polymerases pref-
erentially incorporated dCMP and generated one-base deletions;
the percentage of one-base deletions was approximately five-fold
higher than with TLS across (—)-BPDE-dG. There were no differ-
encesin the one-base-deletion percentages of wild-type and F171A
Pol k.

' 3.3. Binding of the wild-type and F171A Pol k with (—)- or
(+)-BPDE-dG template/primer DNA

To determine whether the F171A substitution modulates the
DNA-binding properties of Pol x, we examined the physical interac-

tions between Pol k and the template/primer DNA with or without -

the BP lesions in the absence of dNTPs using surface plasmon res-
onance (Fig. 5, Table S1). Adducts were positioned 19 nucleotides
from the 3'-terminus on the 36-mer template strand. Primers of
varying lengths (18-22 nucleotides) were separately annealed to
the template. These primers contained dC at the 19th position from
the 5'-terminus. As has been previously reported [12], wild-type Pol
k bound to primer/template DNA with (- )-BPDE-dG approximately
3-fold more strongly than unmodified DNA when the primer length
was between 19 and 21 nucleotides. Interestingly, the F171A sub-
stitution resulted in a two-fold increase in the binding affinity of
Pol k to template/primer DNA with (—)-BPDE-dG, when the primers
were 19-mers or 20-mers. These increases were not observed with

) +

WT FI71A WT FI7T1A

WT FIT1A

Fig. 4. Miscoding specificities in reactions catalyzed by wild-type and F171A Pol k.
Alexa546-labelled 12-mer primer DNA was annealed to 38-mer template DNA con-
taining dG, (~)-, or (+)-BPDE-dG at the 19th position from the 3'-terminus. (-) and
(+) denote (—)- and (+)-BPDE-dGs, respectively. 50 nM primer/template DNA was
incubated with 2.5 nM wild-type or F171A Pol « for 30 min at 25°C in the presence
of all four dNTPs (100 M each). The reaction products were separated by PAGE
and extracted from the gel. The recovered extended primer DNA was annealed to
unmodified 38-mer DNA and cleaved with EcoR], followed by two-phase PAGE with
7 M urea in the upper phase and no urea in the lower phase. Product mobilities
were compared with standard DNA containing dC (18C), dA (18A), dG (18G), dT
(18T), one-base (17A1), or two-base (16 A2) deletions opposite the adducts.

18-mer, 21-mer, or 22-mer primers. However, this substitution did
not affect the binding affinity to template/primer DNA containing
unmodified dG or (+)-BPDE-dG. In fact, no binding strength increase
was observed between the wild-type Pol k and (+)-BPDE-dG tem-
plate/primer DNA even when the primers were 19-, 20-, or 21-mers.
Thus, the strong binding of Pol k is specific to DNA containing (-)-
BPDE-dG.

We also examined the binding properties of the R175A and
L197A variants of Polk (Table S1). Both R175A and L197A displayed
reduced affinities to modified and unmodified DNA compared with
the wild-type Pol k. However, binding to (—)-and (+)-BPDE-add ucts
was not altered by the R175A and L197A substitutions; both pro-
teins preferred to bind to the (—)-adduct over the (+)-adduct. ’

4. Discussion

TLS mediated by specialized Pols is an important process for
protecting human cells from genotoxic insults [3]. BP is a com-
mon environmental pollutant and has been recognized as a class
1 human carcinogen by the IARC [30]. (+)- and (~)-BPDE-dGs are
major and minor DNA products, respectively, generated by BP upon
metabolic activation [11,31], which strongly block DNA replica-
tion by replicative Pols [32,33]. The specialized Pols bypass the
lesions, thereby contributing to chromosome replication continu-
ity [7]. Among the specialized human Pols, Pol k seems to be an
error-free mediator of TLS across the BPDE lesions [18,19]. If Pol k is
inactivated in the cells, other specialized Pols, such as Pol 1 and Pol
{, may provide error-prone TLS past the lesions, resulting in muta-
tions [18,34]. The TLS activity by Pol k past BPDE-dG is thus a critical
step in avoiding the mutagenicand carcinogenic effects of BP. In the
current study, we investigated the possible mechanisms underly-
ing the TLS across BP adducts by changing three amino acids located
in the Pol k catalytic center (F171, R175, and L197) to alanine, and
examining the resulting catalytic and DNA binding properties.

Molecular modeling predicted the stacking of F171 with the
pyrene rings of (+)-BPDE-adduct in the active site of Pol k, when
the adduct was placed in the anti-conformation opposite the
incoming dCTP [22]. The stacking interactions were suggested
to stabilize Watson-Crick base pairing between the adduct and
dCTP. We expected, therefore, that the alanine substitution would
decrease the efficiency and fidelity of bypass synthesis across
the lesions. Contrary to our hypothesis, however, the F171A sub- .
stitution increases dCMP insertion efficiency opposite (-)- and
(+)-BPDE-adducts approximately 18-fold (Fig. 3 and Table 1). This
increased efficiency results from a reduction in Ky, for the incom-
ing dCTP and an elevation in kcar of the enzyme. The F171A variant
was not substantially more proficient at extending primers after dC
incorporation opposite (—)- or (+)-BPDE-dG compared to wild-type
Pol k. Thus, we conclude that F171, which is conserved between
human Pol k and E. coli DinB, suppresses the incorporation step of
TLS across (—)- and (+)-BPDE-adducts.
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Fig. 5. Comparison of DNA-binding affinities of wild-type and F171A Pol k for template/primer DNA with (~)- or (+)-BPDE-adduct. (~) and (+) denote (—)- and (+)-BPDE-dGs,
respectively. Primers of varying lengths were annealed to 36-mer template DNA containing (—)- or (+)-BPDE-dG at position 19 from the 3'-terminus (X). Primers were
18-mers (A), 19-mers (B), 20-mers (C), 21-mers (D), or 22-mers (E). As a control, template DNA with an unmodified dG was annealed to the primers. The DNA-protein affinity
was measured with the BlAcore 3000 system (GE Healthcare), and the Kp value was calculated using BlAevaluation version 4.0 (GE Healthcare). The bar heights represent
the average Kp values of three experiments. Error bars indicate the standard deviation.

Based on the results shown above, along with the molecular
dynamics studies [22] and the X-ray structures of the ternary com-
plex-of Pol k [21], we speculate that the aromatic ring of residue
F171 may rotate flexibly; this rotation enables F171 to interact with
both (-)- and (+)-BPDE-adducts, which exhibit different configu-
rations in DNA (Fig. 6). We hypothesize that residue F171 interacts
with both (-)- and (+)-BPDE-adducts, because the F171A substitu-
tion enhanced the efficiency of TLS across both adducts (Table 1). As
the K, for incoming dCTP was reduced by the amino acid substitu-
tion, the interactions may interfere with correct Watson-Crick base
pairing between the modified dG and incoming dCTP. F171 may
also hinder the progress of Pol k along the template. The substitu-
tion of F171 with alanine may eliminate such detrimental effects,
thereby enhancing the dCMP incorporation efficiency opposite the
adducts. The amino acid change affected neither the fidelity across
the lesions nor the efficiency of dCMP incorporation opposite nor-
mal template dG (Fig. 4, Tables 1 and 2). We suggest, therefore, that
the F171A substitution does not induce substantial conformational
changes in the overall structure of Pol . This substitution may gen-
erate space in the active site that is necessary to accommodate the
bulky lesions for active TLS. To our knowledge, this study presents
the first instance of a variant specialized Pol exhibiting a marked
increase in TLS activity past DNA lesions without altering synthesis
fidelity. : .

Other alanine substitutions displayed very limited or detrimen-
tal effects on the catalytic activity of Pol k (Fig. 3, Table 1). The
substitution of R175 to alanine did not affect the efficiency of TLS
across (—)- and (+)-BPDE-adducts, nor across thymine glycol. The
mutation reduced the efficiency of dCMP incorporation opposite
normal template dG by only 10%, and only mildly affected the
extension reactions. Thus, this amino acid appears to play a very

limited role in Pol k DNA synthesis. The L197A substitution reduced
the efficiency of Pol k dCMP incorporation opposite normal tem-
plate dG by approximately 80%, and reduced TLS activities past (—)-
or (+)-BPDE-dG or thymine glycol by 69, 68 to 50%, respectively. In
extension reactions, L197A reduced Pol k activity, particularly from
3’-dC paired with (—)-BPDE-dG (a 95% reduction). We conclude,
therefore, that L197 plays some role in the catalytic activity of Pol
K. Due to the long side chain 0f L197, this amino acid may maintain
proper space in the active site where template DNA passes through
during DNA synthesis [21].

