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In Vivo Sequence Variation in HopZ, a Phase-Variable Outer
Membrane Protein of Helicobacter pylori
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The Helicobacter pylori outer membrane protein HopZ is regulated by a phase-variable CT repeat and occurs in two distinct al-
lelic variants. Whole-genome comparisons of isolates from one human volunteer recently provided evidence for in vivo selection
for the hopZ ON status. We explored the frequency of sequence variation in hopZ during acute and chronic human infection and
studied the association of hopZ with the phylogeographic population structure of H. pylori. hopZ ON variants were cultured
from 24 out of 33 volunteers challenged with the hopZ OFF strain BCS 100. Transmission of H. pylori within families was also
frequently associated with a status change of hopZ. In contrast, hopZ sequences obtained from 26 sets of sequential isolates from
chronically infected individuals showed no changes of status, suggesting that the hopZ status selected during early infection is
subsequently stable. Mutations leading to amino acid changes in HopZ occurred more frequently in ON than in OFF status iso-
lates during chronic infection, indicating that sequence changes are more likely the result of positive selection in ON isolates
than of a loss of negative selection pressure in OFF isolates. Analysis of 63 isolates from chronically infected individuals revealed
no significant correlation of hopZ status with chronic atrophic gastritis. hopZ sequences were obtained from a globally represen-

tative collection of 54 H. pylori strains. All H. pylori populations contained hopZ-positive isolates. The data suggest that hopZ
has been acquired and split into the two variants before the human migration out of Africa.

he human gastric pathogen Helicobacter pylori infects approx-

imately 50% of the world population (55). All infected indi-
viduals develop chronic active gastritis, which can give rise to
more severe long-term effects such as ulcer disease, chronic atro-
phic gastritis, gastric adenocarcinoma, and gastric lymphoma of
the mucosa-associated lymphoid tissue (MALT). The factors that
determine the long-term outcome of H. pylori infection remain
largely unknown; however, the course of infection likely depends
on the complex interplay of bacterial virulence factors, environ-
mental influences, and the host immune response. Several bacte-
rial factors have been associated with virulence and disease out-
come; these include the cag pathogenicity island (cagPAI) and the
vacuolating cytotoxin VacA (9, 13, 47). Another property that has
frequently been suggested to be decisive in infection, mucosal in-
flammation, and disease outcome is adhesion of bacteria to host
tissue, which is mediated by multiple bacterial adhesins and their
interactions with host ligands (8, 15, 19, 26, 27, 36).

H. pylori possesses a large repertoire of outer membrane pro-
teins (OMPs) encoded by a family of paralogous genes (57). The
largest subgroup of OMPs is the Hop group, encoded by 21 genes
(2). The complement of OMP genes varies between strains (2, 24,
30), and several hop genes (e.g., hopZ, 0ipA, sabA, sabB, babA,
babB, and babC) can be regulated by phase-variable dinucleotide
repeats in their 5’ coding region (3, 11,52, 57,59). The Hop family
includes the two best-studied adhesins of H. pylori, the Lewis b
blood group antigen-binding adhesin BabA (25) and the sialyl
Lewis x antigen-binding adhesin SabA (38), as well as additional
proteins that have been implicated in cell or tissue adhesion (14,
46, 48).

One of the Hop family proteins whose pathobiology is less well
understood is HopZ (HP0009/JHP0007). HopZ has been re-
ported to be involved in adhesion to gastric epithelial cells (48,
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61); a host receptor for HopZ has not yet been identified. hopZ is
phase variable due to a CT dinucleotide repeat in its signal se-
quence-encoding region (48, 61). Evidence from both human in-
fection and animal models suggests that HopZ plays an important
role during infection. We have recently reported a strong selection
for strains expressing hopZ (hopZ ON) during an experimental
human infection (31). We noted that 17 out of 18 reisolates cul-
tured from a volunteer who had been challenged with the hopZ
OFF H. pylori strain BCS 100 were hopZ ON. In atpb4-tox176
mice, which show parietal cell depletion and are thus a model
system for chronic atrophic gastritis, the ability to express HopZ
provided bacteria with a fitness advantage (20).

hopZ has been described to occur in two allelic variants,
HopZ-1 and HopZ-1II (48). In addition to its regulation via the
phase-variable repeat, hopZ has also been reported to be regulated
at the transcriptional level in response to changing pH (41) and to
contact with host cells (20). In this study, we systematically inves-
tigated phase and sequence variability in hopZ during acute and
chronic infection of humans and after transmission, as well as the
association of hopZ with the phylogeny of H. pylori.
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MATERIALS AND METHODS

