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Chromosomal rearrangements and base substitutions contribute to the large intraspecies genetic diversity
of Helicobacter pylori. Here we explored the base excision repair pathway for the highly mutagenic 8-oxo-7,8-
dihydroguanine (8-oxoG), a ubiquitous form of oxidized guanine. In most organisms, 8-oxoG is removed by a
specific DNA glycosylase (Fpg in bacteria or OGG1 in eukaryotes). In the case where replication of the lesion
yields an A/8-oxoG base pair, a second DNA glycosylase (MutY) can excise the adenine and thus avoid the
fixation of the mutation in the next round of replication. In a genetic screen for H. pylori genes complementing
the hypermutator phenotype of an Escherichia coli fpg mutY strain, open reading frame HP0142, a putative
MutY coding gene, was isolated. Besides its capacity to complement E. coli mutY strains, HP0142 expression
resulted in a strong adenine DNA glycosylase activity in E. coli mutY extracts. Consistently, the purified protein
also exhibited such an activity. Inactivation of HP0142 in H. pylori resulted in an increase in spontaneous
mutation frequencies. An Mg-dependent AP (abasic site) endonuclease activity, potentially allowing the
processing of the abasic site resulting from H. pylori MutY activity, was detected in H. pylori cell extracts.
Disruption of HP1526, a putative xth homolog, confirmed that this gene is responsible for the AP endonuclease
activity. The lack of evidence for an Fpg/OGG1 functional homolog is also discussed.

One of the most striking characteristics of Helicobacter
pylori, a pathogenic bacterium infecting over 50% of the hu-
man population and associated with gastritis, peptic ulcer, and
gastric cancer (10, 12), is its enormous intraspecies genetic
variability (39). At the origin of such diversity are both muta-
tions and recombination events. During the course of infection
of the gastric mucosa, H. pylori induces an oxidative stress that
can affect not only the host tissue but also the bacteria. There-
fore, H. pylori must cope with the reactive oxygen species
(ROS) generated as part of the host inflammatory response.
We have shown previously that H. pylori strains defective in the
repair of oxidized pyrimidines are more sensitive to the muta-
genic and lethal effects of activated macrophages. Further-
more, strains unable to repair oxidized pyrimidines show at-
tenuated colonization capacity, demonstrating that, during
gastric infection by H. pylori, the host effectively induces lethal
and premutagenic oxidative lesions on the pathogen genome
(26). Oxygen radicals are produced not only by the host in-
flammatory response but also as by-products of the normal
metabolism of all cells. Among the main lesions produced in
DNA by ROS is an oxidized form of guanine, 8-oxo-7,8-dihy-
droguanine (8-oxoG), with a strong mutagenic potential. In-
deed, when present in the template strand, this modified base
induces the incorporation of an adenine opposite it during

DNA replication, leading to G:C-to-T:A transversions (13, 31).
Confirmation for this mutational mechanism comes from bac-
terial genetics experiments that unveiled a sophisticated DNA
repair system responsible for the avoidance of 8-oxoG-induced
mutations. This so-called GO system, first characterized for
Escherichia coli, involves base excision repair (BER) processes
initiated by two distinct DNA glycosylases. If an 8-oxoG is
formed on DNA, the oxidized base present in an 8-oxoG:C
pair can be recognized and excised by Fpg. If, however, repli-
cation proceeds before removal of the 8-oxoG and adenine is
incorporated instead of cytosine, the resulting A:8-oxoG base
pair is the substrate for another DNA glycosylase, MutY, ca-
pable of removing the normal base when opposite 8-oxoG,
avoiding in such a way the fixation of the mutation and, by
recreating the 8-oxoG:C pair, allowing Fpg a new opportunity
to remove the lesion (21, 22). The importance of such a system
and therefore of the mutagenic potential of 8-oxoG is con-
firmed by the spontaneous mutator phenotypes, due exclu-
sively to G:C-to-T:A transversions, of strains deficient in either
DNA glycosylase, Fpg or MutY. Moreover, disabling both fpg
and mutY genes has a synergistic effect on the spontaneous
mutation frequency, again by exclusive increase of G:C-to-T:A
changes, leading to one of the strongest mutator phenotypes
described for E. coli.