Why does Pol k possess the molecular brake for bypass beyond
BPDE adducts in the active site? It seems counterintuitive that
the polymerase has such a brake to continue DNA synthesis
across the adducts in an almost error-free manner. However,
BP and other poly aromatic hydrocarbons are relatively new
environmental mutagens compared to UV or radiation. There-
fore, it appears plausible that Pol k may have evolved not to
bypass BPDE adducts (and perhaps other DNA adducts induced
by polycyclic aromatic hydrocarbons). Actually, Pol k does not
bind to template/primer DNA containing the (+)-adduct, which
is the major DNA adduct induced by BPDE (Fig. 5, Table S1).
Rather, it binds strongly to template/primer DNA containing
the (—)-adduct, which is a minor adduct upon metabolic acti-
vation of BP. In addition, Pol x more effectively bypasses the
(~)-adduct than the (+)-adduct in DNA (Fig. 3, Table 1). These’
results raise the possibility that Pol k is not necessarily well-
tuned to bypass BPDE adducts. We speculate that Pol k may be
specialized to protect cells from the genotoxic effects of endoge-
nous DNA adduct(s) such as those induced by methylglyoxal [35],
estrogen [36] and reactive oxygen species [37]. The roles of Pol
k in protection from various exogenous and endogenous geno-
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{-)-trans-anti-BPDE-N2.dG
A. Wild-type (F)

{(+)-trans-anti-BPDE-N2.dG

Fig. 6. Models of (—)- or (+)-BPDE-dG in the active site of wild-type or F171A Pol k. (A) (~)- or (+)-BPDE-dG in the active site of wild-type Pol k. The aromatic ring of F171
(cyan) may interfere with the pyrene ring of (—)- or (+)-BPDE-dG (red). (B) (- )- or (+)-BPDE-dG in the active site of F171A Pol k. When F171 was replaced with alanine (cyan),
no steric constraints appear between the pyrene ring and A171. dCTP is highlighted in light blue, the guanine base of (—)- or (+)-BPDE-dG is colored orange, and the active
site of Pol k is displayed as a Gaussian surface (gray). Template/primer DNA other than (-)- or (+)-BPDE-dG is not depicted.

toxic insults should be more thoroughly investigated in vitro and
in vivo.

In summary, we have demonstrated that residue F171 acts as
a molecular brake for Pol k TLS past BPDE-N2-dG adducts in DNA,
and suggest that this residue may slow down the TLS process via
stacking interactions with the adducts. Our results also suggest that
variant F171Ais amore active TLS polymerase. In this regard, it may
be interesting to examine the killing and the mutagen sensitivity
of human cells expressing F171A instead of the wild-type Pol
to various environmental mutagens. These experiments may shed
light on the roles of Pol k in suppression of genotoxicity of environ-
mental mutagens. These studies are currently in progress in our
laboratory.
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Escherichia coli DNA polymerase IV (Pol IV) is involved in bypass replication of damaged bases in DNA. Reactive oxygen species
(ROS) are generated continuously during normal metabolism and as a result of exogenous stress such as ionizing radiation. ROS
induce various kinds of base damage in DNA. It is important to examine whether Pol IV is able to bypass oxidatively damaged
bases. In this study, recombinant Pol IV was incubated with oligonucleotides containing thymine glycol (dTg), 5~ -formyluracil -
(5-fodU), 5-hydroxymethyluracil (5-hmdU), 7,8-dihydro-8-oxoguanine (8-oxodG) and 1,2-dihydro-2-oxoadenine (2-oxodA).
Primer extension assays revealed that Pol IV preferred to insert dATP opposite 5-fodU and 5-hmdU, while it inefficiently inserted
nucleotides opposite dTg. Pol IV inserted dCTP and dATP opposite 8-0x0dG, while the ability was low. It inserted dCTP more
effectively than dTTP opposite 2-oxodA. Pol IV’s ability to bypass these lesions decreased in the order: 2-oxodA > 5-fodU~5-
hmdU > 8-0x0dG > dTg. The fact that Pol IV preferred to insert dCTP opposite 2-oxodA suggests the mutagem'c potential of
2-0x0dA leading to A:T — G:C transitions. Hydrogen peroxide caused an ~2-fold increase in A:T - G:C mutations in E. coli, while
the increase was significantly greater in E. coli overexpressing Pol IV. These results mdlcate that Pol IV may be involved in ROS-

enhanced A:T — G:C mutations.

1. Introduction

In recent years, novel types of DNA polymerase have been
characterized in prokaryotes and eukaryotes. They share sig-
nificant amino acid sequence identity and are characterized
by their low fidelity and low processivity of DNA synthesis
[1-3] and are classified as Y-family DNA polymerases. These
DNA polymerases have the ability to catalyze synthesis
past DNA lesions that otherwise block replication [1-3].
This process is termed translesion DNA synthesis (TLS). Y-
family DNA polymerases have been identified in nearly all
organisms. In Escherichia coli, two DNA polymerases, Pol [V
and Pol V; have been classified into the Y-family polymerases

[1-4]. They are induced in the SOS response when E. coli
cells encounter environmental stresses such as UV light and
are involved in induction of mutations [4-8]. '

The dinB gene product has been shown to possess
DNA synthesizing activity and is named DNA polymerase
IV (Pol IV) [4]. Recent studies revealed an important
role of the Y family of DNA polymerases in tolerance
mechanisms towards various types of DNA damage [1-3, 9—
11]. Napolitano et al. [7] found that Pol IV is able to bypass
benzo(a)pyrene-adducts in DNA via both error-free and
error-prone pathways. Jarosz et al. [9] reported that Pol IV
is responsible for TLS over potentially lethal nitrofurazone-
induced DNA adducts. In addition, Pol IV can synthesize



accurately across N2-furfuryl-guanine lesions. Recently,
Yuan et al. [10] found that Pol IV efficiently and accurately
bypassed N2-(1-carboxyethyl)-2’-deoxyguanosine, one of
the major byproducts of the glycolysis pathway. Further-
more, Pol IV has the ability to bypass acrolein-mediated gua-
nine DNA-peptide crosslinks [11]. These findings indicate
that Pol IV contributes to the replicative bypass of lesions that
block synthesis by replicative DNA polymerases and thereby
helps to minimize the generation of DNA strand breaks,
chromosome aberrations, and cell death.

In aerobic organisms, reactive oxygen species (ROS)
are continuously produced during normal metabolism and
by exogenous agents such as ionizing radiation. ROS react
with DNA, proteins, and lipids and thereby cause harmful
effects on cells. When cellular DNA is attacked by ROS,
various types of DNA damage are generated [12-15] and
might be involved in aging and many diseases including
cancer [14, 15]. Oxidatively damaged bases produced by
ROS have abnormal structures that induce several kinds of
biological consequences. Bacterial and eukaryotic cells have
DNA repair systems to remove damaged bases and restore
DNA to its normal sequence [12, 16, 17]. If unrepaired,
damaged bases would block DNA replication or cause the
insertion of “incorrect” nucleotides opposite the lesion to
form mismatches.

In this study, we examined whether Pol IV can bypass
oxidatively damaged bases and is involved in mutation
induction at the damaged sites. The primer extension assay
revealed that Pol IV did not bypass the thymine glycol-
(dTg-) containing DNA, while Pol IV preferred to insert
dATP opposite 5-formyluracil (5-fodU) and 5-hydroxym-
ethyluracil (5-hmdU), major oxidative products of thymine.
dCTP and dATP were inserted opposite 7,8-dihydro-8-
-oxoguanine (8-oxodG) but the insertion ability was low.
Pol IV more efficiently inserted dCTP than dTTP opposite
1,2-dihydro-2-oxoadenine (2-oxodA) in the template DNA,
suggesting the mutagenic potential of 2-oxodA leading to
A:T — G:C mutations. Pol IV’s ability to handle these lesions
decreased in the order: 2-oxodA > 5-fodU~5-hmdU > 8-
ox0dG > dTg. It was also found that hydrogen peroxide
treatment caused an increase in A:T — G:C mutations in
E. coli, while the increase was significantly greater in E.
coli overexpressing Pol IV. These results indicate that Pol
IV may be involved in these ROS-enhanced A:T - G:C
mutations.

