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We investigated the �-lactam resistance mechanism(s) of an in vitro-selected amoxicillin-resistant Helico-
bacter pylori strain (AmoxR). Our results demonstrated that resistance is due to a combination of amino acid
substitutions in penicillin binding protein 1 (PBP1), HopB, and HopC identified in AmoxR, resulting in
decreased affinity of PBP1 for amoxicillin and decreased accumulation of penicillin.

Helicobacter pylori is the most common cause of gastric and
duodenal ulcers and is strongly associated with the develop-
ment of gastric adenocarcinoma and mucosa-associated lym-
phoid tissue lymphoma (4). Treatment of H. pylori infection
typically employs a triple-drug regimen using two antibiotics
and a proton pump inhibitor or bismuth (4). However, resis-
tance to the most commonly used antibiotics has already been
observed worldwide (3, 8).

In a previous study (1), we isolated an amoxicillin-resistant
mutant strain of H. pylori 43579 (designated AmoxR) with a
MIC of 4 to 8 �g/ml by progressively culturing an amoxicillin-
susceptible strain (AmoxS; MIC, 0.03 to 0.06 �g/ml) in increas-
ing amounts of amoxicillin. The penicillin binding protein
(PBP) profile of this strain showed a decreased affinity of PBP1
for amoxicillin, and AmoxR demonstrated a decrease in 14C-
labeled penicillin G accumulation (1). In this study, we report
the presence of pbp1 and hop mutations in the in vitro-selected
amoxicillin-resistant mutant AmoxR and determine their ef-
fects on amoxicillin susceptibility.

The pbp1 genes from AmoxS and AmoxR were amplified by
PCR using primer sequences derived from the published 26695

sequence (12). The PCR products were sequenced at the Uni-
versity of California (UC), Riverside, Genomics Institute, and
sequence alignment was performed in Sequencher (Gene
Codes Corporation, Ann Arbor, MI). Comparison of the two
pbp1 sequences revealed a threonine-to-methionine conver-
sion in the 438th amino acid position of PBP1 in AmoxR,
located adjacent to an SLN motif, one of the penicillin binding
domains (7). Others have also identified mutations localized
around the SKN, SNN, and KTG motifs (7), which may be
involved in �-lactam resistance (6, 9, 10, 11). To characterize
the effect of this single T438M mutation in PBP1 on amoxicil-
lin resistance, the gene was introduced into the well-character-
ized amoxicillin-susceptible (MIC, 0.06 �g/ml) H. pylori strain
700392, using electroporation as described by Wang et al. (13).
Transformant selection was performed by plating electropo-
rated cells onto brucella agar plates containing 5% sheep blood
and amoxicillin at various concentrations. Several transfor-
mants (including PBP1-T) were randomly selected and found
to have MICs for amoxicillin of 0.5 �g/ml, an eightfold increase
compared to the parental strain (Table 1). Amplification and
sequencing of the pbp1 gene from PBP1-T confirmed that
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TABLE 1. MICs of each �-lactam antibiotic for H. pylori 700392 and various transformantsa

Strain
MIC

Amoxicillin Ampicillin Penicillin G Ceftriaxone Cefuroxime Mezlocillin Characteristics

700392 0.06 0.06 0.06 0.5 0.5 1 ATCC type strain
PBP1-T 0.5 0.5 0.5 0.5 1 1 PBP1 transformant
HopB-T 0.25 0.5 1 1 1 2 HopB transformant
HopC-T 0.125 0.5 0.5 1 0.5 1 HopC transformant
PBP1-T/HopB-T 2 4 2 4 2 4 PBP1/HopB double mutant
PBP1-T/HopC-T 1 2 1 2 1 2 PBP1/HopC double mutant
PBP1/HopB/HopC

triple mutant
4 8 2 2 2 4 Triple mutant

AmoxR 4–8 4–8 4–8 4–8 4–8 2–4 In vitro-selected strain

a MICs were determined after 48 h of incubation at 37°C by a broth microdilution method as described previously (1). The data shown (in �g/ml) are the modes of
at least three separate experiments.
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the transformant possessed the mutant pbp1 from AmoxR.
PBP1-T also had comparably increased MICs for ampicillin
and penicillin G, although little or no increase in MIC levels
was noted for the other �-lactams examined, suggesting that
this particular pbp1 mutation in AmoxR affects the binding
affinity of PBP1 for only a few specific antibiotics.

