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In Helicobacter pylori, the contribution of efflux proteins to antibiotic resistance is not well established. As
translocases that act in parallel may have overlapping substrate specificities, the loss of function of one such
translocase may be compensated for by that of another translocase with no effect on susceptibilities to anti-
biotics. The genome of H. pylori 26695 was assessed for the presence of putative translocases and outer mem-
brane efflux or TolC-like proteins which could interact to form efflux systems involved in drug resistance.
Twenty-seven translocases were identified, of which HP1184 was the sole representative of the multidrug and
toxic compound extrusion family of translocases and which could thus have a unique substrate specificity. In
addition, four TolC-like proteins (HP0605, HP0971, HP1327, and HP1489) were identified. Thus, it is feasible
that inactivation of a TolC-like protein would affect the functions of multiple translocases. We aimed to de-
termine whether efflux systems contribute to antimicrobial susceptibility by evaluation of the susceptibility
profiles of an HP1184-knockout mutant, four mutants in which one of the four TolC homologs was inactivated,
as well as a mutant in which both HP0605 and HP0971 were inactivated. The HP1184- and HP1489-knockout
mutants both showed increased susceptibilities to ethidium bromide, while the HP0605-knockout mutant ex-
hibited increased susceptibilities to novobiocin and sodium deoxycholate. The HP0605 and HP0971 double-
knockout mutant was also more susceptible to metronidazole, in addition to being susceptible to novobiocin
and sodium deoxycholate. Thus, active efflux is an eminent means of resistance to antimicrobials in H. pylori

and resembles the situation in other bacteria.

Helicobacter pylori colonizes the gastric mucus layer of ap-
proximately half of the world’s population (9, 10). Infection
with this bacterium results in a superficial gastritis, which can
progress into peptic ulceration. Moreover, H. pylori infection is
strongly associated with the development of atrophic gastritis
and gastric cancer (9).

Present treatments for H. pylori infection include a proton
pump inhibitor in combination with amoxicillin or metronida-
zole (MTZ) and clarithromycin (14). Bacterial resistance to
MTZ or clarithromycin hampers the treatment of H. pylori
infections. Also, additional treatment with, for example, tetra-
cycline (TET), ultimately results in increasing rates of resis-
tance to the drug. Possible mechanisms of intrinsic drug resis-
tance involve decreased drug uptake or increased drug efflux
(22).

Five families of multidrug efflux transporters have been
described: small multidrug resistance (SMR) proteins, mul-
tidrug and toxic compound extrusion (MATE) proteins, the
major facilitator superfamily (MFS), the ATP-binding cassette
(ABC) superfamilies, and the resistance-nodulation-cell divi-
sion (RND) family (23). Generally, in gram-negative bacteria,
the last three efflux pumps or translocases are located in the
inner membrane and are therefore also called inner membrane
efflux proteins (IEPs), which act with two other components, a
periplasmic efflux protein (PEP), which facilitates the inter-
action with the other component, and an outer membrane
efflux protein (OEP), which is TolC or a TolC homolog (13).
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Bacteria may have a number of different translocases and may
act with only a limited number of OEPs. In Escherichia coli,
four TolC-like proteins may act with an eightfold higher num-
ber of translocases (16). Poor sequence conservation of the
OEP family in bacterial efflux systems in part hampers func-
tional characterization, but the presence of structural domains
within these proteins as well as genetic clustering with a trans-
locase and an accessory component facilitate their identifica-
tion (13).

Johnson and Church (13) identified two TolC homologs,
HPO0605 and HP1489, in H. pylori on the basis of their struc-
tural similarities with OEP domains. In addition, Bina and
coworkers (6) identified three RND efflux systems, each of
which consisted of a translocase, an accessory protein, and a
TolC homolog (HP0605 to HP0607, HP0971 to HP0969, and
HP1327 to HP1329). Nevertheless, they could not establish
a role for these efflux systems in antibiotic resistance, since
knockout mutants for each of the three translocases (HP0607,
HP0969, and HP1329) displayed profiles of susceptibility to 19
different antibiotics identical to that of their wild-type strains
(6). Still, since parallel translocases may have overlapping sub-
strate specificities (16), the loss of function in a knockout
mutant for one translocase may be compensated for by the
activity of another translocase.