2. Materials and Methods

2.1. Chemicals and Enzymes. Ampicillin and isopropyl-g-D-
thiogalactopyranoside (IPTG) were purchased from Wako
Pure Chemicals (Osaka, Japan). T4 polynucleotide kinase,
Taq DNA polymerase, and restriction enzymes were obtained
from Takara Shuzo (Kyoto, Japan) and Toyobo (Osaka,
Japan). [p->?P]ATP (>148 TBq/mmol) was obtained from
ICN Biomedicals Inc. (Costa Mesa, CA). Columns used
for column chromatography and high performance liquid
chromatography (HPLC) were purchased from Pharmacia
(Uppsala, Sweden).

Journal of Nucleic Acids

2.2. Synthesis of Substrate Oligonucleotides Containing Oxida-
tively Damaged Bases. 24-mer oligonucleotide containing 2-
oxodA was synthesized as previously described by Sugiyama
et al. [18]. 24-mer oligonucleotide containing dTg was

. synthesized as described by Dianov et al. [17]. 22-mer

oligonucleotides containing 5-fodU and 5-hmdU were syn-
thesized and purified as previously described [19]. 24-mer
oligonucleotides containing 8-oxodG was obtained from
Trevigen (Gaithersburg, MD). The structures of the studied
oxidatively damaged bases are illustrated in Figure 1. Primers
were synthesized and purified by Takara Shuzo (Kyoto,
Japan). The nucleotide sequences of template and primer
oligonucleotides used in this study are shown in Table 1.

2.3. Expression and Purification of Pol IV with Histidine
Tag. Pol IV was overproduced and purified from E. coli
BL21(DE3)/pLysS carrying pET16B-DinB, as described by
Wagner et al. [4]. The cells were grown in M9 minimal
medium containing 50 ug/mL ampicillin and 30 yg/mL
chloramphenicol. Overnight cultures (5 mL) were inoculated
into 500 mL of prewarmed LB medium containing 50 ug/mL
ampicillin. The culture was incubated with shaking at 37°C
until the optical density at 600 nm reached about 0.9, and
expression of the proteins was induced by adding IPTG to
a final concentration of 1mM. After 30 min of incubation
at 30°C, rifampicin was added to a final concentration of
100 pg/mL, and incubation was continued for an additional
3hr at 30°C. E. coli cells were then harvested, washed once
in ice-cold buffer A (50mM Tris-HCl (pH 8.0), 300 mM
NaCl and 20 mM imidazole), resuspended in a total volume
of 8mL of the same buffer, and frozen in dry ice/ethanol
bath. Frozen cells were thawed and supplemented with 1 mg
of chicken egg lysozyme, 0.4mg of pefabloc SC, and B-
mercaptoethanol (EtSH) to a final concentration of 20 mM.
Chromosomal DNA was sheered by sonication, and lysates
were treated with DNase I at 40 mg/mL and RNase TI at
130 U/mL for 10 min at room temperature. The final volume
was then adjusted to 15 mL with buffer A supplemented with
20 mM EtSH, and the cell lysate was cleared by centrifugation
at 13,000 X g. The supernatant was applied to a 2-mL column
connected to a FPLC system. The column was washed with
20mL of NaCl and then developed with a linear gradient
of imidazole up to 1 M. DinB protein started to elute at
approximately 300 mM imidazole. Fractions containing His-
tag DinB were combined and concentrated to about 2.6 mL
containing 5.6 mg/mL His-tag DinB (fraction 2). Fraction 2
was then applied to a Superdex 75 XK 16/60 column con-
nected to an FPLC system equilibrated with 20 mM HEPES
(pH 7.4), 150 mM NaCl, 0.1 mM EDTA, 10% w/v glycerol,
and 1 mM dithiothreitol (DTT). Fractions corresponding to
the DinB peak, which eluted at an approximate molecular
weight of 32kDa, were combined together to give a total
volume of 3mL containing 8 mg of pure HT-dinB. The
purified protein was stored at —80°C.

2.4. In Vitro DNA Synthesis. Primers were labeled at the
5'-end with [y-*2P]ATP by T4 polynucleotide kinase and
annealed with the appropriate template oligonucleotides.
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FiGuURE 1: The structures of the studied oxidatively damaged bases, thymine glycol (dTg), 5-formyluracil (5-fodU), 5-hydroxymethyluracil
(5-hmdU), 1,2-dihydro-2-oxoadenine (2-oxodA), and 7,8-dihydro-8-oxoguanine (8-0xodG).

Taste 1: Nucleotide sequences of oligonucleotides used in this
study.

Template 1 3'-CGTCGGGCCCCCTAAGTGATCAAG-5'
Template 2 3'-CGTCGGGCCCCCTA2GTGATCAAG-5'
Template 3 3'-CGTCGGGCCCCCTAGGTGATCAAG-5'
Template 4 3'-CGTCGGGCCCCCTASGTGATCAAG-5'
Template 5 3'-ACGTCCAGCTCACATCICCTAG -5'
Template 6 3'-ACGTCCAGCTCACATCECCTAG -5’
Template 7 3'-ACGTCCAGCTCACATCHCCTAG -5'
Template 8 3'-CGACGGGCCCCCAATGAGAACAAG-5'
Template 9 3'-CGACGGGCCCCCAAXGAGAACAAG-5'
Primer 1 5'-%2P-GCTGCCCGGGGGTT-3'
- Primer 2 5'-2P-TGCAGGTCGACTCTAG-3'

Primer 3 5'-32P-GCAGCCCGGGGGAT-3'

2, E H, 8, and X represent 1,2-dihydro-2-oxoadenine (2-oxodA), 5-
formyluracil (5-fodU), 5-hydroxymethyluracil (5-hmdU), 7,8-dihydro-8-
oxoguanine (8-0xodG), and thymine glycol (dTg), respectively.

The substrates thus prepared were incubated with purified
Pol IV in a reaction mixture (10pul) containing 30 mM
KH,PO; (pH 74), 7.5mM MgCl;, 1mM DTT, 5mM
NaCl, 0.1 mg/mL BSA, 5% glycerol, and 150mM of the
specified deoxyribonucleotide(s). The amount of Pol IV and
incubation time are described in the figure legends. After
incubation at 20°C, the reaction was terminated by addition
of stop solution (95% formamide, 20mM EDTA, 0.1%
bromophenol blue, and 0.1% xylene cyanol). The samples
were then heated at 95°C for 5 min, and immediately cooled
on ice and then loaded onto 20% polyacrylamide gels in
90 mM Tris-borate (pH 8.3) containing 7 M urea and 2 mM
EDTA. After electrophoresis at 1,300V, the gels were dried

and autoradiographed using Fuji RX films at —80°C, The
intensity of each band was determined using an imaging
analyzer (Fuji BAS 18001I).

2.5. In Vivo Mutagenesis. Single colonies of E. coli CC101,

CC105, and CC106 [20] transformed with a plasmid encod-

ing wild-type pDinB or a mutant Pol IV (pDinB003) [4]

were inoculated into a minimal glucose medium containing
50 ug/mL of ampicillin and incubated at 37°C for 40 hr. The
mutant Pol IV was generated by site-specific mutagenesis
replacing aspartic acid in position 103 with aspargine [4].
The cultures were centrifuged, resuspended in the same
medium with 1mM of IPTG, and further incubated for
5hr at 37°C. Hydrogen peroxide (H,O,) was added to the
cultures at a final concentration of 10mM, followed by
incubation at 37°C for 1 hr. The cultures were centrifuged,
washed, and resuspended in prewarmed LB medium. After
incubation to stationary phase and appropriate dilution, the
cell suspensions were spread on both duplicate minimal
lactose plates and minimal glucose plates for the detection
of lactose-fermenting (Lac*) revertants and viable cells,
respectively. Mutant colonies on the plate were counted after
incubation overnight. The mutation frequency was expressed
as number of mutants/108 viable cells.