Bacterial strains and culture conditions. For a complete list of bacterial
isolates, see Table S1 in the supplemental material. Twenty-six groups of
sequential isolates, 18 isolates from members of 6 families, 55 strains
belonging to 7 phylogeographic populations and 11 subpopulations, and
50 additional strains obtained from the Kalixanda study, a large popula-
tion-based study performed in northern Sweden, were analyzed for their
hopZ sequences (4, 12, 33, 37, 54, 56). Twenty-two additionally available
isolates from patient Kx345 from the Kalixanda study and 56 isolates from
a vaccine challenge study were analyzed for the phase-variability-mediat-
ing repeat (1). H. pylori strains NCTC11637, 8A3 (31), a reisolate from a
human infection with strain BCS 100 (1, 22), and N6 (6, 18) were used for
functional analyses and generation of hopZ mutants. Bacteria were cul-
tured from frozen stocks on blood agar plates (Columbia agar base II;
Oxoid, Wesel, Germany) supplemented with 10% horse blood (Oxoid,
Wesel, Germany) and antibiotics (10 mg/liter vancomycin, 3.2 mg/liter
polymyxin B, 5 mg/liter trimethoprim, and 4 mg/liter amphotericin B);
plates for mutant strains carrying the kanamycin resistance cassette were
additionally supplemented with kanamycin (20 mg/liter). Plates were in-
cubated either in an incubator at 5% O,, 10% CO,, and 85% N, at 37°C or
in airtight jars (Oxoid, Wesel, Germany) containing Anaerocult C gas-
generating bags (Merck, Darmstadt, Germany).

For cultivation in liquid culture, brain heart infusion broth (BHI;
Oxoid, Wesel, Germany) was supplemented with yeast extract (2.5 g/li-
ter), 10% heat-inactivated horse serum, and antibiotics (for concentra-
tions, see above). Bacteria grown on plates were resuspended in the me-
dium, and the culture was adjusted to a starting optical density at 600 nm
(ODygqp) of 0.1. Cultures were incubated for 16 h with shaking in jars
(Oxoid, Wesel, Germany) containing Anaerocult C gas-generating bags
(Merck, Darmstadt, Germany). For the analysis of protein expression,
BHI broth supplemented with yeast (pH ~7) was adjusted with HCl to pH
6 and pH 5. The medium was then sterile filtered, and horse serum and
antibiotics were added.

Escherichia coli strain DH5a (23) was used for DNA cloning, and
strain ER2566 (NEB, Ipswich, MA) was used for protein expression. E. coli
was grown on LB plates or, for protein expression, in LB broth (Lennox L
broth; Invitrogen GmbH, Karlsruhe, Germany) supplemented with am-
picillin (200 mg/liter) and kanamycin (20 mg/liter) as required.

DNA methods. Bacterial DNA was extracted from bacteria grown on
plates using the QIAamp DNA purification kit (Qiagen, Hilden, Ger-
many) or the Amplicor respiratory specimen preparation kit (Roche Di-
agnostics, Mannheim, Germany). PCRs were performed according to
standard protocols. PCR products were purified using the PCR purifica-
tion kit (Qiagen, Hilden, Germany) according to the manufacturer’s in-
structions. Sequencing of hopZ was performed by amplifying the HopZ-
encoding open reading frame (ORF) and its flanking genomic region with
oligonucleotides HPdelta_hopZ_1 and HPdelta_hopZ_2 and by subse-
quent sequencing with internal oligonucleotides (see Table S2 in the sup-
plemental material). For the amplification of the babB locus (J99), oligo-
nucleotide AHp-AS (24) was used in combination with oligonucleotide
babLocusB-rev (see Table S2). For 22 additional isolates from patient
Kx345 from the Kalixanda study and 56 additional reisolates from the
vaccine challenge study, only the DNA segment containing the phase-
variability-mediating dinucleotide repeat was amplified from genomic
DNA and sequenced with oligonucleotides HPhopZ_for2 and HPhopZ_rev
or H1_ompl_for and H1_ompl_rev, respectively (see Table S2). cagA
and vacA typing was performed as previously described (10).

Sequence analysis. Assembly of sequences and sequence analyses as
well as the generation of phylogenetic trees and calculation of similarity
values were performed using Bionumerics 6.01 (Applied Maths, Sint-Mar-
tens-Latem, Belgium). Prediction of signal sequence cleavage sites was per-
formed using SignalP3.0 (http://www.cbs.dtu.dk/services/SignalP/) (7).
SignalP3.0 was applied for the hopZ sequence from strain NCTC11637,
and a probable signal sequence was predicted to be located between amino
acids 18 and 19 (LNA-ED [leucine, asparagine, alanine-glutamic acid,
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aspartic acid]). The glutamic acid residue was then considered the first
amino acid in the mature protein, and the amino acid positions of the
mature protein were used for further analyses.

Generation of isogenic mutants. Mutagenesis was performed by a
PCR- and ligation-based approach without cloning as previously de-
scribed (53). In short, hopZ-flanking genomic regions were amplified
from genomic DNA of the parental strains NCTC11637, 8A3, and N6 with
oligonucleotides HPdelta_hopZ_1, HPdelta_hopZ_3C, HPdelta_hopZ_2,
and HPdelta_hopZ 4 (see Table S2 in the supplemental material). A ka-
namycin resistance cassette was amplified from the plasmid pILL600 (34)
with primers Km8_for_BamHI and Km9_rev_Ndel (see Table S2). The
resulting PCR products were digested with Ndel and BglII and with Ndel
and BamH]I, respectively, and ligated subsequently. The ligation product
was used as the template for a PCR with primers HPdelta_hopZ_1 and
HPdelta_hopZ_2. The product containing the hopZ-flanking regions ho-
mologous to the genome of the parental strain flanking the kanamycin
resistance cassette, in the same orientation as the hopZ gene in the genome
of the parental strains, was gel purified and either used directly for trans-
formation or cloned into pUC18 (62) using the Pstl restriction sites. Ka-
namycin-resistant clones obtained after natural transformation of the re-
spective wild-type H. pylori strains were isolated, and the correct
integration of the cassette into the target gene was verified by PCRs before
further characterization of the mutants. The kanamycin cassette from
PILL600 used to create the allelic disruptions contains a strong promoter
and is inserted in the same direction as the target gene, minimizing the risk
of polar effects (50). In addition, the two genes located immediately
downstream of hopZ are transcribed in the opposite direction, making a
polar effect of the inactivation of hopZ on downstream genes unlikely.