In silico, we identified 26 putative translocases belonging to
the ABC, MFS, and RND families of translocases but only one
putative translocase belonging to the MATE family of trans-
locases. In addition to the four known OEPs or TolC homologs
(HP0605, HP0971, HP1327, and HP1489), other OEPs were
not identified. We aimed to determine whether efflux systems
contribute to antibacterial compound susceptibility by evalua-
tion of the susceptibility profiles after insertional inactivation
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TABLE 1. Primers used in this study

Primer name’ Locus name (reference)

Sequence (5'-3")" Amplicon size (bp)°

HP0605f hefA (6)
HP0605r hefA
HP0971f hefD (6)
HP0971r hefD
HP1184f

HP1184r

HP1327f hefG (6)
HP1327r hefG
HP1489f

HP1489r

ACGCCTCGAGTAAAAGCGCAAGGGAATTTG 410
ACGCTCTAGATTCGCTAATTGGCCTAGCAT

ACGCCTCGAGAAACCAACGTGGAAACCAAA 402
ACGCTCTAGACGCTTTGCAAATCCAAGAAT

ACGCTCTAGACTCAAAGCACGGCAGAATTT 445
ACGCCTCGAGGAACTTTTGGTGCGTTGGAT

ACGCCTCGAGCGCTATCTGCCAGCCATTAT 327
ACGCTCTAGATTTGCTCCACCAATTTAGCC

ACGCCTCGAGCAAAAAGCCACCAACCAGAT 462
ACGCTCTAGAATAAGCCACTTGAGCGCCTA

“ Numbers refer to the loci in H. pylori 26695 (28).
b Restriction enzyme sites used for cloning in pBSII KS* are underlined.

¢ Expected sizes of the PCR products based on the sequenced genome of H. pylori 26695 (28).

of the MATE translocase and each of the four TolC homologs.
Overlapping substrate specificity was further assessed by the
construction of a double-knockout mutant by insertional inac-
tivation of both HP0605 and HP0971.

MATERIALS AND METHODS

Bacterial strains and culture conditions. H. pylori strain 1061 (12) was cul-
tured on Columbia agar medium plates containing 7% lysed horse blood (Rot-
tier, Kloosterzande, The Netherlands). The bacteria were grown at 37°C under
microaerobic conditions (5% O,, 10% CO,, 85% N,) by using CampyPAK
pouches (Fisher Scientific, Pittsburgh, Pa.) for 48 h. Putative multidrug efflux-
knockout mutants of H. pylori were grown on horse blood agar plates containing
50 pg of kanamycin (KAN) per ml. An HP0605 and HP0971 double-knockout
mutant was grown on horse blood agar plates containing 50 pg of KAN per ml
and 10 pg of chloramphenicol (CHL) per ml.

DNA techniques. All standard DNA techniques, transformation of Escherichia
coli, and DNA analysis procedures were performed as described by Ausubel (5).
Plasmid DNA was isolated by use of a Wizard Plus SV miniprep kit (Promega,
Mannheim, Germany). All restriction endonucleases were obtained from Roche
(Palo Alto, Calif.). H. pylori DNA isolation and natural transformation of H. py-
lori 1061 were performed essentially as described previously (1, 31).

H. pylori 1061 knockout mutants for (putative) efflux proteins were constructed
by insertion of the KAN resistance cassette from pJMK30 (30) into HP0605,
HP0971, HP1184, HP1327, and HP1489. An HP0605 and HP0971 double-knock-
out mutant was made by natural transformation of the KAN-resistant HP0605-
knockout strain with pBSIT KS+ containing an internal HP0971 fragment inter-
rupted with a cat cassette from pAV35 (kindly provided by A. van Vliet), with
selection for both KAN- and CHL-resistant colonies. Insertion of the KAN
and/or cat resistance cassette at the desired location(s) in the H. pylori putative
efflux genes was confirmed by PCR (Table 1).