3. Results

3.1. Replication of DNA Containing dTg by Pol IV. In this
study, primer extension assays were performed with Pol IV
purified by affinity chromatography to examine whether
Pol IV could bypass oxidatively damaged bases. Oligonu-
cleotides containing dTg, 5-fodU, 5-hmdU, 8-0xodG, or 2-
oxodA (Table 1) were annealed to appropriate primers and
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100M 2000M 10nM 2000M
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OACGT 4 OACGT 4
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(a) dT
200nM
20°C, 12hr
OACGT 4
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20°C, 30 min

OACGT 4

<—17nt
<— 16nt

(c) 5-fodU

O ACGT 4

OACGT 4

<—15nt
<— 14nt

(b) dTg

50nM 200nM

20°C, 30 min 20°C, 12hr

O ACGT4 O ACGT4

(d) 5-hmdU

Freure 2: Primer extension assay for Pol IV to bypass dTg, 5-fodU, and 5-hmdU in the template oligonucleotides. Primers were labeled at the
5'-terminal by polynucleotide kinase and annealed with appropriate template oligonucleotide. Primer/templates (50 fmol) in a 10-yl reaction
mixture was incubated at 20°C with purified Pol IV at 50 nM for 30 min (left) and at 200 nM for 12 hr (right), followed by polyacrylamide
gel electrophoresis. (a) dT (primer 1/template 8), (b) dTg (primer 1/template 9), (c) 5-fodU (primer 2/template 6), and (d) 5-hmdU (primer

2/template 7),

incubated with purified Pol IV. Pol IV was added to the
reaction mixture at 50 and 200 nM.

. dTgis a major oxidative product of thymine in DNA and
blocks DNA synthesis by most DNA polymerases [12, 15].
However, certain TLS polymerases such as a human Pol
Nu can occasionary bypass dTg and thereby continue DNA
replication beyond the lesion [12, 21-23]. Hence, it was of
interest to examine whether Pol IV has the ability to bypass
dTg. In this study, we prepared oligonucleotide containing
dTg by osmium tetroxide treatment [17]. Pol IV repli-
cated the oligonucleotides containing undamaged thymine
(Figure 2(a)). As shown in Figure 2(b), we could not detect
the insertion of dNTPs opposite the lesion, while a faint
band of dATP inserted was seen when the oligonucleotide
was incubated with Pol IV reacted at 200 nM for 12 hr.

3.2. Insertion of dATP and dCTP opposite 8-0x0dG in the
Template DNA by Pol IV. 8-0x0dG is a major oxidative
product of guanine and has high miscoding potential [12-16,
24]. Replicative DNA polymerases insert dATP as frequently
as dCTP opposite 8-0xodG in the template. Therefore, G:C —
T:A transversions occur at the site of 8-oxodG [12-16].

In this study, when Pol IV was incubated at 50 nM with
the template oligonucleotide containing 8-0xodG for 30 min,
no nucleotides were inserted opposite the lesion. However,
when added at 200nM and incubated with the substrate
for 12 hr, Pol IV inserted both dCTP and dATP opposite 8-
oxodG (Figure 3(a)). These results indicate that Pol IV could
bypass over 8-oxodG through both error-free and error-
prone processes. However, the Pol IV’s insertion ability was
very low. '
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200nM
20°C, 12hr
O ACGT 4

50nM
20°C, 30 min
OACGT 4

(a) 8-0x0dG

OACGTH4

50nM
20°C, 30 min

2000M
20°C, 12hr
O ACGT 4

(b) 2-oxodA

Frcure 3: Primer extension assay for Pol IV to bypass 8-0xodG and 2-oxodA in the template oligonucleotide. Primer 3 was labeled at the 5'-
terminal by polynucleotide kinase and annealed with appropriate template oligonucleotides. Primer 3/templates (50 fmol) in a 10-ul reaction
mixture were incubated at 20°C with purified Pol IV at 50 nM for 30 min (left) and at 200 nM for 12 hr (right), followed by polyacrylamxde
gel electrophoresis. (a) 8-oxodG (primer 3/template 4), (b) 2-ox0dA (primer 3/template 2).

3.3. Replication of DNA Containing 5-fodU and 5-hmdU
by Pol IV. 5-fodU and 5-hmdU are major products of
oxidative damage of the methyl group of thymine [12, 19,
25]. Attack of hydroxyl radicals on the 5-methyl group gen-
erates 5-hydroperoxymethyluracil, the most stable thymine
hydroperoxide [12]. It decomposes to the more stable prod-
ucts 5-fodU and 5-hmdU [12, 25]. Recent studies showed
that 5-fodU is a potentially mutagenic lesion [25, 26]. It
directs insertion of mismatched bases opposite the lesion
during DNA synthesis in vitro [27]. We previously showed
that Klenow fragment with and without 3’ — 5’ exonuclease

(KFexo* and KFexo™, resp.), Thermus thermophilus (Tth) .

DNA polymerase (exonuclease-deficient) and Pyrococcus
furiosus (Pfu) DNA polymerase (exonuclease-proficient)
read through the site of 5-fodU in the template [27]. 5-fodU
directs insertion of dCMP and dGMP in addition to dATP
opposite the lesion by these DNA polymerases. Furthermore,
KFexo™ and Tth can bypass the 5-hmdU template via the
insertion of dAMP opposite the 5-hmdU [27].

The primer extension assays for the templates containing
5-fodU and 5-hmdU showed that Pol IV preferred to
insert dATP opposite 5-fodU and 5-hmdU, while other
dNTP insertions were <5% (Figures 2(c) and 2(d)). Pol IV
synthesized full-length duplex 22-mer oligonucleotides when
added at 200 nM and incubated for 12 hr (Figures 2(c) and

2(d)).

3.4. Bypass of 2-oxodA by Pol IV. 2-oxodA"is a common
product of adenine generated by ROS [12, 28]. Previ-
ous studies showed that replicative DNA polymerases and
KFexo™ mainly insert dATP and dGTP opposite 2-oxodA
during DNA synthesis in vitro [12, 29, 30]. It is important
to elucidate the mechanism of bypass 2-oxodA by Pol IV.

TaBLE 2: The insertion kinetics of dCTP and dTTP opposite 1,2-
dihydro-2-oxoadenine (2-oxodA) by Pol IV.

Km .
Substrate  (fmol/ mL Vimax (min~!) keat kea/Km
/min)
dCTP 8.5 217.4 44x107° 52x10™*
dTTP 25.6 429 8.6x10™* 3.4x107°

Primer 3 was labeled at the 5'-terminal by polynucleotide kinase and
annealed with appropriate template oligonucleotides. Primer 3/template 2
(50 fmol) in a 10-pl reaction mixture was incubated at 20°C for 60 min
with purified Pol IV (50nM) in the presence of dTTP or dCTP at
various concentrations (0.02~500 uM), followed by polyacrylamide gel
electrophoresis.

2-oxo0dA significantly reduced the rate of DNA synthesis
by KFexo™ (data not shown). When incubated with tem-
plates containing 2-oxodA, Pol IV inserted both dTTP and
dCTP opposite 2-oxodA. It was evident that Pol IV inserted
dCTP more efficiently than dTTP (Figure 3(b)). The results
were obtained by a comparison of the full-length products
obtained by in vitro DNA synthesis in the presence of the
four nucleotides. We determined the insertion kinetics of Pol
IV for dTTP and dCTP opposite 2-oxodA. Comparing the
kcat/Km values revealed that Pol IV inserted dCTP opposite
2-oxodA with nearly 30 fold greater catalytic efficiency than
dTTP (Table 2). It is suggested that 2-oxodA in DNA induces
A:T — G:C transitions.

