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'We previously reported that inactivation of rdx4 and/or frxA converted Helicobacter pylori from metronidazole
sensitive to metronidazole resistant. To examine the individual roles of rdx4 and frx4 in the development of
metronidazole resistance in H. pylori, we examined the status of rdx4 and frx4 from 12 pairs of metronidazole-
sensitive and -resistant H. pylori isolates obtained following unsuccessful therapy containing metronidazole.
Arbitrary primed fingerprinting analyses revealed that the genotypes of 11 sensitive and resistant pairs of
strains were essentially identical. Amino acid sequence identities of RdxA and FrxA from the 14 metronidazole-
sensitive isolates ranged from 92 to 98% and 95 to 98%, respectively, compared to that of H. pylori J99 (MIC,
1 pg/ml). All strains with high-level metronidazole resistance (MICs, 128 pg/ml) contained premature trun-
cation of both RdxA and FrxA caused by nonsense and/or frameshift mutations. Strains with intermediate
resistance to metronidazole (MICs, 32 to 64 pg/ml) contained a single premature truncation and/or altered
RdxA and FrxA caused by nonsense, frameshift, and unique missense mutations. The low-level metronidazole-
resistant strains (MICs, 8 pg/ml) contained unique missense mutations in FrxA but no specific changes in
RdxA. The results demonstrate that alterations in both the rdx4 and frx4 genes are required for moderate and
high-level metronidazole resistance and that metronidazole resistance that develops during anti-H. pylori
therapy containing metronidazole is most likely to involve a single sensitive strain infection rather than a

coinfection with a metronidazole-resistant strain.

Over 50% of the world population is infected with the
important human pathogen Helicobacter pylori. The primary
impediments to successful H. pylori treatment are lack of com-
pliance with drug regimens and the presence of antibiotic-
resistant H. pylori (10). Metronidazole was a critical ingredient
of the first successful therapy for H. pylori and remains a major
component of newer proton pump inhibitor-containing quad-
ruple therapies (2, 12). The background prevalence of metro-
nidazole resistance is high in the United States (20 to 45% of
isolates) and is increased in those who have used the drug for
other indications (23). Effective therapy for H. pylori infection
requires two or more antimicrobial agents often given with
antisecretory drugs to reduce gastric acidity (2, 12). Metroni-
dazole resistance decreases the effectiveness of metronidazole-
containing anti-H. pylori therapies (2, 5).

The antimicrobial action of metronidazole is dependent on
reductive activation of metronidazole by the redox system of
the target cell. Theoretically, any redox system possessing a
reduction potential that is more negative than that of metro-
nidazole in the cell would donate its electrons preferentially to
metronidazole and lead to reductive activation (7, 17). Good-
win et al. reported that oxygen-insensitive NADPH nitroreduc-
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tase (rdxA) was a putative metronidazole nitroreductase-en-
coding gene involved in metronidazole resistance (9). Several
investigators confirmed that observation (3, 14, 20) and re-
cently reported on an additional putative metronidazole ni-
troreductase-encoding gene (NADPH flavin oxidoreductase;
frxA) involved in metronidazole resistance (15, 16, 18, 20). In
this report, we examined 12 metronidazole-sensitive and -re-
sistant H. pylori pairs to assess the status of both the rdx4 and
fixA genes in relation to the presence of mutations and level of
metronidazole resistance. Each pair was obtained from indi-
vidual patients who were initially infected with metronidazole-
sensitive H. pylori and had metronidazole-resistant isolates
following failed therapy with a metronidazole-containing reg-
imen.

MATERIALS AND METHODS

H. pylori strains and culture conditions. Paired metronidazole-sensitive and
-resistant H. pylori isolates were identified from culture records of individual
patients enrolled in clinical trials at the Gastroenterology Section of the Veterans
Affairs Medical Center in Houston, Texas. H. pylori strains initially harvested as
multiple colonies from individual gastric mucosal biopsy specimens (11) were
cultured on brain heart infusion (Difco, Detroit, Mich.) agar plates containing
5% horse blood under microaerobic atmospheric conditions (10% CO, and 5%
0O,) at 37°C for 2 to 3 days. Luria-Bertani (24) broth or Luria-Bertani agar plates
were used to grow Escherichia coli DH5« (Gibco BRL) for general recombinant
DNA manipulation.