The fpg gene was identified first as coding for a formami-
dopyrimidine (Fapy) DNA glycosylase from E. coli (3) and
then as a mutator gene (mutM) (5, 23). Biochemical and ge-
netic experiments showed that the main cellular substrate for
Fpg is indeed the 8-oxoG:C pair (2, 20). The MutY (MicA)
activity was first identified both genetically in a screen (29) and
biochemically in cellular extracts (17, 18) as an activity capable
of excising adenine from A:G mismatches independently of
MutS, MutL, or MutH functions. At the same time, a new

* Corresponding author. Mailing address: Département de Radio-
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mutator gene, named mutY, was isolated by a genetic screen
(24). This gene was shown to code for the activities described
before (36). It was demonstrated later that the relevant sub-
strate for MutY is the adenine in an A:8-oxoG pair (20).

Surprisingly, in neither of the Helicobacter pylori strains
whose complete genomic sequences are available (1, 32) has a
homolog of fpg or its eukaryote functional homolog OGG1
been found. With the aim of assessing the impact of 8-oxoG on
Helicobacter pylori genetic stability, we investigated here, by
biochemical and genetic means, the presence of the pathogen
BER activities capable of avoiding the mutagenic effects of
8-oxoG.

(A preliminary description of the screen used in this work
and the MutY protein was presented previously [27a].)

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli strains CC104 (8) and its
derivative PR180 (CC104 mutY::Kanr) (29) were grown in Luria-Bertani (LB)
broth or agar supplemented with 200 �g/ml ampicillin and/or 100 �g/ml
rifampin. H. pylori strains used were SS1 (a kind gift from Agnès Labigne, Institut
Pasteur, Paris, France) and X47-2AL (16) and its derivatives X47-2AL nucT
(27), X47-2AL mutY, and X47-2AL nucT xth (this work). Disruption mutants
were generated by insertion of kanamycin or apramycin resistance cassettes. H.
pylori strains were grown on blood or horse serum brucella agar plates at 37°C in
a 5% CO2 and 95% humidity atmosphere. Disruption mutants of H. pylori strains
were cultured with 20 �g/ml of kanamycin and/or 25 �g/ml of apramycin. Mu-
tagenesis assays were done on horse serum brucella agar plates supplemented
with 20 �g/ml rifampin, as described previously (26).

Plasmid and library construction. The HP0142 gene, with its own start codon,
was amplified by PCR from H. pylori genomic DNA by use of oligonucleotide
primers deduced from the H. pylori strain 26695 genome sequence (5�-GAAG
ATCTCTGGAAACTTTACACAACGC and 5�-GGAATTCACCCCCAAATA
AATTTTTTT). The amplified DNA product was cloned into pGEX-4T-1 pre-
viously digested with BamHI and EcoRI, resulting in plasmid pGEX-HP0142. In
this system, the HP0142 polypeptide is produced as a fusion protein with gluta-
thione S-transferase (GST) at its N terminus. In order to create an expression
library, H. pylori genomic DNA digested with EcoRI was ligated into a Lambda
ZapII vector (Stratagene).

Complementation assays with E. coli PR180. E. coli PR180 was transformed
with pGEX-4T-1 or pGEX-HP0142. For mutagenesis assays, overnight cultures
were diluted in order to start 10 2-ml cultures from each genotype with 1,000 to
5,000 cells/ml inocula. Cultures were grown overnight at 37°C in the presence of
50 �M IPTG (isopropyl-�-D-thiogalactopyranoside). A portion (200 �l) of the
cultures was plated onto LB-rifampin plates, and serial dilutions were plated
onto LB plates to determine viable cells. Mutation rates were calculated using
the median method (15).