3.5. Overexpression of Pol IV Causes A:T — G:C Transitions In
Vivo, To clarify the roles of Pol IV in mutation induction
in vivo, we carried out the in vivo mutagenesis assay with
E. coli strains bearing a Flac containing a lacZ allele,
which codes for inactive $-galactosidase [20]. Unless base
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TaBLE 3: Frequencies of mutations to Lac* in E. coli CC101~CC106 strains with overexpressed dinB gene after incubation with hydrogen

peroxide.
. Base . Mutants/108 viable cells Increase in mutation Fold increase in mutation
Strain . Plasmid . f
substitution No H,03 10mM H,0% frequency (b — a) equency (b/a)
CC01 AT— GG meB 1.9 42 2.3 2.2
pDinB003 1.5 1.8 0.3 1.2
CC105 AT —TA pDinB 3.6 4.4 0.8 1.2
' pDinB003 1.5 3.4 ' 1.9 2.3
CCL06 AT —G:C pDinB 1.1 11.6 10.5 ’ 105
pDinB003 0.8 1.8 1.0 2.3

E. coli CC101, CC105, and CC106 transformed with a plasmid wild-type plasmid (pDinB) and a mutant Pol IV (pDinB003) in stationary phase were
incubated at 37°C with 1 mM of IPTG for 5 hr, followed by the treatment 10 mM H,O; for 1 hr. The mutant Pol IV (DinB003) was generated by site-specific
mutagenesis replacing aspartic acid in position 103 with aspargine [4]. The mutation frequericy was expressed as number of mutants/108 viable cells.

substitution mutations occur, these E. coli cells cannot grow
on lactose minimal medium. To determine the type of
base substitutions caused by overexpression of Pol IV, we
constructed E. coli CC101, CC105, and CC106 strains [20]
with pDinB or-a mutant Pol IV [4], where these dinB genes
were overexpressed. The mutant Pol IV was generated by site-
specific mutagenesis replacing aspartic acid in position 103
with aspargine [4].

2-0x0dA has been shown to occur in DNA by treatment
of cells with hydrogen peroxide (H,0,) [12, 28]. Hence, the
E. coli cells were exposed to H,;O, and the Lac* reversion
frequency was measured. Compared with CC101 and CC105,
CC106 with the pDinB plasmid showed a significant increase
in the frequency of Lac* reversions when exposed to
hydrogen peroxide (Table 3). Hydrogen peroxide treatment
caused an ~2-fold increase in A:T — G:C mutations in E
coli, while the increase was significantly greater (~10-fold)
in E. coli overexpressing Pol IV. The overexpression of Pol
IV had its greater effect on A:T — G:C mutations than A:T —
C:G and A:T — T:A mutations. The enhancement of A:T —
G:C mutations depended on the Pol IV ability, since the
expression of a mutant Pol IV lacking the polymerase activity
did not increase the mutation frequency in E. coli CC106
exposed to HyO,. As E. coli CC106 can reverse Lac* only
through A:T — G:C transitions [20], these results indicate
that A:T — G:C transitions are induced via an error-prone
translesion DNA synthesis by Pol IV in E. coli cells.

4, Discussion

Recent progress in research about novel types of DNA
polymerase in prokaryotes and eukaryotes has given us much
information about the mechanism of bypass replication
of damaged bases in DNA and mutation induction. DNA
polymerases of the Y-family are involved in translesion
DNA synthesis [1-3, 7-11]. Replication prevention is caused
by base modifications induced by various DNA-damaging
agents, such as ROS [1-3, 12, 15, 29, 30]. Purine and
pyrimidine bases in DNA are easily oxidized by ROS, which

leads to abnormal DNA behavior, including DNA replication’

prevention. In addition, damaged bases induce several types

of mutations, including base substitutions. Replication errors
must occur at the sites of damaged bases to be fixed as
mutations. Certain TLS DNA polymerases, such as Pol IV,
catalyze the insertion of nucleotides opposite damaged bases
and thereby may play a role in mutation induction [4-8].
Continuing of DNA replication beyond the lesion is required
for maintenance of the genome integrity.

dTg blocks DNA' synthesis by many prokaryotic and
eukaryotic DNA polymerases one nucleotide before and
opposite the lesion site [12, 15, 31]. On the other hand,
some DNA polymerases inefficiently insert noncognate
nucleotides opposite dTg [12, 22]. DNA polymerase # and
x are able to continue synthesis after having inserted dATP
opposite the lesion [12, 21-23]. Pol ¢ also contributes to the
bypass of dTg as well as other lesions that block synthesis by
replicative DNA polymerases {32]. In contrast, Pol IV did not
have the ability to bypass dTg (Figure 2(b)).

There are four diastereomers of dTg [31, 33]. dTg exists
in solution as either the 5R cis-trans pair or the 5$ cis-trans
pair, due to epimerization at the Cg position. The bypass
over dTg by Y-family DNA polymerases is stereospecific [21—-
23, 32]. Pol { bypasses the 5R epimers more efficiently [32],
while Pol x bypasses the 5S epimers more efficiently [22]. Pol
Nu has been shown to be particularly adept at efficient and
accurate translesion DNA synthesis past a 5S-thymine glycol
[21].

8-0x0dG is not a replicative block for replicative DNA
polymerases, which incorporate dATP as frequently as dCTP
opposite 8-oxodG in the template [12-16, 24]. As a result,
G:C—T:A transversions occur at the site of 8-oxoG. We
showed here that Pol IV inserted dATP opposite 8-oxoG
in the template, but the insertion efficiency was very low
(Figure 3(a)). These results indicate that Pol IV preferred to
insert dCTP opposite 8-0xodG. Recently, Maga et al. [34] also
reported that DNA polymerases A and # can bypass 8-oxodG
by insertion of dCTP opposite 8-0xodG in the template.
Therefore, it is likely that these Pols are a principal player in
mutation induction by template 8-0xodG.

Oxidation of the 5-methyl group of thymine produces
the stable products 5-fodU and 5-hmdU in DNA [12,
25]. When 5-fodU is produced in a template DNA, base
substitutions are induced at the site of the lesion [25, 26].



Journal of Nucleic Acids

We previously showed that 5-fodU is removed from DNA
in E. coli by three DNA glycosylases, MutM, endonuclease
II (Nth), and endonuclease VIII [35]. The frequency of
spontaneous mutations is significantly enhanced in E. coli
mutM nth nei triple mutant compared with the wild-type
strain [35]. The results in Figure 2(c) demonstrate, for the
first time, that if 5-fodU remains in the template strand,
Pol IV prefers to insert dATP opposite the lesion and hence
induces no mutations.

5-hmU directs the insertion of only dATP during normal
DNA replication [12, 15, 27]. The present results indicate
that Pol IV preferred to insert dATP at the site of 5-
hmdU (Figure 2(d)) and as a result does not make base
substitutions. The results are in accord with the finding
that a Bacillus subtilis bacteriophage (SPO1) has 5-hmdU
in its DNA instead of thymine and 5-hmdU: dA base-pairs
show the same behavior as T:A [36]. On the other hand,
E. coli and mammalian cells have DNA glycosylases that
remove 5-hmdU from DNA [12, 37, 38]. Why do cells
possess repair enzymes for 5-hmdU that forms stable base
pairs with adenine? There is another pathway of 5-hmdU
generation: oxidation and deamination of 5-methylcytosine
(5-mdC). 5-mC occurs naturally in DNA as a product

of cytosine methylation [37]. Therefore, a normal base

pair between 5-mdC and dG generates a mismatched base
pair of 5-hmdU:dG, which would cause 5-mC (C):G to
T:A transitions. Recently, we found that a 5-hmdU DNA
glycosylase activity of MutM and Nth removes 5-hmdU from
5-hmdU: dG mispairs with 37~58 times greater efficiency,
respectively, than that from 5-hmdU: dA base pairs [38].