The frxA (HP0642) and rdxA (HP0954) genes were amplified with primer pairs
frx1-frx4 and rdx1-rdx4, respectively (17). The amplicons were sequenced by
using a Thermo Sequenase II dye terminator sequencing premix kit (Amersham,
Uppsala, Sweden), according to the instructions by the manufacturer, by using
the same primers. Sequences were obtained with an ABI Prism 3100 automated
sequencer (Perkin-Elmer, Norwalk, Conn.), and sequence analysis was per-
formed with a CodonCode Corporation (Dedham, Mass.) aligner (version 1.2.4).

Assessment of susceptibilities to antimicrobials. H. pylori cells grown for 48 h
on horse blood agar plates were resuspended in phosphate-buffered saline (Life
Technologies, Gaithersburg, Md.). Suspensions of H. pylori were adjusted to an
optical density at 540 nm of 0.65. Of these suspensions, 100 pl, which contained
approximately 107 CFU/ml, was spread on horse blood agar plates. The MICs of
CHL, erythromycin, gentamicin, MTZ, TET, trimethoprim, and vancomycin
were determined by Etest (AB Biodisk, Solna, Sweden). Susceptibilities to acri-
flavine (10 p.g), ethidium bromide (100 pg), nalidixic acid (10 pg), nickel chloride
(1.2 mg), polymyxin B sulfate (1 mg), sodium dodecyl sulfate (1 mg), and sodium
deoxycholate (1 mg) were determined on 6-mm Whatman (Maidstone, United
Kingdom) disks. Susceptibility to novobiocin was measured with a 5-pg novo-

biocin disk, and susceptibility to norfloxacin was measured with a 10-pg nor-
floxacin disk (Oxoid, Basingstoke, United Kingdom). The plates were incubated
for 48 to 72 h under microaerobic conditions.

RT-PCR. RNA from H. pylori 1061 and 11 clinical isolates recovered from
biopsy specimens (Department of Gastroenterology and Hepatology, Academic
Medical Center, Amsterdam, The Netherlands) was isolated with Trizol reagents
(Promega) with an additional phenol-chloroform extraction. Prior to reverse
transcriptase (RT) PCR, the RNA samples were treated with RQ1 RNase-free
DNase (Promega), followed by another phenol-chloroform extraction. RT-PCR
was performed according to the instructions for the Superscript First Strand
Synthesis system (Life Technologies). The primers used in the RT-PCR are given
in Table 1.

RESULTS

Putative multidrug efflux pumps in H. pylori. In the H. pylori
26695 genome, 27 putative translocases were identified by
assessment of the UniProt (Universal Protein Resource) data-
base (3) with InterPro accession numbers IPR003439 (ABC
family of transporters), IPR007114 (MFS translocases),
IPR001936 (RND family of transporters), and IPR002584
(MATE family of transporters). While the families of ABC
transporters, RND transporters, and MFS translocases are
represented by more than one example in the H. pylori ge-
nome, only one representative of the MATE family of trans-
locases, HP1184, was identified. This putative translocase dis-
plays a high degree of similarity (E value, 9¢°!) to NorM,
which was first identified in Vibrio parahaemolyticus (20). Since
HP1184 is the sole representative of the MATE family of
translocases in H. pylori, a unique function not paralleled by
those of other translocases was inferred.

Only four putative H. pylori OEPs or TolC homologs were
identified in the UniProt database with accession number
IPR003423 (OEP family). These results are consistent with the
notion that parallel translocases may function with only a lim-
ited number of OEPs (15). Genes encoding a TolC homolog
are often found in one cluster with genes encoding an IEP and
a PEP. Indeed, the four TolC homolog-encoding genes of
H. pylori are located adjacent to genes encoding a putative PEP
(AcrA, EmrA, HlyD), while three of them are located in a
cluster with genes encoding a putative PEP and an IEP (AcrB)
(Fig. 1), emphasizing their potential function as OEPs in efflux
systems. Since each of the four TolC homologs may combine
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FIG. 1. Genetic organization of putative H. pylori drug efflux proteins. Similarities with OEPs (TolC), PEPs (AcrA, EmrA, HlyD), and IEPs
(AcrB) are indicated for proteins with E values <107 in a search of the sequences in the National Center for Biotechnology Information

Conserved Domain Database (18) with the RPS BLAST program.

with many translocases, their inactivation was presumed to
affect the functions of many efflux systems and, hence, resis-
tance to antimicrobials.