To compare the affinity of PBP1 for amoxicillin in 700392
and PBP1-T, we titrated the binding of PBP1 using biotinyl-
ated amoxicillin (bio-Amox) as described previously (1). In this
study, equivalent amounts of membrane proteins were labeled
for 10 min at room temperature with bio-Amox concentrations

ranging from 0.001 to 2 �g/ml. At very low to moderate amoxi-
cillin concentrations, the PBP1 in PBP1-T bound substantially
less amoxicillin than the PBP1 in the susceptible parental strain
(Fig. 1); it required more than eight times as much bio-Amox
to achieve equivalent binding of PBP1 in PBP1-T as in 700392.
Interestingly, the saturation of PBP1 with bio-Amox in both
strains occurred at concentrations near their respective MICs
(Fig. 1B). For strain 700392, saturation binding started be-
tween 0.05 and 0.1 �g/ml (MIC � 0.06), while in the transfor-
mant PBP1-T, saturation binding occurred at 0.8 �g/ml (MIC �
0.5). These data suggest a possible correlation between the

FIG. 1. (A) Bio-Amox labeling of 700392 and PBP1-T PBPs. Equivalent amounts of membrane proteins were exposed to increasing amounts
of bio-Amox to saturation. The numbers indicate bio-Amox concentrations (�g/ml) used to label PBP1. The arrows indicate the locations of the
PBP1 band; the two lower bands correspond to PBP2 and PBP3. (B) Quantitative densitometric tracings of PBP1 bands. The data represent the
means � standard deviations based on four separate experiments (including the gel shown in panel A).

FIG. 2. 14C-labeled penicillin G accumulation of H. pylori 700392 and hop transformants. Log-phase cultures were incubated with 14C-labeled
penicillin G, and 1-ml aliquots were taken at 15, 30, 45, and 60 minutes, centrifuged, and washed, and radioactivity was measured in a scintillation
counter. The error bars represent the means � standard errors of the means based on three separate experiments.
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degree of amoxicillin binding and the level of susceptibility to
amoxicillin.

In our previous study, AmoxR accumulated �40% less 14C-
labeled penicillin G than equal numbers of AmoxS bacteria
(1). Since decreased permeability of antibiotics through the
outer membrane of AmoxR could account for the lower accu-
mulation of 14C-labeled penicillin G, we focused on H. pylori
porin proteins (2, 5, 12). Sequence alignments of the genes
hopA, hopD, and hopE from AmoxR, compared to their pa-
rental counterparts in AmoxS, did not reveal any amino acid
substitutions. On the other hand, the hopB gene of AmoxR
possesses a number of mutations localized in the amino acid
116 to 201 region, and the hopC gene possesses a stop codon at
the 211th amino acid position (data not shown). When these
genes were transformed into 700392, the resulting strains were
observed to have increased MICs for amoxicillin of 0.25 �g/ml
for HopB-T and 0.125 �g/ml for HopC-T (Table 1). When the
MICs for other antibiotics were tested, both transformants had
elevated MICs for ampicillin and penicillin G but little or no
increase for the other �-lactams tested.

Subsequent experiments revealed decreased 14C-labeled
penicillin G accumulation in the hop mutants, approximately
20% and 10% less than that in the parental strain for HopB-T
and HopC-T, respectively, after 60 min of incubation. The
most dramatic decrease was observed at the 15-min time point,
when �30% less 14C-labeled penicillin G had accumulated in
both strains (Fig. 2).

Double mutants possessing pbp1-T438M and altered hop
genes were constructed and showed increased MICs for all
�-lactams tested in an additive fashion, particularly the PBP1-
T/HopB mutant (Table 1), indicating that the PBP1 and HopB
alterations work in concert to decrease the effectiveness of the
antibiotics. When both hop genes were transformed into
PBP1-T, creating a triple mutant, a further decrease in 14C-
labeled penicillin G accumulation (Fig. 2), as well as a concur-
rent increase in the MIC, was observed (Table 1). The MIC
level for amoxicillin observed in the triple mutant was 4 �g/ml,
comparable to that seen in AmoxR (4 to 8 �g/ml). In addition,
the 14C-labeled penicillin G accumulation levels in this triple
mutant reflected about a 40% decrease compared to the pa-
rental strain at the 60-min time point (Fig. 2), comparable to
that observed with AmoxR (1). These experiments suggest that
the amino acid substitutions affecting PBP1, HopB, and HopC
account for all the resistance mechanisms found in AmoxR.
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