2-oxodA (isoguanine) is a common lesion of adenine
produced by ROS and ionizing radiation. It is a replicative
block for several DNA polymerases [12]. However, 2-oxodA
has a mutational potential comparable to that of 8-oxodG
in bacteria and mammalian cells. Barone et al. [39] found
that insertion opposite 2-oxodA is difficult for both KFexo™
and the replicative Pol a. A template 2-oxodA might cause
a transient replication block, thereby provoking recruitment
of TLS polymerases. Archeal Dpo4 is efficient to insert
nucleotides opposite 2-oxodA, while human Pol 1 inefficient
[39]. Replication of a template 2-oxodA by these polymerases
is mutagenic and causes base substitutions. On the other
hand, Crespan et al. [40] showed that 2-oxodA can be
efficiently and faithfully bypassed by a human DNA Pol A in
combination with proliferating cell nuclear antigen (PCNA)
and replication protein A (RP-A). Thus, the efficiency and
fidelity of TLS on the 2-oxodA template depend upon the
DNA polymerase used..

We found that “incorrect” dCTP was effectively incorpo-
rated opposite 2-oxodA by Pol IV (Figure 3(b)), suggesting a
stable base pair between 2-oxodA and dC. Thermodynamic
analysis also showed that 2-oxodA forms a stable base pair
with ytosine, guanine, and thymine, and to a lesser extent
with adenine [18, 39]. The base-pairing scheme of 2-oxodA
(isoguanine):dC has been postulated [41]. 2-0xodA:dC is a
potent inducer of parallel-stranded DNA duplex structure.
All imino protons associated with the 2-oxodA:dC basepairs
are consistent with the formation of a stable duplex suggested
by T, measurements [18]. 2-oxodA might form stable

ac '/YNHZ.
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FIGURE 4: Possible wobble structure for base pairing of the 1,2-
dihydro-2-oxoadenine (2-oxodA):dC.

2-0x0dA

reverse Watson-Crick basepair with the normal dC [41].
However, the base pairing would not be present in the active
site of a DNA polymerase, as the sugar-triphosphate moiety
could not fit properly in the active site. Even if it could
fit, the sugar-triphosphate moiety would not be properly
oriented for catalysis. Alternatively, a wobble structure with
two hydrogen bonds is possible as shown in Figure 4. No
equivalent structure is possible for 2-oxodA:dT.

2-oxodA is as mutagenic as 8-oxodG when a double-
stranded shuttle vector DNA containing 2-oxodA is repli-
cated in E. coli and mammalian cells. Bypass of 2-oxodA
results in the formation of A:T — G:C transitions and A:T —
T:A transversions during leading strand synthesis [12, 29,
30]. Moreover, we observed here that a template 2-oxodA
directs the insertion of “incorrect” dCTP more efficiently
than that of “correct” dTTP (Figure 3(b)) in vitro. Based on
this together with the in vivo mutagenesis data (Table 3),
we conclude that Pol IV has the ability to bypass 2-oxodA
and induce A:T — G:C transitions at the site of 2-oxodA.
Pol IV overexpression has its greater effect on A:T — G:C
mutations than A:T — C:G and A:T — T:A mutations. The
facts may reflect that Pol IV is accurately handling a lesion
leading A:T — C:G and A:T — T:A mutations that some other
DNA Pol tends to handle inaccurately. To prevent mutation
induction, E. coli MutY and human MUTYH proteins have
been shown to remove 2-0x0odA from double-stranded DNA
in vitro [42, 43].

The generation of 2-0xodA in double-stranded DNA by
a Fenton-like reagent is less efficient than 8-oxodG [12, 30].
On the other hand, the yield of 2-oxodA is similar to that
of 8-0x0dG in the monomeric form [12, 30]. Thus, it is
likely that most 2-0xodA that occurs in DNA arises through
insertion of 2-oxo-dATP generated in the nucleotide pool.
2-ox0-dATP is inserted opposite G and T in the template
by DNA polymerase III and DNA polymerase I in vitro
[30, 44, 45]. On the other hand, calf thymus Pol a inserts .
2-ox0-dATP opposite noncognant C in addition to cognant
T, which would cause induction of G:C — A:T transitions in
vivo. Hydrogen peroxide treatment caused a ~2-fold increase
in A:T — G:C mutations in E. coli, while the increase was
significantly greater (~10-fold) in E. coli overexpressing Pol
IV (Table 3). These results indicate that Pol IV may involved
in these ROS-enhanced A:T — G:C mutations. It is also likely
that the UmuDC gene products may play a critical role in the



mutagenesis by damaged nucleotides, such as 2-oxodA, that
block DNA replication.

Pol IV is relatively efficient on 2-oxodA, 5-fodU and 5-
hmdU, but inefficient on dTg and 8-oxodG. Of these five
lesions, Pol IV is most efficient with 2-oxodA. In 2-oxodA
the -C=0 is at C2 and in the minor groove. Pol IV has
consistently proven to be relatively effective at handling bulky
N2-dG adducts, which is the same positioning as the extra
oxygen in 2-oxodA. This may be achieved by stabilization of
the 2-0xodA conformation in the active site through specific
interactions between Pol IV and 2-oxodA. The other lesions
have bulk in the major groove. The 5-position of pyrimidines
is relatively away from the DNA backbone, which might
explain the ability of Pol IV to handle 5-fodU and 5-hmdU.
While dTg has extra bulk at C5, it also has bulk at C4, and 8-
o0xodG has bulk at C8G. Both C4T and C8G are closer to the
DNA backbone. Pol IV may have something in its structure
that cause a steric impediment in the cases of the extra bulk
at C4 in dTg and at C8 in 8-0xodG.

Certain TLS polymerases can perform proficient and

-moderately accurate bypass of particular types of DNA
damage, while some other polymerases continue synthesis
after having inserted “incorrect” bases opposite the lesion.
The differences in the chemical structure of the lesions
and the association between polymerases and the lesion
and nucleotides inserted may affect how for that structural
information in the altered bases contributes to nucleotide
selection during insertion opposite these lesions by these
polymerases. ‘

5. Conclusion

In this paper, we examined whether Pol IV can bypass oxida-
tively damaged bases and is involved in mutation induction
at the damaged sites. Recombinant Pol IV was incubated in
vitro with chemically synthesized oligonucleotides contain-
ing dTg. 5-fodU, 5-hmdU, 8-0x0dG, and 2-oxodA. Pol IV
preferred to insert dA opposite-5-fodU and 5-hmdU, while it
did not insert any nucleotides opposite dTg. Pol IV inserted
dA and dC opposite template 8-oxodG, while the Pol IV’s
ability was low. Pol IV inserted dCTP more efficiently than
dTTP opposite 2-oxodA in DNA, suggesting that 2-oxodA
in the template DNA has mutagenic potential leading to
A:T — G:C transitions. Hydrogen peroxide treatment caused
a ~2-fold increase in A:T — G:C mutations in E. coli, while
the increase was significantly greater (~10-fold) in E. coli
overexpressing Pol IV, These results indicate that Pol IV may
play an important role in mutagenesis by 2-oxodA in E. coli.
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Helicobacter pylori‘is a human carcinogen, but the mechanisms
evoked in carcinogenesis during this. chronic inflammatory dis-
ease remain incompletely characterized. We determined whether
chronic H. pylori infection induced mutations in the gastric mucosa
of male and female gpt delta C57BL/6 mice infected for 6 or 12 mo.

Point mutations were increased in females infected for 12 mo. The
mutation frequency in this group was 1.6-fold higher than in un-
infected mice of both sexes (P < 0.05). A:T-to-G:C transitions and
G:C-to-T:A transversions were 3.8 and 2.0 times, respectively, more
frequent in this group than in controls. Both mutations are consis-
tent with DNA damage induced by oxidative stress. No increase in
the frequency of deletions was observed. Females had more severe
gastric lesions than males at 6 mo postinfection (MPI; P < 0.05), but
this difference was absent at 12 MPL. In all mice, infection signifi-
cantly increased expression of IFNy, IL-17, TNFa, and iNOS at 6 and
12 mo, as well as H. pylori-specific IgG1 levels at 12 MPI (P < 0.05)
and IgG2c levels'at 6 and 12 MPI (P < 0.01 and P < 0.001). At 12 MPI,
IgG2clevels in infected females were higher than at 6 MPI (P < 0.05)
and also thanthose in infected males at 12 MPI (P < 0.05). Intensity of
responses was mediated by sex and duration of infection. Lower
H. pylori colonization indicated a more robust host response in
females than in males. Earlier onset of severe gastric lesions and
proinflammatory, Th1-biased responses in female C57BL/6 mice
may have promoted mutagenesis by exposing the stomach to pro-
longed oxidative stress.