Determination of MICs. MICs were determined by the agar dilution method
of the NCCLS (22), with a minor modification. Agar dilution plates were pre-
pared using Mueller-Hinton agar (Difco) containing 5% sheep blood supple-
mented with twofold serial dilutions of metronidazole (Sigma Chemical Co., St.
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TABLE 1. PCR primer pairs used to amplify a portion of H. pylori genes

Primer pair (forward primer/
reverse primer)

Encoded protein (gene [genome sequence designation])

Size (bp) of

Nucleotide sequence” (5'—3") PCR fragment

ERD-1/BRD-3 Oxygen-insensitive NADPH nitroreductase (rdx4 [HP0954]) GTTAGGGATTTTATTGTATG 427
ACGCCAAGCATTTGAGCAAA

ERD-2/BRD-4 Oxygen-insensitive NADPH nitroreductase (rdxA [HP0954]) AAAGTTAGAGTGATCCCCTC 351
TAATTTAGGTTTGATTATAG

EFR-1/BFR-3 NADPH flavin oxidoreductase (fix4 [HP0642]) TCTCAAGCGGAAAAATCCGG 445
AATTTTTGATGATTTGAGCG

EFR-2/BFR-4 NADPH flavin oxidoreductase (fix4 [HP0642]) ATTATGACACTAATTCTAGG 388
CTAACGCCAAGCTTTTTATG

“ Nucleotide sequences were obtained from the H. pylori complete genome sequence (26).
Louis, Mo.) ranging from 0.25 to 256 wg/ml. Fresh H. pylori isolates (2- to 3-day RESULTS

cultures) were prepared in sterile saline and adjusted to a no. 2 McFarland
standard. Using a Steers-type replicating device, 1 to 5 ul of the adjusted inocula
was delivered to the agar dilution plates. All plates were incubated under Campy-
Pak Plus conditions (Becton Dickinson BBL, Cockeysville, Md.) for 3 days. The
MIC was defined as the lowest concentration of metronidazole that completely
inhibited the growth of the inoculum. Metronidazole-resistant H. pylori ATCC
43504 was used as a quality control organism. Any test for which the MIC for the
quality control organism was outside the approved range (64 to 256 pg of
metronidazole/ml) was discarded, and the test was repeated.

AP genomic fingerprinting. Forty nanograms of genomic DNA purified from
multiple colony expansion of the 12 paired strains was added to a PCR mixture
consisting of 10 mM Tris-Cl (pH 9.0), 50 mM KCl, 0.1% Triton X-100, 3 mM
MgCl,, 1 U of Tag polymerase (Promega, Madison, Wis.), and 20 pmol of primer
pMAYV 17B (5'-CACTCGTCGGGAATGCCCT-3') in a previously described
PCR assay (13). Amplification was carried out in an MJ Research thermocycler
(New York, N.Y.) for 40 cycles as follows: 94°C for 30 s, 37°C for 1 min, and 72°C
for 1 min. Aliquots of the PCR-amplified product (10 to 20 pl) were resolved in
1% agarose gels containing 0.5X TAE (0.04 M Tris-acetate, 0.001 M EDTA) and
stained with ethidium bromide. Arbitrary primed (AP)-PCR amplifications were
performed twice to determine the reproducibility of the genomic DNA finger-
printing for each H. pylori isolate. The DNA band patterns were visualized by
ethidium bromide staining under a short-wavelength UV light source and were
photographed with Polaroid 667 film.