Expression and purification of HopZ and generation of antisera. A
hopZ fragment was amplified from PCR products of strains
NCTC11637 (allelic variant HopZ-I) and N6 (allelic variant HopZ-II)
with oligonucleotides HopZ_F_expr_Sapl_rev and HopZ_F_expr_
Ndel_for_B and oligonucleotides HopZ_F_expr_N6_Ndel_for and
HopZ_Fexpr_N6_Sapl_rev, respectively. Specific HopZ gene fragments
were used in order to avoid the expression of insoluble parts of the pro-
tein. In addition, partial sequences of hopZ were carefully selected for the
expression cloning, in order to allow generation of antisera with high
specificity for HopZ and not for other members of the H. pylori hop family
(2), since parts of the hop genes closely resemble each other. The amplified
gene segments were subsequently cloned via the Ndel and Sapl restriction
sites into the pTWINI vector of the impact expression system (NEB, Ip-
swich, MA), generating a C-terminal fusion construct (see Table S2 in the
supplemental material). Partial HopZ proteins were expressed and puri-
fied from the insoluble fraction under denaturing conditions in the pres-
ence of 8 M urea. Partial renaturation was performed by dialysis to 2 M
urea, and the HopZ fragment was subsequently purified according to the
manufacturer’s instructions using chitin beads and dithiothreitol (DTT)
for cleavage of the HopZ fragment from the intein tag. Purified partial
HopZ proteins were then used for the generation of rabbit antisera by
intradermal injection (Biogenes, Berlin, Germany). The rabbit preim-
mune sera showed some reaction with H. pylori proteins (in particular,
bands corresponding to a mass of ~49 and ~82 kDa; see Fig. S1) that were
also visible as nonspecific bands in Western blot analyses performed with
the final antisera raised against HopZ-I and HopZ-II. The identity of the
additional bands recognized by the sera is not known, but it is likely that
they represent conserved proteins of proteobacteria that the rabbits had
been in contact with before the immunization. Preimmune sera and final
antisera also did not recognize the major Hop proteins BabA or BabB (see
Fig. S1). Identification of an ~74-kDa band as HopZ (corresponding to
the predicted molecular mass of mature HopZ after cleavage of the signal
peptide) was confirmed by comparisons with isogenic hopZ mutants for
all three H. pylori wild-type strains used in this study (26695, ]99, and N6).

Analysis of HopZ protein expression in H. pylori. H. pylori strains
were grown on plates for up to 48 h and resuspended in phosphate-buff-
ered saline (PBS), or samples were taken directly from liquid cultures.
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FIG 1 hopZ status of H. pylori reisolates from volunteers participating in the
vaccine challenge study. hopZ status was predicted from the sequenced CT
dinucleotide repeat in the 5’ region of the gene. (A) Numbers of volunteers
where all available H. pylori reisolates were in ON (CT X 7), where all were in
OFF (CT X 6), or where one of the isolates was in ON and one was in OFF
status (“mix”). (B) Numbers of reisolates in ON or OFF status.

Bacterial numbers were adjusted by means of OD,, measurements, and
samples were collected by centrifugation at 5,000 X gand 4°C for 10 min.
Bacterial pellets were resuspended in SDS-PAGE sample buffer, boiled for
10 min, and analyzed via SDS-PAGE and subsequent Western blotting.

Protein methods. Standard methods were used for protein separation
and detection (35, 58). For protein separation, 8% SDS-PAGE was used.
As secondary antibodies, horseradish peroxidase-conjugated goat anti-
rabbit heavy and light IgG (Dianova, Hamburg, Germany) was used in a
dilution of 1:20,000. The blots were incubated for 1 min with SuperSignal
West Pico chemiluminescent substrate (Thermo Scientific, Rockford, IL)
and exposed to Amersham Hyperfilm ECL (GE Healthcare, Little Chalf-
ont, United Kingdom) films.

RESULTS
HopZ status in isolates obtained from an experimental human
infection during a vaccine trial. We had previously observed
strong selection for the hopZ ON status in one human volunteer
(volunteer 008) who had received the H. pylori challenge strain
BCS 100 (31). While 16 single-colony purified clones isolated
from BCS 100 were all hopZ OFF, 16 out of 17 single-colony iso-
lates cultured from the volunteer at 6 and 10 weeks after infection
were hopZ ON (31). Such selection might either be a rare event,
restricted to a few individuals, or occur frequently. We therefore
determined the hopZ status from 56 additional reisolates obtained
from 32 additional volunteers who took part in the same study and
were all initially infected with BCS 100 and reendoscoped 3
months postinfection. In 38 out of the 56 reisolates, hopZ had
switched to ON status. Twenty-three of the additional 32 volun-
teers (72%) carried at least one hopZ ON reisolate, and in 20 of
these, both reisolates tested were hopZ ON (Fig. 1; see also Table
S3 in the supplemental material).