Genes encoding the TolC and NorM homologs are tran-
scribed in vitro. Transcription of the genes encoding putative
efflux proteins for which knockout mutants were constructed
was assessed by RT-PCR with cDNA obtained from 12 differ-
ent H. pylori strains. All 12 strains displayed transcripts for
HP0605, HP0971, HP1184, HP1327, and HP1489, confirming
the in vitro expression of these genes (data not shown).

Active efflux systems in H. pylori revealed by susceptibility
profiles of the HP1184-, HP0605-, and HP1489-knockout mu-
tants. The susceptibilities of each of the five H. pylori mutants
and their wild-type strain to CHL, erythromycin, gentamicin,
TET, trimethoprim, and vancomycin were identical. However,
an HP0605-knockout mutant of H. pylori was more susceptible
to both novobiocin and deoxycholate than wild-type strain
H. pylori 1061, while the HP1489-knockout and the HP1184-
knockout mutants displayed increased susceptibilities to the
dye ethidium bromide (Table 2). Independent transformation
events resulted in identical susceptibility profiles for each of
the knockout mutants.

Simultaneous inactivation of HP0605 and HP0971 confer
MTZ resistance in H. pylori. Similar to parallel acting translo-
cases, some of the four OEPs could also form efflux systems
with overlapping specificities. To examine this hypothesis,
a double-knockout mutant was constructed in which both
HPO0605 and HP0971 were inactivated. This double-knockout
mutant was, like the HP0605 single-knockout mutant, more
susceptible to novobiocin and sodium deoxycholate (Table 2).
In addition, the susceptibility to MTZ was increased. The
MICs of MTZ for wild-type H. pylori strain 1061 and the five
single-knockout mutants were >256 wg/ml, while that of the
HPO0605 and HP0971 double-knockout mutant was only 8 g/
ml. Independent transformation events, in which either the
HPO0605 or the HP0971 single-knockout mutant was used as
the acceptor strain, resulted in HP0605 and HP0971 double-
knockout mutants with identical susceptibility profiles, indicat-
ing that secondary mutations are not the cause of the loss of
high-level MTZ resistance in the double-knockout mutant
strain.

In H. pylori, mutations in the rdx4 and fix4 genes are impli-
cated in MTZ resistance (17). Therefore, the rdxA and frxA
sequences of three mutant strains (the HP0605-knockout,
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TABLE 2. Susceptibilities of H. pylori 1061 and knockout mutants for putative multidrug efflux proteins to toxic compounds

Susceptibility of H. pylori (growth inhibition zone [mm])”

Compound Wild Wild type with the following inactivated gene:
ild type
P HP0605 HP0971 HP1184 HP1327 HP1489 HP0605 and HP0971
Acriflavine 10 11 11.5 11.5 11 11 11.5
Ethidium bromide 9 9 8.5 18 8 18 9
Nalidixic acid 8.5 8.5 7 7 7 7 8.5
Nickel chloride 13 13 12 13 13 13 13
Norfloxacin 20 20 21 21 20 20 21
Novobiocin 0 10 0 0 0 0 10
Polymyxin B sulfate 4 4 4 4 4 4 4
Sodium dodecyl sulfate 5.5 55 5.5 5 5 5 55
Sodium deoxycholate 4 11 4 4 4 4 11

“ HP numbers correspond to the H. pylori 26695 genome sequence (28) and indicate in which gene the KAN and/or cat resistance gene cassette(s) was inserted. Values
in boldface are markedly different from the value for the H. pylori 1061 wild-type control strain.