PCR amplification of rdxA and frx4 genes. Genomic DNA from the 12 met-
ronidazole-sensitive and -resistant H. pylori pairs was extracted as described
previously (19). Oligonucleotide PCR primers to amplify the rdxA4 and fix4 genes
were used as shown in Table 1. Two pairs of oligonucleotide primers for rdx4
were used to generate a 427-bp fragment for the NH; terminus of RdxA (primer
pair ERD-1/BRD-3) and a 351-bp fragment for the COOH portion of RdxA
(primer pair ERD-2/BRD-4). The two fragments overlap over 41 bp between
primers ERD-2 and BRD-3 (in the middle of rdx4), including a full length of
rdxA. The primer ERD-1 was designed for positions —54 to —33 upstream of the
first rdxA codon and BRD-4 was designed for positions 26 to 45 downstream of
the rdxA stop codon. Similarly, two pairs of oligonucleotide primers for fix4 were
used to generate a 445-bp fragment for the NH; portion of FrxA (primer pair
EFR-1/BFR-3) and a 388-bp fragment for the COOH portion of FrxA (primer
pair EFR-2/BFR-4). The two fragments overlap over 42 bp between primers
EFR-2 and BFR-3 (in the middle of fix4), including a full length of fix4. The
primer EFR-1 was designed for positions —79 to —58 upstream of the first fix4
codon and the primer BFR-4 was designed for positions 29 to 48 downstream of
the fixA stop codon. The PCR amplification and thermocycler conditions were
identical to those described previously (20). The amplified PCR fragments were
inserted into the pBluescript SK vector (Stratagene, La Jolla, Calif.) for DNA
sequencing analysis.

DNA sequence determination and analysis. DNA sequences of the cloned
fragments were determined for both strands at the Molecular Genetics Core
Facility of Baylor College of Medicine. DNA sequence determinations of the
cloned fragments were repeated by SEQWRITE, Houston, Tex., to confirm the
identity of the DNA sequences. In parallel, PCR amplification and DNA se-
quence determination of the known rdxA and fixA genes from H. pylori ATCC
700392 (26) were also performed to ensure PCR amplification fidelity. The
resulting DNA sequences were analyzed by the Genetics Computer Group Pro-
grams (4), and the similarity search of the deduced protein sequences was
performed by the BLASTX algorithm of the National Center for Biotechnology
Information.

Identification of metronidazole-sensitive and -resistant
pairs of H. pylori. Isolates from 12 duodenal ulcer patients who
had pretreatment for metronidazole-sensitive H. pylori and
after failing anti-H. pylori therapy containing metronidazole
had metronidazole-resistant H. pylori were selected for this
study. The 12 patients visited the Veterans Affairs Medical
Center between 1994 and 1998 and underwent follow-up en-
doscopy 1 to 6 months after completing therapy (Table 2). The
MICs of metronidazole for the 12 metronidazole-sensitive and
-resistant pairs were confirmed by agar dilution MIC measure-
ment and are shown in Table 2. The MICs for all metronida-
zole-sensitive strains were 0.5 to 2 pg of metronidazole/ml and
for the metronidazole-resistant strains that emerged following
therapy were 8 to 128 pg of metronidazole/ml.

TABLE 2. MICs of metronidazole for the 12 pairs of
metronidazole-sensitive and -resistant H. pylori
isolates from 12 duodenal ulcer patients

Isolate H. pylori Metronidazole Visit date in hospital
no.” strain MIC (jg/ml) (mo-day-yr)
la 5032 1 3-2-98
1b 5413 8 4-13-98
2a 6826 1 8-26-98
2b 6102 8 10-2-98
3a 1769 2 12-9-94
3b 1838 32 3-17-95
4a 6223 2 2-23-98
4b 6413 32 4-13-98
Sa 1869 1 5-11-95
Sb 1950 64 7-31-95
6a 2024 1 2-4-98
6b 2312 64 3-12-98
Ta 2106 2 1-8-96
7b 2228 128 7-2-96
8a 1678 1 4-28-94
8b 1740 128 9-26-94
9a 1365 1 1-11-94
9b 1857 128 4-25-94
10a 5047 0.5 4-7-98
10b 5078 128 5-13-98
11a 2323 1 3-23-98
11b 2511 128 5-11-98
12a 8523 1 5-22-98
12b 8076 128 7-6-98