hopZ variability in phylogeographic populations of H. py-
lori. We next studied the sequence variability of hopZ in a phylo-
geographic context. hopZ sequences were obtained from a globally
representative collection of 54 H. pylori strains belonging to 7
different populations and 11 subpopulations as defined by struc-
ture analysis of haplotypes generated by multilocus sequence anal-
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ysis (16, 37, 43) (Table 1). The proportion of hopZ ON to OFF
strains varied among phylogeographic populations. All but two
subpopulations contained both ON and OFF status isolates. Only
strains assigned to the hspAfrica2SA and hspAmerind subpopula-
tions were exclusively hopZ OFF (Table 1).

Phylogenetic analysis of the hopZ sequences revealed two ma-
jor branches (100% bootstrap support) separating sequences con-
taining the previously described two allelic variants HopZ-I and
HopZ-1I. Within the two branches, sequences from strains of the
same phylogeographic population frequently clustered together
(Fig. 2A). When only a C-terminal part of the hopZ gene that did
not include the allele-specific segment was analyzed, the split into
two major branches disappeared, and the correlation of hopZ se-
quence clustering with phylogeographic populations became even
more apparent (Fig. 2B).

The frequency of the two allelic variants differed between pop-
ulations. For example, strains belonging to hspMaori and hpSahul
contained only allelic variant I (Fig. 2 and Table 1; see also Table S4
in the supplemental material). Strains from the hspAmerind sub-
population contained allelic variant II or lacked hopZ altogether
(one strain). We also analyzed the data for possible correlations
between the status and allelic variant of hopZ and the two best-studied
virulence factors of H. pylori, cagA and vacA. We could not detect any
statistically significant correlation of either factor with hopZ status or
between the allelic variant of hopZ and carriage of the cagA gene. We
did, however, detect a correlation of the allelic variant of hopZ with
the vacA m type (hopZ allelic variant I with vacA m1 and hopZ allelic
variant IT with vacA m2) (x* test, P < 0.01).

For four of five isolates belonging to the H. pylori population
hpNEAfrica, we observed much smaller PCR products when am-
plifying the genomic region usually containing hopZ, and se-
quencing revealed an empty site for these isolates. hopZ was iden-
tified at a different genomic location in these strains, namely, the
locus where babB is found in strain J99 (Table 1).

Expression and regulation of hopZ in three different H. py-
lori strains. In order to analyze functional properties of hopZ, we
generated isogenic mutants in three different H. pylori strains,
NCTC11637,N6 (18), and 8A3, the hopZ ON reisolate of BCS 100
whose genome was completely sequenced (1, 22,31). NCTC11637
and 8A3 carry allelic variant I, while N6 carries allelic variant I1. In
order to study protein expression, polyclonal antisera were raised
against both variant proteins and used in Western blot analyses.
An ~74-kDa band consistent with the predicted molecular mass
of HopZ was detected in strains NCTC11637, 8A3, and N6 (Fig.
3A and B, lanes 1, 3, and 5), and the identification of this band as
HopZ was confirmed by comparison with isogenic hopZ mutants
constructed for all three wild-type strains, which all lacked the
corresponding bands (Fig. 3A and B, lanes 2, 4, and 6). Each of the
two antisera was variant specific, detecting only the specific HopZ
variant against which it had been raised (Fig. 3A and B; see also
Fig. S1 in the supplemental material). Antisera were subsequently
also used to confirm for selected pairs of isolates that a hopZ switch
identified by sequence analysis resulted in corresponding changes
of protein expression (see Fig. S2).

Previous reports, based on microarray data, have concluded
that the transcription of hopZ is differentially regulated in re-
sponse to changing pH (41), but regulation has not been ascer-
tained for the HopZ protein. We cultivated the mutants and
parental H. pylori strains in BHI medium (pH 7) and media
adjusted to pH 5 and pH 6 for 16 h and analyzed the strains for
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TABLE 1 HopZ status and allele type in H. pylori isolates belonging to different phylogeographic populations and
subpopulations”

hpAsia2 H1419 Bangladesh 1l OFF 8 + s1m1
KAZ3173 Kazakhstan | OFF 8 + s1m1

L67 India 1] OFF 6 + s1m1

L7 India 1] OFF 8 + s1m1

L72 India 1] OFF 8 + s1m2

RE7006 Singapore | ON 7 + s1m1

hpEurope 101UK UK Il ON 10 + s1m2
BASQ8846 | Spain Il OFF 9 + s1m2

FIN9624 Finland | OFF 8 + s1m1

N6 France 1] ON 7 + s1m2

NCTC11637 | Australia | ON 7 + s1m1

NQ367 Colombia 1] OFF 9 + s1m1

PAL3414 Palestine 1] OFF 6 + s1m2

hpNEAfrica SuU2 Sudan | OFF 9 different location + s1m1
I 105UK UK Il ON 10 different location |+ | s1m1
H1413 Bangladesh | ON 7 + s1m1

Su1 Sudan 1l ON 10 different location + s1m2

Be194 Italy 1] ON 10 different location + s1m2

hpSahul PNGhigh12A | Papua New Guinea | OFF 8 + s1m1
PNGhigh13A | Papua New Guinea | ON 7 + s1m1

PNGhigh22A | Papua New Guinea | ON 7 + s1m1

PNGhigh23B | Papua New Guinea | ON 7 + s1m1

PNGhigh25A | Papua New Guinea | ON 7 + s1m1

hpAfrica2 hspAfrica2Nam | K24A Namibia | ON 10 - s2m2
K28A Namibia | OFF 6 s2m?