Overproduction and purification of HP0142. E. coli PR180 carrying plasmid
pGEX-HP0142 was used to inoculate 500 ml of LB medium supplemented with
ampicillin and was incubated at 37°C with shaking until the A600 reached 1.5.
IPTG was added to 50 �M, and growth was continued overnight at 18°C with
gentle shaking. Cells were harvested by centrifugation and lysed by lysozyme
treatment and sonication. GST-HP0142 was purified by GST affinity chromatog-
raphy. The eluted protein was dialyzed against 20 mM Tris-HCl, pH 8, 5 mM
�-mercaptoethanol, and 10% glycerol.

DNA substrates and enzymatic assays. Oligodeoxyribonucleotides (34-mer)
containing at position 16 a single 8-oxoG residue (a kind gift of Jean Cadet,
CEA-Grenoble), a tetrahydrofuranyl (THF) residue (Eurogentec), or an ade-
nine were labeled at their 5�end with [�-32P]ATP (3,000 Ci/mmol; Amersham)
and T4 polynucleotide kinase (New England Biolabs). The 32P-labeled strands
were hybridized with a complementary sequence containing a cytosine (C) op-
posite 8-oxoG or THF or containing an 8-oxoG opposite adenine 16, yielding
duplexes 8-oxoG:C, THF:C, and A:8-oxoG:C, respectively.

In a standard reaction (10-�l final volume), 50 fmol of labeled duplex was
incubated in reaction buffer (25 mM Tris-HCl, pH 7.6, 2 mM Na2EDTA, 50 mM
NaCl) with the indicated protein fraction (either total cell extracts or purified
proteins) at 37°C. Where stated, the reaction was stopped by adding NaOH to 0.2
N and the reaction mixture was incubated for another 10 min at 37°C. After
addition of 6 �l of formamide dye, the products were separated by 7 M urea-20%

polyacrylamide gel electrophoresis. Gels were analyzed using a Molecular Dy-
namics PhosphorImager.

RESULTS

Screen for H. pylori functions complementing the hypermu-
tator phenotype of an E. coli fpg mutY strain. In E. coli, inac-
tivation of both fpg and mutY leads to a strong hypermutator
phenotype due to the incapacity of the cells to avoid the mu-
tagenic effects of 8-oxoG. We therefore screened an H. pylori
genomic library for genes capable of reducing the spontaneous
mutation frequencies of E. coli strain BH1190, a CC104 deriv-
ative deficient in Fpg, MutY, and RecA functions (BH1190).
CC104 is a LacZ-deficient strain in which the lac-negative
phenotype can be reverted only by a G-to-T transversion (8).
Using a papillation assay (24), we looked for H. pylori genes
whose expression lowered the reversion frequency of the
CC104 lacZ allele. The recA mutation was introduced to lower
the level of false positives in the screen (37). Ninety-eight
clones with lower papillation frequencies were selected. Each
of them was then tested individually for its lacZ reversion
frequency. Three of them displayed consistently lower trans-
version rates. Sequencing of the plasmids revealed that one
carried a putative thioredoxin reductase gene while the other
two carried open reading frame (ORF) HP0142, coding for a
putative MutY gene. Crude cell extracts were prepared from
the other 95 E. coli clones, and their Fapy DNA glycosylase
activities were tested. None of them displayed the capacity to
excise Fapy residues, a specific substrate for an Fpg functional
homolog.

HP0142 codes for a MutY functional homolog. The protein
encoded by HP0142, depending on the H. pylori strain ana-
lyzed, shares 34 to 39% identity and 53 to 58% similarity to the
MutY protein from E. coli. In particular, the active site key
residues as well as the iron-sulfur cluster are well conserved.
To analyze whether this ORF codes for a protein with MutY
activity, HP0142 fused to GST was expressed in E. coli strain
PR180, where the mutY gene was disrupted. We analyzed the
capacity of HP0142 to complement the mutator phenotype of
MutY-deficient E. coli by comparing the spontaneous mutation
rates of mutY strains expressing either GST or GST fused to
the H. pylori HP0142 protein. As shown in Fig. 1A, expression
of GST-HP0142 in this strain partially complemented the
spontaneous mutator phenotype resulting from inactivation of
mutY in E. coli. To confirm that HP0142 is indeed a mutY
homolog, we prepared cellular extracts from PR180 expressing
either GST or GST-HP0142 fusion proteins and tested them
for adenine DNA glycosylase activity on an oligonucleotide
substrate carrying an A/8-oxoG mismatch. Figure 2A confirms
that the adenine DNA glycosylase activity present in wild-type
extracts is completely eliminated by disruption of mutY (Fig.
2A, compare lanes 4 and 5 with lanes 2 and 3). However,
expression of the GST-HP0142 fusion protein resulted in a
strong A:8-oxoG adenine DNA glycosylase activity in the ex-
tracts (Fig. 2A, lanes 6 and 7).