IRt}
a

“ Isolate numbers with an indicate before and with a “b” indicate after
anti-H. pylori therapy containing metronidazole.
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FIG. 1. Genomic fingerprinting patterns by AP-PCR. Each pair of
H. pylori isolates except that for patient 11 showed similar banding
patterns. Isolates 2a and b, 6a and b, 7a and b, 9a and b, and 10a and
b showed a higher intrastrain variation than did the other pairs, al-
though the major bands corresponded, which contrasts with isolates
11a and b, for which all the bands were different. M, molecular size
marker.

Genotype analysis of the metronidazole-sensitive and -resis-
tant H. pylori paired isolates. AP-PCR genomic fingerprinting
analysis was performed to investigate the genotypes of the 12
paired strains pre- and posttherapy and to assess the genetic
relatedness of the strains. Interstrain variation (comparison
between individuals) was very high, as expected, while intra-
strain variation (pairs from the same individual) was very low,
with one exception (Fig. 1). The genotype pairs of patients 2,
6, 7,9, and 10 showed more intrastrain variation than did the
other pairs, although all the major bands were the same. The
H. pylori genotype from patient 11 showed a different banding
pattern before and after therapy, with the two patterns being as
different as the patterns of isolates from other patients and
representing completely different strains of H. pylori, suggest-
ing reinfection with a different strain or the emergence of a
minor subpopulation.

Amino acid sequence comparisons of RdxA and FrxA from
the metronidazole-sensitive isolates. Amino acid sequences
from the 12 metronidazole-sensitive isolates were aligned with
those from metronidazole-sensitive H. pylori J99 (MIC, 1 pg of
metronidazole/ml) (1), ATCC 700392 (MIC, 4 pg/ml) (26),
and 2600 (MIC, 2 pg/ml) (20). As shown in Fig. 2A, the amino
acid identity among the 14 RdxA proteins ranged from 92 to
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98% compared to RdxA of H. pylori J99. However, the vari-
ability of amino acid sequences in the RdxA proteins did not
relate to the MICs, suggesting that these amino acid changes
did not directly relate to the functional activity of the enzyme.
One hundred sixty of the 210 amino acids of RdxA (76%) were
conserved (100% identity) among the 15 metronidazole-sensi-
tive strains. The amino acid identity among the 14 FrxA pro-
teins ranged from 95 to 98% compared to FrxA of H. pylori J99
(Fig. 2B). The variability of amino acid sequences in the FrxA
protein was also not related to the MICs. One hundred ninety-
four of the 217 amino acids of FrxA (89%) were conserved
(100% identity) among the 15 metronidazole-sensitive strains.
FrxA varied less than RdxA did based on the proportion of
conserved amino acids, 76% for RdxA and 89% for FrxA.

RdxA and FrxA amino acid sequence comparisons between
paired metronidazole-sensitive and -resistant isolates. Amino
acid sequence comparisons of RdxA between the 12 metron-
idazole-sensitive and -resistant pairs of isolates showed that 8
metronidazole-resistant strains contained prematurely trun-
cated RdxA caused by the presence of nonsense mutations
(strains 1838, 6413, 1740, 1857, 2511, and 8076) or frameshift
mutations (strains 2228 and 5078). Two resistant strains (1950
and 2312) contained amino acid substitutions (missense muta-
tions) not found in the 12 metronidazole-sensitive strains,
strain ATCC 700392 (26), or J99 (1). Two other low-level (8
pg/ml) metronidazole-resistant strains (5413 and 6102) con-
tained unchanged RdxA compared to the sequences of the
metronidazole-sensitive partner (Table 3).