Khoisan21A | Namibia Il ON 7 - s2m?

Khoisan26A | Namibia 1l n.d. n.d. - s2m?

Khoisan32A | Namibia | ON 7 - s2m2

hspAfrica2SA 162.0 Southern Africa 1l OFF 9 - s2m2

Khoisan11A | Namibia | OFF 9 - s2m2

129.0 Southern Africa 1l OFF/STOP 9 - s2m2

K10A Namibia Il OFF 9 - s1m1

K13C Namibia | OFF 8 - s2m?

hpEastAsia | hspAmerind HUI1692 Colombia 1] OFF/STOP 8 + s1m2
HUI1769 Colombia 1] OFF 6 + s1m1

V225 Venezuela Il OFF 6 + s1m2

inma14 Canada no hopZ - s?m2

hspEAsia L133 India | OFF 8 + s1m1

RE7005 Singapore | OFF 10 + s1m1

RE12001 Singapore | ON 7 + s1m2

tai196 Taiwan | OFF 6 + s1m1

hspMaori inma52 New Zealand | ON 10 + s1m1

M49 New Zealand | OFF 8 + s1m1

inma50 New Zealand | ON 7 + s1m1

inma51 New Zealand | ON 10 + s1m1

hpAfrical hspSAfrica CC33C South Africa | ON 10 + s1m1
Ccc42C South Africa 1] OFF 6 + s1m1

X80A South Africa | ON 7 + s1m1

KO01A2 Namibia | ON 10 + s1m1

Khoisan33C | Namibia | OFF 9 + s1m1

hspWAfrica D3a Senegal | ON 7 + s1m1

LSU1014-1 USA | ON 7 + s1m1

LSU2003-1 USA | n.d. n.d. + s1m1

MOR3457 Morocco Il OFF + s1m2

MOR3723 Morocco 1l OFF 1 + s1m1

“n.d., no data.

HopZ protein by Western blotting. For all three strains tested,
HopZ expression was decreased at pH 6 and almost completely
abrogated at pH 5 (Fig. 3C and D). To rule out the possibility
that this reduction of HopZ expression might be due to a se-
lection of hopZ OFF variants, the hopZ status was reassessed
after culture at pH 5, showing that all strains were still hopZ ON
(data not shown).
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HopZ status in H. pylori isolates from patients with chronic
atrophic gastritis versus subjects with nonatrophic gastritis.
Since hopZ has previously been shown to confer a selective advan-
tage in a mouse model of chronic atrophic gastritis (20), we asked
whether the hopZ status might correlate with the development of
chronic atrophic gastritis in humans. We sequenced hopZ in 63
isolates from the Kalixanda study, a large population-based study
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FIG 2 Phylogenetic analysis based on full-length hopZ sequences (A), sequences encoding the C-terminal part of HopZ (B), or concatenated multilocus sequence
typing (MLST) fragments (C) of 54 (A and B) or 55 (C) isolates belonging to 7 H. pylori populations. Neighbor-joining trees based on nucleotide sequences (no
correction) are depicted as majority summary trees as generated with Bionumerics.

of peptic ulcer disease performed in northern Sweden (4, 54).
These isolates included 31 H. pylori strains from patients with
different stages of atrophy as well as 32 control isolates obtained
from individuals with nonatrophic gastritis. hopZ was in ON sta-
tus in 19 out of 32 strains (59%) from subjects with nonatrophic
gastritis and in 20 out of 31 strains (65%) from atrophic gastritis
samples. Thus, there was no association of hopZ status with the
presence of atrophic gastritis in our study population. In this pop-
ulation, allelic variant I occurred more frequently than did allelic
variant II (41 versus 22 isolates). There was also no significant
association between gastric histopathology and hopZ status when
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data were analyzed separately for the two allelic variants (see Fig.
S3 and Table S5 in the supplemental material).

We next analyzed the data for a correlation between the H.
pylori hopZ status and the “inflammatory capacity” of the bacteria.
As a scoring system for inflammatory capacity, we used the aver-
age of the scores of the infiltration by lymphocytes, plasma cells,
and granulocytes and subtracted the score of the Helicobacter den-
sity, such that a low bacterial density associated with a high degree
of inflammation would yield a value of >0. As depicted in Fig. S3B
in the supplemental material, we observed a trend toward a higher
proportion of isolates carrying hopZ in the ON status in strains

Infection and Immunity

J190TOIGSNOILNMIANI ' IdIN ¥e 0202 ‘TT dunr uo /6o’ wsetey//:dny woly papeojumoq


http://iai.asm.org
http://iai.asm.org/

In Vivo Sequence Variation in H. pylori hopZ

ik 180 kDa

115 kDa 115 kDa

82 kDa 82 kDa

HopZ —m

—_— 64 kDa
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— 37 kDa
C pH7 pH 6 pH 5 D pH7 pH6 pH5
180 kDa 180 kDa
115kha 115 kDa
82 kDa 82 kDa