HP0971-knockout, and HP0605 and HP0971 double-knockout
mutant strains) and their wild-type strain were compared. The
sequences of each of the two genes were identical in all four
strains, excluding the possibility that the increased susceptibil-
ity of the HP0605 and HP0971 double-knockout strain to MTZ
was caused by mutations in rdxA4 or frxA.

DISCUSSION

Efflux systems have been identified in H. pylori, yet the pos-
sibility that these systems are implicated in multidrug resis-
tance has not been established previously (6, 21). This study for
the first time provides evidence that active efflux systems are
involved in H. pylori susceptibility to antimicrobials. In silico,
we identified HP1184 as the sole representative of the MATE
family of translocases in the H. pylori 26695 genome, which
might indicate that its activity is not covered by other translo-
cases. The H. pylori HP1184-knockout strain was more suscep-
tible to ethidium bromide, indicating that HP1184 is involved
in efflux of this agent. HP1184 encodes a putative protein
similar to the multidrug resistance protein NorM (20). Trans-
formation of a hypersensitive E. coli strain with V. parahaemo-
Iyticus norM conferred resistance to norfloxacin and ethidium
bromide, and elevated efflux of ethidium bromide was ob-
served (20). In Erwinia amylovora NorM mediates resistance to
hydrophobic cationic compounds like norfloxacin and ethid-
ium bromide (7). Similarly, expression of Burkholderia vietna-
miensis NorM in an E. coli acrAB mutant strain complemented
its hypersensitivity to norfloxacin (11). Thus, H. pylori HP1184
encodes a NorM homolog that actively extrudes ethidium bro-
mide in vitro, similar to the homolog found in other bacteria
(7, 11, 20). However, the H. pylori HP1184-knockout mutant
was not more susceptible to norfloxacin, indicating a difference
in substrate specificity.

On the basis of in silico analyses, four putative OEPs
(HP0605, HP0971, HP1327, and HP1489) were identified. As
in many other bacteria, the number of OEPs in H. pylori 26695
is low compared to the number of putative translocases with
which they could possibly interact to form efflux systems (16).
Inactivation of HP0605 or HP1489 resulted in H. pylori being
more susceptible to novobiocin and deoxycholate or to ethid-
ium bromide, respectively. In addition, the HP0605 and HP0971
double-knockout strain was also more susceptible to MTZ.

These results are consistent with the hypothesis that inactiva-
tion of one of the putative OEPs would abrogate the function
of a group of efflux systems and, thus, would have more of an
impact on antimicrobial efflux than inactivation of 1 of the 26
translocases other than HP1184.

The locations of the four OEP-encoding genes in H. pylori,
adjacent to genes encoding putative IEPs (ArcA homologs)
and PEPs (AcrB homologs), which may function as adaptors
and translocators, respectively, is supportive of their actual
TolC-like function (15, 27). In E. coli, TolC has been impli-
cated in type I protein secretion as well as drug efflux (2, 8).
The export of the hemolysin HIyA is a well-characterized ex-
ample of type I protein secretion in E. coli (15). TolC operates
in protein export in many other bacteria with different protein
substrates (15). Usually, genes encoding the protein substrate
and the export system are located in the same operon (15). Of
the four TolC homologs in H. pylori, only HP1489 is found
adjacent to a gene, HP1490, that might encode a substrate for
type I secretion. HP1490 encodes a putative protein with a high
degree of similarity (BLASTP E value, 3¢ °®) to the hemolysin
TlyC of Rickettsia typhi (24). HP1489 is a TolC homolog and
was shown to be active in efflux. Therefore, it is tempting to
speculate that the outer membrane efflux protein encoded by
HP1489 extrudes the product HP1490, presumably a toxin.
Besides type I protein secretion, TolC is also involved in the
efflux of a large variety of small molecules, including antimi-
crobials. As mentioned above, TolC is shared by different
translocases (15). For example, in E. coli the TolC-AcrAB
export system is responsible for the efflux of many antibiotics,
dyes, detergents, fatty acids, bile salts, and organic solvents,
whereas the TolC-EmrAB efflux system exports hydrophobic
uncouplers of oxidative phosphorylation, organomercurials,
and antibacterial drugs like nalidixic acid and thiolactomycin
(15). E. coli TolC-knockout mutants are hypersensitive to a
variety of compounds, including detergents, bile salts, and hy-
drophobic antibiotics (4). However, in H. pylori, knockout mu-
tants in which one of the TolC homologs was inactivated dis-
played different susceptibility profiles. The HP0605-knockout
mutant appeared to be more susceptible to novobiocin and
sodium deoxycholate than the wild type, while the HP1489-
knockout mutant was more susceptible to ethidium bromide
than the wild type. These results are consistent with the find-
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ings obtained with a Haemophilus influenzae TolC-knockout
mutant, in which the levels of susceptibility to B-lactams, CHL,
TET, and fluoroquinolones were also not increased (25, 29).
Moreover, the H. influenzae TolC-knockout mutant was more
susceptible to other compounds, including novobiocin and so-
dium cholate, than its wild-type strain (29).