The GST-HP0142 fusion peptide was purified from E. coli
strain PR180 pGEX-HP0142. The purified protein displayed
an adenine DNA glycosylase activity on duplex DNA harbor-
ing an A:8-oxoG base pair (Fig. 2B, lane 4). The cleavage of
the oligonucleotide was observed even when the chemical
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cleavage by NaOH at the end of the reaction was omitted (Fig.
2B, lane 3), suggesting that HP0142 possesses an AP lyase
activity in addition to its DNA glycosylase activity. The bio-
chemical results presented above are in agreement with
HP0142 being the H. pylori MutY homolog.

H. pylori MutY is an antimutator. To explore the in vivo
function of H. pylori MutY, we created an H. pylori X47 strain
where mutY was inactivated by disruption of HP0142 with a
kanamycin resistance cassette. Inactivation of H. pylori mutY

resulted in a 12-fold increase in the spontaneous mutation rate
compared to that for the parental strain (Fig. 1B). Taken
together, the biochemical and genetic evidence shows that
HP0142 codes for a MutY homolog and participates in main-
taining the genetic stability of H. pylori strains.

Search for Fpg-like enzymatic activities in H. pylori cell
extracts. As mentioned above, examination of the complete
genomic sequences of H. pylori, as well as the results from our
screen, failed to reveal ORFs potentially coding for an Fpg-like
enzyme. To search for an Fpg activity, we prepared total cell
extracts from strain X47-2AL nucT. NucT protein is a major
DNA nuclease from H. pylori that impedes the use of DNA
substrates for reactions involving extracts (27). A 32P-5�-end-
labeled oligonucleotide with an 8-oxoG residue opposite a
cytosine at position 16 was used as the substrate in X47-2AL
nucT extracts. No significant 8-oxoG DNA glycosylase activity
could be detected under standard reaction conditions, even at
high protein concentrations (data not shown). Various salt
concentrations did not reveal any activity on the 8-oxoG/C
containing substrate (data not shown). Moreover, no DNA
glycosylase activity was detected in cellular extracts on DNA
substrates carrying Fapy modifications, another substrate for
the Fpg and OGG1 family DNA glycosylases (data not shown).
Fpg and OGG1 family 8-oxoG DNA glycosylases characterized
so far form a Schiff base intermediate with the AP site gener-
ated by excision of 8-oxoG. This transient covalent complex
can be stabilized by reducing agents. With the aim of identi-
fying putative 8-oxoG DNA glycosylases/AP lyases, we there-
fore performed NaBH4 trapping experiments on H. pylori ex-
tracts by using DNA duplexes with 8-oxoG:C base pairs. Under
conditions where both Fpg and OGG1 form covalent com-
plexes, we could not detect covalent complexes in H. pylori
total cell extracts (data not shown). Taken together, these
results suggest that there are no enzymatic activities in H. pylori
capable of excising 8-oxoG from DNA under standard reaction
conditions used for the characterized 8-oxoG DNA glyco-
sylases.

AP endonuclease activity. We then searched for the activity
responsible for the cleavage of the AP site, the enzymatic step
in BER that follows the excision of the base. For that purpose,
we used an oligonucleotide substrate carrying an AP site ana-
log, THF. Two main families of AP endonucleases have been

FIG. 1. HP0142 gene product codes for an antimutator activity.
(A) Spontaneous mutation frequencies of E. coli wild-type (w.t.) or
mutY strains carrying the indicated plasmids. (B) Spontaneous muta-
tion frequencies of wild-type or HP0142 X47-2AL H. pylori strains.
Shown are medians � standard deviations.