gpt delta mouse | Helicobacter | |nﬂammat|on | mutagenesis | sexual
dimorphism

Acting through multiple, complex mechanisms that are in-
completely understood, chronic inflammation is a significant
risk factor for several major human malignancies, including stom-
ach cancer. Chronic inflammation induced by Helicobacter pylori
infection increases lifetime risk of developing gastritis, duodenal
and gastric ulcers, mucosa-associated lymphoid tissue lymphoma,
mucosal atrophy, and gastric carcinoma (1, 2). Indeed, H. pylori has
been classified by International Agency for Research on Cancer as
a group I human carcinogen on the basis of its impact on gastric
cancer incidence, the second most frequentkclause of cancer-related
death worldwide (3)."Among postulated mechanisms through
which infection may contribute to increased cancer risk are over-
production of reactive oxygen and nitrogen species (RONS) by
inflammatory cells, and the consequent induction of mutations
critical for tumor initiation in cells of inflamed tissues (4). The in-
flammatory response to infection results in increased production of
RONS, including superoxide (O,™), hydrogen peroxide (H,0,),
nitric oxide (NO), peroxynitrite (ONO;"), and nitrous anhydride
(N,05), in vitro (5, 6) and in vivo (7-9). H. pylori can also directly
activate RONS-producing enzymes, such as inducible NO synthase
(iNOS) and spermine oxidase, in gastric epithelial cells, causing
DNA damage and apoptosis (5, 6). Chronic inflammatory states
increase levels of DNA adducts, such as etheno adducts, 8-0x0G,
and other mutagenic precursors, in vitro and in vivo (10-12), but

www.pnas.org/cgi/doi/10.1073/pnas. 1009017107

tend not to alter the frequency of deletions (13). RONS also can
damage DNA indirectly by creating adduct-forming electrophiles
via lipid peroxidation (14, 15). RONS have been shown to induce
mutations in A. pylori by inducing a hypermutation state in the
bacteria (16).

A widely used expenmental model is the H. pylori SS1-infected
C57BL/6 mouse, which is susceptible to chronic infection and
develops robust gastritis and premalignant lesions similar to those
occurring in humans (17, 18). To date, limited mvestlgatlon has
focused on genetic damage associated with infection in these
animals, but available data are still incomplete. Enhanced DNA
fragmentation was observed in gastric cells of infected mice (19),in
which dsDNA breaks were also detected by TUNEL assay (20, 21).
Mutagenicity in reporter genes recovered from gastric DNA of
male and female Big Blue transgenic mice 6 mo after infection with
H. pylori or Helicobacter felis has also been reported (22). In H.
pylori-infected male mice, point mutation frequency was increased
at 6 mo post infection (MPI), but decreased to control levels by 12
MP]I, suggestmg that the animals may have adapted to infection
(22). Female mice infected with H. felis also had an increased
frequency of point mutations at 7 MPI, compared with uninfected
controls (23). Mutagenesis resulting from infection has also been

associated with p53 status. Mutations were found in the lacl re- -

porter genes of a small number of H. felis-infected female TSG-
p53/Big Blue mice harboring either one (p53*/") or two (p53*/ 0
WT p53 alleles (23). A 2-fold increase in mutations was found in
DNA from the gastrxc mucosa of infected p53 */* mice, and also in
uninfected p53 */~ mice; the mutation frequency in infected p53*/~
mice was further increased by approximately threefold. The in-
tensity of inflammation was estimated to be significantly higher in
infected p53*/~ mice than in infected p53*/* animals, and gastric
epithelial proliferation was similarly increased with infection in
both latter treatment groups. By contrast, in another study, in-
fection of Big Blue transgenic mice (sex not specified) with the SS1
strain of H. pylori for 3.5 mo resulted in no significant increase in
gastric mutations over uninfected controls (13).

We used the gpt delta mouse to measure the accumulation of
gastric mutations associated with H. pylori SS1 infection in male
and female animals at 6 and 12 MPL This experimental system
comprises A-EG10-based transgenic CS7BL/6 mice harboring
tandem arrays of 80 copies of the bacterial gpt gene at a single site
on chromosome 17. The model was specifically designed to fa-
cilitate the in vivo detection of point mutations by 6-thioguanine
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(6-TG) selection, and deletions up to 10 kb in length by selection
based on sensitivity to P2 interference (Spi~) (24). When phage
DNA rescued from mouse tissues is introduced into appropriate
Escherichia coli strains, both point mutations and large deletions
can be efficiently detected (24). We also characterized histo-
pathologic changes, expression of inflammatory cytokines, and
expression of iNOS in gastric mucosa 6 and 12 mo after initial
infection. In addition, we compared responses of male and female
mice to assess the influence of sex. We found that H. pylori in-
fection induced significant increases in the frequency of point
mutations in the gastric mucosa of female, but not male, gpz delta
mice. The accumulation of point mutations was therefore sex-
dependent and was mediated by the duration of infection and the
severity of disease.

Results and Discussion

Pathology, Cytokine and iNOS Expression, and Serologic Responses to
H. pylori Infection and H. pylori Levels. Inflammatory histopatho-
logic changes resulting from H. pylori infection were evaluated
(Fig. S1) and gastric histological activity index (GHAI) scores
calculated, with the following results. Scores were significantly
increased in infected animals of both sexes at 6 and 12 MPI
(female, P < 0.001 and P < 0.01, respectively; and male, P < 0.05
and P < 0.001, respectively; Fig. 1). Regarding specific types of
lesions represented in the GHAL, infected females experienced
higher levels of hyperplasia (P < 0.05), epithelial defects (P <
0.001), and dysplasia (P < 0.05) compared with infected males at
6 MPI, and thus had correspondingly higher (P < 0.05) GHAI
scores at this time point. At 6 MPI, infected animals of both sexes
displayed mild to moderate inflammation, comprised chiefly of
submucosal and mucosal infiltrates of mononuclear and granu-
locytic cells. In addition, in infected males, mucous metaplasia,
intestinal metaplasia, oxyntic gland atrophy, and hyalinosis were
all significantly elevated compared with controls (all P < 0.01;
intestinal metaplasia, P < 0.001); no significant increases occurred
in foveolar hyperplasia, epithelial defects, or dysplasia. In infec-
ted females, inflammation (P < 0.05), epithelial defects (P <
0.001), mucous metaplasia (P < 0.01), hyalinosis (P < 0.001), as
well as premalignant lesions of oxyntic gland atrophy (P < 0.001),
intestinal metaplasia (P < 0.05), and dysplasia (P < 0.05) were
significantly elevated compared with uninfected controls. At 12
MP], there were no differences in gastric lesion severity between
infected males and females; both groups had similar mucosal
changes. Infected male mice at 12 MPI displayed significantly

OUninfected male

25 Alnfected male
S 204 V Uninfected female
" @Infected female
é']s. r—*—' ,_L._'
>E< — —EE
2 104 * L P
2 v — a, *¢
o 3 A
L2 5 D) 1’;'
2789 ¢ * v %
2 oo W o -w
T

-5

6 Months 12 Months

post infection post infection

Fig. 1. H. pylori infection elicits more gastric pathologic processes in female
mice at 6 mo. H. pylori infection increased the GHAI in both male and female
C57BL/6 mice at 6 and 12 mo. At 6 mo of infection, infected females had
significantly more pathologic processes than infected males. Uninfected
males (O; 6 MPI, n = 7; 12 MPI, n = 3), uninfected females (V;6MPl, n=5; 12
MPI, n = 3), infected males (¥; 6 MPI, n = 4; 12 MP, n = 5) and infected
females (; 6 MPI, n = 4; 12 MPI, n = 6). Bar represents the mean. *P < 0.05,
**P < 0.01, and ***P < 0.001. ’
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increased epithelial defects but decreased intestinal metaplasia
than infected males at 6 MPI (P < 0.01 and P < 0.001).