Amino acid sequence comparisons of FrxA between the 12
metronidazole-sensitive and -resistant pairs of isolates re-
vealed that the 9 metronidazole-resistant strains contained
prematurely truncated FrxA caused by nonsense mutations
(strains 2312 and 1857) or frameshift mutations (strains 1838,
1950, 2228, 1740, 5078, 2511, and 8076). The other 3 resistant
strains (5413, 6102, and 6413) contained amino acid substitu-
tions (missense mutations) not found in the 12 metronidazole-
sensitive strains, strain ATCC 700392 (26), or J99 (1) (Table
4).

Genetic alterations in both the RdxA and FrxA proteins
from the metronidazole-resistant strains, including six high-
level metronidazole-resistant strains (MIC, 128 pg/ml) (strains
2228, 1740, 1857, 5078, 2511, and 8076) and one moderate-
level (MIC, 32 pg/ml) metronidazole-resistant strain (1838),
were in the form of truncated RdxA and FrxA caused by
nonsense and frameshift mutations. Three strains with moder-
ately resistant H. pylori (MIC, 32 to 64 pg/ml) (strains 6413,
1950, and 2312) contained a single truncated RdxA or FrxA
with correspondingly altered FrxA or RdXA caused by non-
sense, frameshift, or unique missense mutations. The two low-
level (MIC, 8 png/ml) metronidazole-resistant strains (5413 and
6102) had untruncated RdxA and FrxA proteins. Both con-
tained unique amino acid substitutions in the FrxA protein
with no specific amino acid change in the RdxA protein (Ta-
bles 3 and 4).

DISCUSSION

We previously reported that functional inactivation of rdxA4
and fix4 from metronidazole-sensitive H. pylori strains con-
ferred resistance to metronidazole (18, 20). We also previously
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FIG. 2. Comparison of RdxA and FrxA amino acid sequences from the 12 metronidazole-sensitive pretreatment H. pylori isolates, including
metronidazole-sensitive H. pylori J99 (MIC, 1.0 wg/ml) (1), ATCC 700392 (MIC, 4.0 pg/ml) (26), and 2600 (MIC, 2.0 wg/ml) (20). (A) Amino acid
sequence alignment of RdxA proteins. (B) Amino acid sequence alignment of FrxA proteins. The percent identity of the amino acids was compared
to the proteins of H. pylori J99. Bold type in the first line shows absolutely conserved amino acids (100% identity) among all compared proteins.

Mtz, metronidazole.

examined 17 randomly selected metronidazole-resistant H. py-
lori isolates from North America and found frameshift muta-
tions in rdxA in all isolates associated with metronidazole re-
sistance (21). This study used paired isolates to investigate the
roles of both rdxA and fixA in the development of metronida-
zole resistance. We documented the emergence of posttherapy
resistance to metronidazole among patients who had failed
therapy with a metronidazole-containing anti-H. pylori regi-
men. The emergence of posttherapy resistance to metronida-

zole is most likely due to the mutagenic activity of metronida-
zole in the cells. The mutagenic activity of metronidazole was
proven in H. pylori (25).

Neither rdxA nor frxA is a lethal gene for H. pylori survival
(20), and metronidazole has been shown to be mutagenic in H.
pylori (25), which is possibly responsible for the observation
that clinical use of metronidazole often results in the develop-
ment of metronidazole resistance. The 12 metronidazole-resis-
tant isolates had metronidazole MICs that ranged from 8 to
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FIG. 2—Continued.

128 pg/ml, reflecting the typical distribution seen among clin-
ical H. pylori metronidazole-resistant isolates (6, 27), and the
12 metronidazole-sensitive isolates had an average metronida-
zole MIC of 1 pg/ml. The results of this study are consistent
with the notion that metronidazole susceptibility is dependent
on the level of nitroreductase activity produced by rdx4 and
fixA, and the dual inactivation of these genes conferred high-
level resistance, with MICs ranging from 128 to 256 pg of
metronidazole/ml (18, 20). It is likely that MICs of less than
128 pg/ml are caused by partial and/or incomplete inactivation
of the genes.