Current treatment for H. pylori infection includes two or
more antibiotics but will ultimately not be sufficient due to
increasing rates of antibiotic resistance. Indeed, bacterial re-
sistance to MTZ or clarithromycin hampers current treatments
for H. pylori infections. Besides chromosomally encoded drug
resistance, intrinsic resistance to toxic compounds through ei-
ther reduced uptake or increased export might be of impor-
tance in multidrug resistance in H. pylori (26). H. pylori strains
in which one of the four OEPs was inactivated did not display
increased susceptibilities to most of the antimicrobials tested.
It is possible that, similar to translocases, their absence could
be functionally compensated for by the presence of one of the
other TolC-like proteins. Therefore, a double-knockout mu-
tant was constructed in which both HP0605 and HP0971 were
inactivated. This double-knockout strain displayed not only
increased susceptibility to novobiocin and sodium deoxycho-
late, like the H. pylori HP0605-knockout mutant, but was also
more susceptible to MTZ than wild-type strain H. pylori 1061.

Up to 50% of all strains are resistant to MTZ, including
H. pylori 1061 (19). Resistance to MTZ in H. pylori is asso-
ciated with mutations in rdxA and frxA, which encode an
NADPH nitroreductase and oxidoreductase, respectively (17).
Hence, the altered susceptibility to MTZ of the HP0605 and
HP0971 double-knockout strain could be caused by secondary
mutations in one of these two genes or, alternatively, in a gene
not yet associated with MTZ susceptibility (17). However, the
possibility of secondary mutations in either rdxA or fixA was
excluded, since in the wild-type strain, the two single-knockout
strains, and the double-knockout strain, the sequences of rdxA4
and those of fix4 were identical. Alteration of MTZ suscepti-
bility due to mutations outside these genes was unlikely, be-
cause independent transformation events, as well as transfor-
mations in which either single-knockout strain acted as the
acceptor strain, all resulted in double-knockout mutants with
increased susceptibilities to MTZ. Our findings indicate the
presence of efflux systems that act in parallel and that comprise
both the putative TolC-like proteins encoded by HP0605 and
HP0971, which contribute to decreased MTZ susceptibility.

To our knowledge, this study demonstrates for the first time
in H. pylori the involvement of active efflux systems in suscep-
tibility to MTZ, an antibiotic important in anti-H. pylori ther-
apy, which may have clinical relevance. The efflux systems were
found to be expressed in multiple H. pylori isolates in vitro. In
contrast to our study, Bina and coworkers (6) did not detect
the hefGHI operon mRNA in vitro. The in vitro conditions for
culture of the samples differed between the two studies, which
may explain this difference.

Construction of H. pylori mutants by inactivation of two
genes is laborious, whereas the construction of H. pylori mu-
tants in which three or more genes are inactivated may be even
more difficult. Nevertheless, inactivation of more than two of
the four TolC homologs will possibly reveal their involvement
in susceptibilities to other antibiotics as well.
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