HopZ —m

64 kDa 64 kDa
49 kDa 49 kDa
—— 37 kDa

FIG 3 Detection of HopZ from H. pylori grown under various conditions using two different antisera with specificity for allelic variants. Bacterial strains
NCTC11637 (lanes 1), NCTC11637AhopZ (lanes 2), 8A3 (lanes 3), 8A3 AhopZ (lanes 4), N6 (lanes 5), and N6 AhopZ (lanes 6) were grown on plates (A and B)
or in liquid culture at different pH values (pH 5, 6, and 7) (C and D) for 16 h and lysed for SDS-PAGE analysis. Immunoblotting assays were performed with
antisera generated against a HopZ fragment cloned from either strain NCTC11637 (allelic variant I) (A and C) or strain N6 (allelic variant IT) (B and D).

with a high inflammatory capacity (>0); the observed difference
was, however, not significant.

hopZ microevolution during chronic infection. As the data
from the vaccine trial had shown frequent selection for the hopZ
ON status during the early phase of infection in humans, we next
sought to quantify the frequency of hopZ switching during
chronic infection by analyzing paired sequential isolates. We se-
quenced hopZ in 26 pairs of sequential isolates obtained at inter-
vals ranging from 3 months to 4 years and in two additional fol-
low-up isolates with a time interval of 16 years after the initial
biopsy. In these sequential isolates, we observed very few repeat
length changes in the phase-variability-mediating CT dinucle-
otide repeat and no single change of hopZ status. Fourteen sets of
isolates contained hopZ in ON status, while 12 sets of isolates were
in OFF status.

We next obtained the entire nucleotide sequences of the hopZ
coding regions from the same sets of sequential isolates. Sequence
differences in hopZ were observed in 18 of the 26 pairs, while eight
pairs had identical hopZ sequences. The observed sequence differ-
ences included changes in the phase-variable repeat without an
impact on status, one or multiple isolated single nucleotide poly-
morphisms, and clusters of nucleotide polymorphisms (polymor-
phisms with a distance of less than 200 bp), indicative of recom-
bination events. Overall, the sequence comparisons for pairs with
time intervals up to 4 years showed a sequence similarity ranging
from 98.4% to 100%. A particularly striking case is strain pair
NQ392/4060 (16 years), where a recombination event exchanged
an allele IT fragment for an allele I fragment and reduced the over-
all sequence similarity between the two isolates to 94%.

The number of amino acid changes was correlated with the
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switch status of the gene, with more changes occurring at the
amino acid level in a gene in ON status than in a gene in OFF status
(Fig. 4; see also Table S6 in the supplemental material). For this
analysis, only the amino acid sequences of the predicted mature
proteins were used in order to analyze differences regardless of
switch status of the gene, as the phase-variability-mediating repeat
forms part of the signal sequence and is thus not present in the
predicted mature protein. The only gene containing a frameshift
in the coding region of hopZ not caused by the CT repeat was
excluded from this analysis, as well as the 16-year follow-up iso-
lates. In the remaining set of sequential isolates, the genes in the
ON status had acquired mutations resulting in 0.25 amino acid
changes per month of infection on average, while the OFF status
isolates had acquired only 0.01 amino acid changes in the pre-
dicted mature HopZ per month (Welch’s t test for unequal vari-
ances, P < 0.02).

The observed stability of the gene status as well as the occur-
rence of sequence changes over time during chronic infection was
independent from disease progression in the included strain pairs
obtained from individuals who displayed either stable gastritis
(Kx208, Kx573, Kx1165, and Kx1259), stable atrophic gastritis
(Kx1167), regression of atrophy (Kx424 and Kx1377), or disease
progression (Kx201, Kx345, Kx439, Kx1039, Kx1172, and Kx438)
(see Table S6 in the supplemental material).

In order to assess the stability of hopZ status during chronic
infection and within one stomach, 24 single-colony isolates from
the corpus of one patient’s stomach obtained at two different time
points with an interval of 4 years were analyzed. All the single
colonies showed an identical repeat region of 7 CT dinucleotide
copies and were thus uniformly hopZ ON (Kx345). This result
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Strain Nucleotide Aminoacid Allelic Status
sequences sequences variant
Kx208 [ 8 I | I 11 [ -1 1 | ON
Kx573 [ I ] [ L1 | OFF
Kx1165 - | ON
Kx1259 I ] 0 ] I OFF
Kx1379 Il ON
Kx1167 I 1 | OFF
Kx424 I OFF
Kx1377 [T T 11T | ON
Kx201 - I ] [ —— ] I ON
Kx345 [ [T Il ON
Kx439 I I | ON
Kx1039 | | | OFF
Kx1172 11 (1 um| | OFF
Kx438 [ ] [ ] I OFF
LSU1010-1/3 [T T [T | ON
LSU1014-1/6 [T 11 TTT | ON
LSU1037-1/51 [T T Il 1 1 I ON
LSU1040-1/6 I I OFF
NQ267/1624 [I ] [ 11 I I I ON
NQ331/1832 [ | OFF
NQ366/1790 | | OFF
NQ372/1886 [ ] [ ] | OFF
NQ315/1712 [ S I S S N 1 I T I ON
NQ352/1701 | 18— ] — ] I ON
NQ367/1671 | ] OFF
NQ367/4191 [ Il OFF
NQ392/1707 | I - —— — ] 1 ON
NQ392/4060 [ I ASNE NN NNTRNNTRIONH 117 ] [ | — L] ON