The results are also consistent with metronidazole-resistant

strains most commonly developing from metronidazole-sensi-
tive strains rather than from coinfection with a sensitive and a
resistant strain (i.e., a mixed infection of sensitive and resistant
strains). The one individual with different strains pre- and
posttherapy (patient 11) could have been reinfected by a dif-
ferent strain of H. pylori between the end of treatment and
follow-up, or the patient could have been initially infected with
two different strains of H. pylori, with the sensitive strain grow-
ing at a higher density than the resistant strain. The frequency
of each pathway can be established by performance of further
AP-PCR experiments (8) on individual colonies from each
isolate of patient 11 because the template DNA used for AP-
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TABLE 3. Pairwise amino acid and nucleotide sequence analysis of RdXA proteins from 11 pairs of
metronidazole-sensitive and -resistant H. pylori isolates

Genetic alterations” in:

H. pylori MIC
strain (pg/ml) Amino acid sequence” Nucleotide sequence®
5413 8 No specific change No specific change?
6102 8 No specific change No specific change
1838 32 W at position 209 to stop codon Nonsense mutation (G to A at position 626)
6413 32 W at position 209 to stop codon Nonsense mutation (G to A at position 627)
1950 64 D at position 157 to N Missense mutation (G to A at position 467)¢
2312 64 G at position 189 to C; A at position 206 to T Missense mutations (G to T at position 565; G to A at position 616)°
2228 128 Generated a stop codon at position 15 Frameshift due to one nucleotide (T) addition at position 17
1740 128 Q at position 50 to stop codon Nonsense mutation (C to T at position 148)
1857 128 E at position 35 to stop codon Nonsense mutation (G to T at position 103)
5078 128 Generated a stop codon at position 98 Frameshift due to one nucleotide (A) addition at position 228
8076 128 Q at position 50 to stop codon Nonsense mutation (C to T at position 148)

¢ Pairwise amino acid and nucleotide sequence alignment was performed against the metronidazole-sensitive partner strain from the same patient who failed anti-H.
pylori therapy containing metronidazole. If the RdxA proteins from metronidazole-resistant strains were not truncated, the amino acid sequences were aligned not only
with the partner metronidazole-sensitive strain but also with all other metronidazole-sensitive RdxA amino acid sequences, including H. pylori ATCC 700392 (26) and

H. pylori J99 (1).
® The initiation amino acid (methionine) was counted as +1.
¢ Nucleotide A from the first codon (ATG) for RdxA was counted as +1.

4 No specific change, no nucleotide substitution for the specific amino acid change.
¢ The shown missense mutations were not found at the indicated positions in RdxA proteins from the 11 paired pretreatment metronidazole-sensitive H. pylori strains,

H. pylori ATCC 700392 (26), or 199 (1).

PCR was purified from multiple colony expansion. The other
11 AP-PCR fingerprinting genotype patterns between the
paired isolates before and after therapy were almost identical.

It is of interest that mutations in both rdx4 and fix4 associ-
ated with metronidazole resistance did not show either a spe-
cific type of mutation or a specific position in either gene. For
this study, frameshift mutations appeared to be the major
cause for the premature truncation of FrxA and nonsense
mutations appeared to be the major cause for the premature
truncation of RdxA. However, in our previous study frameshift
mutations were the major cause for the premature truncation
of RdxA (21), suggesting that either type of mutation may be
involved for either gene. The analysis of mutations from the 12

metronidazole-resistant isolates showed that there was no spe-
cific position at which the substitution, insertion, or deletion
typically occurs to produce metronidazole resistance. All six
strains that developed high-level metronidazole resistance
(MIC:s of 128 wg/ml) contained premature truncations of both
RdxA and FrxA. The four strains with metronidazole MICs
between 32 and 64 pg/ml contained a single premature gene
truncation and/or unique missense mutations in both RdxA
and FrxA. However, low-level metronidazole-resistant strains
(MICs, 8 pg/ml) contained unique missense mutations in FrxA
with no specific change in RdxA (Table 5). Interestingly, strain
1838 contained premature truncations in both RdxA and FrxA
but did not develop high-level metronidazole resistance as was