FIG. 2. Adenine DNA glycosylase activities of HP0142. DNA glycosylase activities were determined using a 34-mer oligonucleotide carrying
an A/8-oxoG pair at position 16. The strand labeled is the one carrying the A. The products of the reaction (P) were separated from the substrates
(S) by denaturing gel electrophoresis. (A) Activities of the indicated amounts of cell extracts from E. coli wild-type (w.t.) (lanes 2 and 3) or mutY
strains (lanes 4 to 7) carrying the vector (lanes 4 and 5) or the HP0142-expressing plasmid (lanes 6 and 7). (B) Activities of the HP0142 purified
protein. Reactions were stopped with (lanes 2 and 4) or without (lane 3) NaOH. C, control.
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described, corresponding to exonuclease III (Xth) and to en-
donuclease IV (Endo IV) (Nfo) from E. coli (9). The former
requires Mg ions for activity, while the latter can cleave AP
sites in the absence of the divalent cation. Because only an xth
homolog was detected after sequencing of the H. pylori
genome, we first tested the AP cleavage activity in cell
extracts in the presence of Mg2�. As seen in Fig. 3, lanes 3
to 5, an efficient AP endonuclease activity is unveiled under
such conditions. When parallel reactions were carried out in
the presence of the Mg chelator EDTA, no detectable cleav-
age was observed, even at the highest extract concentration
(Fig. 3, lane 6).

ORF HP1526 codes for a 250-amino-acid protein with 28 to
30% identity and 47 to 49% similarity to the Xth protein from
E. coli. To analyze whether this ORF codes for a protein with
Xth activity, we created an H. pylori X47-2AL nucT strain
where HP1526 was inactivated by disruption with an apramycin
resistance cassette. As seen in Fig. 3, lanes 7 and 8, no AP
endonuclease activity was detected in cell extracts from this
strain, even in the presence of Mg2�. This result provides
evidence for HP1526 being the H. pylori Xth homolog.

DISCUSSION

A large proportion of premutagenic DNA lesions in cells
arise by the action of ROS generated either by the normal
metabolism or by environmental agents. In particular, patho-
genic bacteria are exposed during infection to ROS generated
by the host as part of the defense response. It has been sug-
gested previously that the induction of mutations observed
with Salmonella enterica serovar Typhimurium cells exposed to
phagocytes (40), as well as the reduced virulence of S. enterica
serovar Typhimurium recombination mutants (4, 6), could be
due to oxidative DNA damage in the bacteria. Consistent with
the induced mutagenesis, experiments with E. coli showed that
exposure to phagocytes induces oxidative DNA damage and,
more specifically, 8-oxoG, a highly mutagenic lesion (30).
More recently, by use of H. pylori defective in Nth, the DNA
glycosylase responsible for the removal of oxidized pyrimi-
dines, it was shown that DNA repair of oxidative DNA damage
is necessary to remove macrophage-induced mutagenic and

lethal lesions. Consistent with that observation, the ability to
repair oxidative damage in H. pylori DNA was shown to be
essential for bacterial persistence in the infected mouse stom-
ach (26). In the present work, we explored the H. pylori DNA
repair mechanisms involved in the avoidance of mutations
induced by 8-oxoG. It is interesting to note that, from the
genetic screen for an H. pylori antimutator activity in an E. coli
fpg mutY doubly defective strain, we isolated a thioredoxin
reductase gene, confirming the importance of the endog-
enously generated ROS in the formation of mutagenic DNA
lesions. The other two candidates corresponded to vectors
carrying ORF HP0142 coding for a putative MutY protein.
Expression of HP0142 in E. coli was able to partially comple-
ment the mutator phenotype resulting from disabling the en-
dogenous mutY gene. The biochemical experiments showing
the adenine DNA glycosylase activity on A:8-oxoG pairs of the
protein encoded by HP0142 confirmed that this open reading
frame corresponds to the H. pylori mutY gene. More impor-
tantly, the disruption of H. pylori mutY resulted in a hypermu-
tator phenotype, demonstrating the role of H. pylori MutY in a
physiological mutation avoidance mechanism. A puzzling ob-
servation was the absence of a detectable H. pylori MutY ac-
tivity in wild-type H. pylori extracts although H. pylori MutY
expression in E. coli resulted in a very strong DNA glycosylase
activity in extracts prepared under essentially the same condi-
tions (data not shown). Some possible explanations are that
MutY is present at very low levels under our culture conditions
or that H. pylori possesses specific chemical or protein inhibi-
tors. It would be interesting to determine the expression pat-
tern of the gene at the mRNA or protein level.