FIG 4 Graphical representation of pairwise comparisons of hopZ sequences of sequential isolates. Gene sequences and derived amino acid sequences of the
predicted mature proteins regardless of status. Sequences of the respective first isolates were used as references. White blocks represent identical sequence in an
isolate pair, while black vertical lines indicate positions of polymorphisms or amino acid exchanges that occur in the second isolate in comparison to the first
within the pair of sequential isolates. Insertion and deletion events were also counted as polymorphic sites and are thus also indicated as black vertical lines. The
hatched box for isolate pair Kx1039 indicates a frameshift caused by a 1-nucleotide indel in isolate Kx1039_0 causing a premature stop codon. Numbers on the
right side of the figure indicate the presence of allelic variant I or II. Happlots were generated using the program Happlot with manual corrections in the case of
the nucleotide sequences, and amino acid sequences happlots were generated manually.

indicated that the phase status of hopZ within one stomach can be
remarkably stable.

In this collection of sequential isolates, the amino acid se-
quence of allelic variant II changed less frequently than did the
sequence of allelic variant I. This difference was statistically signif-
icant (Welch’s ¢ test for unequal variances, P < 0.05); the compar-
ison was, however, limited by the small number of pairs with
allelic variant II (five), compared to 21 pairs of allelic variant I.

HopZ status changes after intrafamilial transmission. Since
the results obtained with reisolates from the vaccine challenge trial
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suggested that switching of the hopZ status might occur frequently
in the early phase of H. pylori infection, we tested the hopZ status
of highly related H. pylori strains isolated from members of the
same family. Due to the high allelic diversity of H. pylori, strains
with identical sequence types (STs; identical sequences at seven
housekeeping gene loci) occur very rarely in unrelated individuals
and are widely accepted as evidence of recent transmission. We
analyzed hopZ sequences from seven ST-identical pairs of strains
from family members (51). In contrast to the paired isolates from
chronically infected individuals, changes in the CT dinucleotide
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TABLE 2 Comparison of hopZ sequences in isolates with identical sequence types from family members®

CcT Allelic Sequence
Family ST Origin Population | Indiv. | Strain Age Status
repeat variant similarity [%] gene
SA29 HP760 88 8 OFF 1
Ogies Mpumulanga
S12 568 hpAfrical HP640 6 OFF I 99.9
(South Africa) SA224 43
HP742 6 OFF I
sa300 | HP1141 2 11 OFF 1
HP1210 11 OFF I
. SA31 | HP1228 | 18 9 OFF I
S12 514 S SRS hpAfrical 100
(South Africa) sa163 | HP646 | 4 n OFF I
HP758 11 OFF 1
SA210 HP636 5 11 OFF I
HP712 12 OFF 1
K1 HP456 67 10 OFF I
K1 557 | Seoul (Korea) hpEastAsia 100
K1-1 HP459 33 9 OFF I
Belfast H3023 | HP870 34 8 OFF I
Belfast | 597 hpEurope 100
(Northern Ireland) H3022 | HP868 10 10 ON I
H3014 | HP860 71 7 ON I
Coventry | 594 | Coventry (England) hpEurope 98
H3018 | HP839 18 8/9 OFF I
c7 HP484 74 7 ON 1
Cc7 558 | Bogota (Colombia) hpEurope 98.7
C7-2 HP493 37 9 OFF 1

“ Indiv., individual.

repeat were frequent, leading to changes of hopZ status in three
out of the seven assumed intrafamilial transmission events (Table
2). In three cases of transmission in family S12 from Ogies (Mpu-
mulanga), all isolates contained hopZ in OFF status, as well as in
one case of intrafamilial transmission from South Korea (Table 2).

In agreement with the results reported in the previous para-
graph, we again observed very few changes in hopZ sequences with
a stable OFF status, while hopZ sequences were more variable,
with sequence similarities ranging from 98 to 100% when one of
the isolates was in ON status.

DISCUSSION

The Hop family of Helicobacter outer membrane proteins harbors
multiple proteins that mediate the interaction of H. pylori with its
host. The high degree of sequence similarity between the paralo-
gous genes and their metastability due to phase-variable se-
quences may be reasons why relatively little information is still
available about most Hop proteins. Building on our recent obser-
vation of selection for an active hopZ gene in one human volunteer
who was challenged with a hopZ OFF H. pylori strain (31), this
study explored the sequence variation of hopZ both during human
infection and in a phylogeographic context.

hopZ phase variation in vivo. The majority of volunteers chal-
lenged with the hopZ OFF strain BCS 100 yielded hopZ ON H. pylori
in one or both biopsy specimens when they were reendoscoped 3
months later. This high frequency of selection of a hopZ ON genotype
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was observed by analysis of one single colony isolate per biopsy spec-
imen. Sampling of additional biopsy specimens or multiple clones
per biopsy specimen might have resulted in an even higher rate of
detection of hopZ ON strains. In striking contrast to this selection
during early infection, the status of hopZ (ON or OFF) was found to
be remarkably stable during chronic infection. No single change of
hopZ status was observed for 26 pairs of sequential isolates with a
cumulated separation time of 1,335 months. This permits calculation
of an upper bound of the 99% confidence interval for the rate of
switching as 0.0476 per year. The difference between the switching
frequencies observed during acute infection of volunteers and those
observed in chronically infected individuals was highly significant
(P=138x10"%).