TABLE 4. Pairwise amino acid and nucleotide sequence analysis of FrxA proteins from 11 pairs of
metronidazole-sensitive and -resistant H. pylori isolates

Genetic alterations® in:

H. pylori MIC

strain (ng/ml) Amino acid sequence” Nucleotide sequence®

5413 8 R at position 206 to H Missense mutation (G to A at position 617)¢

6102 8 W at position 137 to R; E at position 164 to G Missense mutations (T to A at position 409; A to G at
position 491)¢

1838 32 Generated a stop codon at position 46 Frameshift due to one nucleotide (G) deletion at position 46

6413 32 C at position 161 to Y Missense mutation (G to A at position 482)

1950 64 Generated a stop codon at position 74 Frameshift due to one nucleotide (G) deletion at position 208

2312 64 W at position 49 to stop codon Nonsense mutation (G to A at position 146)

2228 128 Generated a stop codon at position 74 Frameshift due to one nucleotide (G) deletion at position 208

1740 128 Generated a stop codon at position 74 Frameshift due to one nucleotide (G) deletion at position 208

1857 128 Q at position 168 to stop codon Nonsense mutation (C to T at position 505)

5078 128 Generated stop codons at positions 22 and 126 Frameshift due to one nucleotide (A) addition at position 55
and one nucleotide (A) deletion at position 316

8076 128 Generated a stop codon at position 74 Frameshift due to one nucleotide (G) deletion at position 208

“ Pairwise amino acid and nucleotide sequence alignment was performed against the metronidazole-sensitive partner strain from the same patient who failed anti-H.
pylori therapy containing metronidazole. If the FrxA proteins from metronidazole-resistant strains were not truncated, the amino acid sequences were aligned not only
with the partner metronidazole-sensitive strain but also with all other metronidazole-sensitive FrxA amino acid sequences, including H. pylori ATCC 700392 (26) and
H. pylori J99 (1).

® The initiation amino acid (methionine) was counted as +1.

¢ Nucleotide A from the first codon (ATG) for FrxA was counted as +1.

@ The shown missense mutations were not found at the indicated positions in FrxA proteins from the 11 paired pretreatment metronidazole-sensitive H. pylori strains,
H. pylori ATCC 700392 (26), or J99 (1).
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TABLE 5. Comparison of RdxA and FrxA alterations
in metronidazole-resistant H. pylori

Alteration? in

H. pylori strain(s) MIC (pg/ml)

RdxA FrxA
1740, 1857, 2228, 2511, - - 128
5078, 8076
1950 A - 64
2312 A - 64
1838 - - 32
6413 - A 32
5413 N A 8
6102 N A 8

¢ —, premature truncation; A, unique missense mutation; N, no specific
change.

shown for the other six strains. Premature truncation resulted
in an RdxA protein that was only one amino acid shorter than
the full-length enzyme (i.e., nonsense mutation at amino acid
209 of 210) such that it still retained some metronidazole
nitroreductase activity. This isolate was thus more susceptible
to metronidazole than isolates having complete RdxA and
FrxA truncation. The results presented in this study verify the
involvement of FrxA in metronidazole resistance among clin-
ical isolates as shown previously (15, 16, 18, 20). In addition,
the results could explain previous observations that some met-
ronidazole-resistant strains containing an intact RdxA dem-
onstrate a wide range of metronidazole MICs (3, 14). In
summary, these findings confirm that dual rdx4 and fixA inac-
tivation is required for production of high-level metronidazole
resistance, whereas a single rdxA4 or frxA inactivation may result
in low- or moderate-level metronidazole resistance (20).
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