H. pylori infection significantly increased transcription profiles
at 6 and 12 MPI as follows (details in Fig. S2): I[FNy (males, P <
0.001; females, P < 0.01 at 6 and 12 MPI); TNF-a (males, P < 0.01
at6 and 12 MPI; females, P < 0.01 and P < 0.05); IL-17 (males, P <
0.05 and P < 0.001; females, P < 0.05 and P < 0.01). iNOS ex-
pression was increased in male and female mice at 6 and 12 MPI
(males, P < 0.05 and P < 0.01; females, P < 0.01 and P < 0.001)
compared with controls at 12 mo. IL-10 expression was not sig-
nificantly affected by infection in animals of either sex (P > 0.05).

H. pylori infection also resulted in a Thl-predominant IgG2c
response in infected mice as previously reported (25, 26) (Fig. 2).
H. pylori-specific IgG2c levels were higher in infected than in
uninfected animals at 6 and 12 MPI (P < 0.01 and P < 0.001, re-
spectively). At 12 MPI, infected females had significantly higher
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Fig. 2. The effect of H. pylori infection on H. pylori-specific IgG1 and IgG2c.
Serum levels of IgG were measured by ELISA in uninfected and H. pylori-

- infected mice. (A) H. pylori-infected mice (gray bars; 6 MPI, n=9; 12 MPI, n=12)

developed a greater IgG1 response after 12 mo of infection compared with
uninfected mice (white bars; 6 MPl, n = 6; 12 MPI, n = 6; P < 0.05). H. pylori-
infected mice developed a greater IgG2 response after 6 and.12mo of infection
(P<0.01and P < 0.001, respectively). (B) At 12 mo, infected female mice (light
graybars; 6 MPI,n=4; 12MPl, n=6) hadsubstantially increased IgG2¢ compared
with infected males (dark gray bars; 6 MPI, n = 5; 12 MPl, n = 6)at 12 mo and
infected females at 6 mo (P<0.05, both). Data are mean (SE) of mice in different
treatment groups. *P < 0.05, **P < 0.01, and ***P < 0.001.
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IgG2c levels than infected males (P < 0.05). Duration of in-
fection also increased IgG2c levels in infected females, with
higher levels noted at 12 versus 6 MPI (P < 0.05). H. pylori-
specific IgG1 (Th2) levels were higher in infected than in un-
infected animals at 12 MPI (P < 0.05). Females had higher Th1/
Th2 ratios than males: at 6 MPI, 8.58 vs. 4.01; and at 12 MPI,
129 vs. 7.51. '

We and others have demonstrated that H. pylori levels are in-
versely correlated with the degree of pathology and the immune
- response as measured by antibody and cytokine production (25,
27). At 6 MPL, H. pylori was detectable by quantitative PCR in all
infected males, but not in one female. At 12 MPI, there was
a salient difference in levels of H. pylori colonization between
males and females; H. pylori was undetectable in four infected
females, but undetectable in only one male (Fig. 3).

Frequency and Nature of Mutations. We determined the frequency
of gpt point mutations in gastric DNA isolated from infected and
uninfected mice by selection of mutants based on 6-TG resistance.
Recognizing the possible confounding effect of clonal expansion
of sibling mutants (i.e., jackpot mutations), we sequenced the gpt
genes from all 566 recovered mutants. Any mutation found to
duplicate another at the same site within an individual sample was
excluded from subsequent frequency calculations. After this ad-
justment, at 12 MPI the gpt mutation frequency in infected
females (7.5 + 2.0 x 107%; P < 0.05) was significantly (1.6-fold)
higher than that in all control animals (4.7 + 1.1 x 107%), whereas
the frequency in infected males (6.3 = 5.4 x 1075 P = 0.49) was
not. At 6 MPI, gpt mutation frequency in infected animals of either
sex (females, 5.6 + 2.0 x 1078, P = 0.72; males, 7.2 + 2.2 x 107°,
P =0.57) was not significantly different from that of controls (6.2 +
3.0 x 1075; Fig. 4).

After sequencing and accounting for clonal expansion, 236
from infected and-156 mutants from uninfected mice were used
to identify effects of H. pylori infection on types of mutations
causing loss of gpt function, with the results summarized in Table
1 and Table S1. G:C-to-A:T transitions and G:C-to-T:A trans-
versions were. the most prevalent types of mutations in both
infected and uninfected animals, representing 33% to 50% and
17% to 31%, respectively, of total mutations in various treatment
groups; mutant frequencies varied from 2.1 to 3.0 x 107° in these
transitions and 0.9-1.8 x 107 in the transversions. The 1.6-fold
higher total mutations observed in infected females compared
with age-matched controls at 12 MPI was attributable mainly to
two types of mutations: 3.8 times more A:T-to-G:C transitions
(P < 0.05) and 2.0 times more G:C-to-T:A transversions (P <
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Fig. 3. H. pylori levels in the stomach were lower in infected females at 12
MPI. Values represent the number of H. pylori organisms per copies of
mouse 18s rRNA. At 6 MPI, one infected female mouse was under the
threshold of detection (15 copies of H. pylori). At 12 MPI, four infected
females and one infected male were undetectable. Infected males (¥; 6 MPI,
n=5; 12 MP|, n = 6) and infected females (\/; 6 MPI, n = 4; 12 MP|, n = 6). Bar
represents the mean.
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Fig. 4. .Twelve-month infection with H. pylori increases the. frequency of
point mutations in female mice. The mutation frequency of point mutations
was determined by the gpt assay in uninfected mice (white bars; 6 MPI, n =
13; 12 MPI, n = 15), H. pylori-infected males (light gray bars; 6 MPI, n = 4; 12
MPI, n = 5) and H. pylori-infected females (dark gray bars; 6 MPl, n = 9; 12
MPI, n = 11). Control mice of both sexes were grouped for this analysis. Data
are mean (SEM) of mutation frequency of mice in different treatment
groups. *P < 0.05. V

0.05). These two mutations are consistent with the expected
mutational spectrum induced by RONS (28) and have been found
elevated in another animal model of chronic inflammation (13).

An increase in G:C-to-T:A transversions, was also reported in

a previous study documenting H. pylori-induced mutations (22).
A:T-to-G:C transitions can be formed by deamination of ade-

~nine to hypoxanthine or creation of ethenoadenine. Deamination

is mediated by N,Oj3, the autoxidation product of NO-, which
directly nitrosates primary amines on DNA bases (28, 29). Hy-
poxanthine resembles guanine and mispairs with cytosine, result-
ing in the observed mutation. Alternatively, A:T-to-G:C tran-
sitions can also be created indirectly by lipid peroxidation by
RONS, forming etheno adducts in DNA such as highly mutagenic
ethenoadenine (30, 31). G:C-to-T:A transversions have also been
associated with increased iINOS expression levels, pointing to the
involvement of RONS (32). Cells cocultivated with activated
macrophages predominantly develop G:C to T:A transversions
caused by exposure to NO-, O™, and H,O, (33). G:C-to-T:A
transversions are also caused by adducts produced by oxidative
stress or lipid peroxidation, such as 8-oxodG, edC, and M1G (34,
35). The presence of 8-0xodG, a major product of oxidative
damage to DNA, results in mispairing of guanine with adenine
during replication, thus inducing transversions (36). Although 8-
ox0dG is believed to be the main cause of this mutation, etheno
adducts formed by lipid peroxidation may also playa significant
role in mutagenesis observed in vivo (37).

Fig. S3 shows the mutation spectrum detected in the gpr gene,
of which the following features are noteworthy. In both un-
infected ‘and infected mice, hotspots occurred at nucleotides
C64, G110, G115, and G418; C64, G110, and G115 are CpG sites
and are known hotspots in this assay (38, 39). Hotspots occurring
in infected mice were located at A8, G116, and G143; A8 and
G116 were found predominantly in infected females at both 6
and 12 mo, whereas G143, located at a CpG site, was a hotspot in
infected animals of both sexes. Uninfected mice had hotspots at
G406, G416, and- A419, one of which (G416) occurred mainly in
males, Mutations in infected males were concentrated mainly in
hotspots common to both uninfected and infected animals,
whereas in infected females there was an increase in mutations
throughout the gpt gene at non-G:C sites. This result suggests
that the chemistry of DNA damage in mice with a stronger host
response to infection may have differed from that in mice with
mild or minimal gastritis. :
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