Additionally, we observed changes in hopZ status in 3 out of 7
cases of intrafamilial transmissions, further supporting our hypothe-
sis that HopZ plays a role in the initial colonization by H. pylori, at
least in some individuals. It is possible that transmission from one
individual to another can also be accompanied by a switch from hopZ
ON to OFF status. In fact, in one of the presumed intrafamilial trans-
mission events (Coventry family, Table 2), the older family member
carried a hopZ ON strain while the strain from the younger family
member was hopZ OFF, suggesting an ON-to-OFF switch when the
strain was transmitted to the younger family member. However, the
direction of transmission is only assumed, so that there is currently no
clear-cut evidence of ON-to-OFF switches upon transmission. Taken
together, we propose that HopZ plays a role predominantly during
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the initial phase of infection of a new individual, which can select for
a different hopZ status. After establishment of chronic infection, the
hopZ status is very stable.

We cannot exclude intraindividual variation of hopZ status
within one stomach, as has been shown for CagA EPIYA repeat
status (28). However, we analyzed multiple single-colony isolates
from one stomach for volunteer 008 (31) and patient Kx345 (this
study) and did not observe such intraindividual variation.

Sequence variation in hopZ in phylogeographic context. All
H. pylori populations and subpopulations analyzed in this study
were found to contain hopZ-carrying strains (see Table S4 in the
supplemental material). The only strain lacking hopZ belonged to
the hspAmerind population, for which the lack of hopZ in some
strains was already previously described (30, 32).

The neighbor-joining tree based on the hopZ sequences revealed a
bipartite split reflecting the previously described two allelic variants of
hopZ (48). Within the two major branches, further subclusters
roughly correlated with the phylogeographic populations (Fig. 2).
The correlation between hopZ phylogeny and the phylogeographic
populations was even stronger when the tree was based only on a
C-terminal part of the predicted protein that does not contain the
allele-specific fragment. This indicates that this part of the hopZ gene
has coevolved with the rest of the H. pylori genome for along time and
has likely been acquired before the cag pathogenicity island (which is
lacking from the hpAfrica2 population).

We note that the two distinct allelic variants also occurred in al-
most all H. pylori populations and subpopulations, suggesting that
they have existed concurrently since before the split of H. pylori into
two main superlineages (42). Remarkably, two subpopulations, hsp-
Maori and hpSahul, carried only allelic variant I (Table 1). The ob-
servation of only one allelic variant in the hspMaori subpopulation
might be explained by strong human population bottlenecks which
reduced diversity of hopZ, as the genetic diversity within the hsp-
Maori sample has already been shown to be extremely low (17).

There was no correlation of the presence of the cagP Al with the
hopZ allelic variant. We detected a significant correlation of the
allelic variant of hopZ with the vacA m type. This association could
be due to different frequencies of vacA m types in different phylo-
geographic populations (Table 1). Alternatively, this observation
might reflect a functional interaction between hopZ and vacA, a
hypothesis that needs further investigation.

Functional implications of variation in hopZ. The precise
functional role of hopZin the infectious process has so far not been
identified. The gene was not found in a screening for essential
genes in a gerbil infection model (29). Additionally it has been
shown to be nonessential in different mouse models on the basis of
isogenic mutants (20, 60). This is supported by our observation
that some strains lack a functional hopZ gene. Unfortunately, de-
spite intensive efforts, we could not reproduce the previously re-
ported role of HopZ in gastric cell adhesion (48), limiting our
possibilities for functional analyses. We hypothesize that subtle
differences in experimental conditions (e.g., with respect to the
culture of AGS cells) may be responsible for these discrepancies.

Regardless of its precise biological function during the infectious
process, our results point to a role of HopZ during initial or early
infection, a situation that has been characterized to be accompanied
by a transient hypochlorhydria (21, 39, 44, 45, 49). This represents a
link to the status of chronic atrophic gastritis, which is also accompa-
nied by a disturbed acid secretion and in which hopZ has been shown
to confer a selective advantage in a mouse model (20). This role of
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hopZ during a situation of perturbed acid secretion is in line with its
high expression at near neutrality and a reduction of HopZ protein
levels already at mildly acidic pH, which is consistent with previously
published microarray studies (41).

In the set of sequential isolates analyzed in this study, we de-
tected a significantly higher frequency of nonsynonymous se-
quence changes with effects on the amino acid sequence of the
mature HopZ protein in genes in ON status than in genes in OFF
status, indicating that the observed variability in HopZ among
sequentially isolated strains is more likely due to positive or diver-
sifying selection than to degeneration of the gene in OFF status.
This could reflect processes of adaptation to interaction partners
of the individual host, as has been described for the adhesin BabA
(5), and/or could be the result of immune pressure, consistent
with the observation that hopZ contains one of the 50 most im-
munogenic H. pylori epitopes, as identified during the generation
of a comprehensive antigenic profile (40).
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