In BER, once the base is removed by the specific DNA
glycosylase, the resulting AP site is recognized and cleaved by
an AP endonuclease. Here we show that such an activity is
present in H. pylori extracts (Fig. 3). Consistent with the pre-
dicted presence of a gene coding for a homolog of exonuclease
III (HP1526) (1, 32), the activity observed requires the pres-
ence of Mg ions in the reaction mixture. In the presence of
EDTA no AP endonuclease activity was detected, suggesting
that, unlike in E. coli, there is no member of the AP endonu-
clease Endo IV family. It would seem that for this enzymatic
step, as for other DNA repair (25, 26) or metabolic (7)
functions, H. pylori possesses a reduced set of proteins with
little redundancy. Completion of BER could be assured by
the predicted DNA polymerase I (HP1470) and DNA ligase
(HP0615).

The experiments described in this work failed to detect a
DNA glycosylase capable of eliminating 8-oxoG from H. pylori
genomic DNA. Although this is consistent with the lack of
putative Fpg or OGG1 coding sequences in the genome, it
raises the question of the elimination of this ubiquitous muta-
genic DNA lesion. The presence of a functional MutY ho-
molog strongly suggests that H. pylori is no exception and that
8-oxoG is indeed formed in its DNA. A similar situation is
found for the fission yeast Schizosaccharomyces pombe, where
a homolog of MutY has been characterized previously (19) but
no putative OGG1 or Fpg coding genes were present and
neither was an 8-oxoG DNA glycosylase activity found in cell
extracts (S. Boiteux, personal communication). It seems un-
likely that 8-oxoG residues accumulate indefinitely and are
transmitted to the progeny. Although the assays performed

FIG. 3. Mg-dependent AP endonuclease activities in H. pylori X47
nucT and X47 nucT HP1526. Activities were determined on the indi-
cated amounts of total cell extracts from H. pylori X47 nucT (lanes 3 to
6) or X47 nucT HP1526 (lanes 7 and 8) by use of a 34-mer oligonu-
cleotide harboring the AP site analog (F) at position 16 of the labeled
strand. Reactions were carried out in the presence (lanes 1 to 5 and 7
to 8) or absence (lane 6) of Mg ions. Reaction products were analyzed
as described in the legend for Fig. 2. Lane 2 corresponds to the activity
of the human APE1 protein as a control.
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here and the analysis of the complete genomic sequences point
to an absence of an H. pylori 8-oxoG DNA glycosylase, other,
so-far-unknown enzymatic mechanisms could be responsible
for the elimination of the oxidized guanine. A precedent is the
recent determination of the AlkB activity capable of reversing
alkylation DNA damage in E. coli (11, 35). In H. pylori, an
interesting candidate to be involved in the repair of 8-oxoG is
the protein MutS2. It was recently reported that, besides its
role in recombination (28), this protein has affinity for 8-oxoG-
containing DNA and that H. pylori deficient in this protein
shows a strong induced mutagenesis with a bias towards G:C-
to-T:A transversions when exposed to an oxidative stress and
accumulates threefold-higher levels of 8-oxoG under such con-
ditions (38). However, the mechanism by which MutS2 can
initiate the repair of 8-oxoG remains to be established. An
alternative for the elimination of 8-oxoG is that this base is
further oxidized to yield a new DNA modification whose repair
can be carried out by another DNA glycosylase (14, 33, 34).
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