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Helicobacter pylori VacA is a secreted protein toxin that forms channels in lipid bilayers and induces multiple
structural and functional alterations in eukaryotic cells. A unique hydrophobic segment at the amino terminus
of VacA contains three tandem repeats of a GxxxG motif that is characteristic of transmembrane dimerization
sequences. To examine functional properties of this region, we expressed and analyzed ToxR-VacA-maltose
binding protein fusions using the TOXCAT system, which was recently developed by W. P. Russ and D. M.
Engelman (Proc. Natl. Acad. Sci. USA 96:863–868, 1999) to study transmembrane helix-helix associations in
a natural membrane environment. A wild-type VacA hydrophobic region mediated insertion of the fusion
protein into the inner membrane of Escherichia coli and mediated protein dimerization. A fusion protein
containing a mutant VacA hydrophobic region (in which glycine 14 of VacA was replaced by alanine) also
inserted into the inner membrane but dimerized significantly less efficiently than the fusion protein containing
the wild-type VacA sequence. Based on these results, we speculate that the wild-type VacA amino-terminal
hydrophobic region contributes to oligomerization of the toxin within membranes of eukaryotic cells.

Many Helicobacter pylori strains secrete a toxin (VacA) that
is thought to play an important role in the pathogenesis of
peptic ulcer disease and gastric adenocarcinoma (1, 17, 22).
The most prominent effect of VacA is its capacity to induce the
formation of large cytoplasmic vacuoles in eukaryotic cells. In
addition, VacA interferes with the process of antigen presen-
tation, increases the permeability of polarized epithelial cell
monolayers, and forms anion-selective membrane channels (4,
9, 15, 19, 26, 28–30). Formation of channels in endosomal
membranes of cells may be an important feature of the mech-
anism by which VacA induces cell vacuolation.

The purified VacA cytotoxin exhibits minimal activity unless
it is first exposed to acidic (e.g., pH 3) or alkaline (e.g., pH 10)
conditions prior to being added to eukaryotic cells (6, 13, 33).
This pH activation of VacA is necessary for formation of mem-
brane channels (4, 9, 28–30) and for efficient internalization of
VacA by HeLa cells (13) and is associated with changes in
VacA protein structure (2, 6, 14, 18, 33). Specifically, at neutral
pH, purified VacA appears as a complex flower-shaped oligo-
meric structure when imaged by deep-etch electron micros-
copy (2, 12). Acidification to pH 3 or alkalinization to pH 10
results in the nearly complete disassembly of VacA oligomers
into component monomers, which can reanneal into oligomers
upon neutralization (2, 14, 33).

Transfection of HeLa cells with plasmids expressing the ami-
no-terminal 422 amino acids of VacA is sufficient to induce
vacuolation of HeLa cells (35). Small truncations, internal de-
letions, and several point mutations in the amino-terminal

portion of VacA abrogate toxin activity when assessed in tran-
siently transfected cells (5, 31, 34). Similarly, purified toxin
from a mutant H. pylori strain, carrying a deletion of the
codons for amino acids 6 through 27, fails to induce cytoplas-
mic vacuolation, is defective in the capacity to form membrane
channels, and inhibits the activity of the wild-type toxin (31).
Taken together, these data suggest that the amino-terminal
region of VacA plays a very important role in toxin activity.

The amino-terminal 32 amino acids of VacA are predicted
to form the only contiguous hydrophobic region in the protein
that is long enough to span a membrane (Fig. 1). Analysis of
this region reveals three tandem repeats of a GxxxG motif,
which has been associated with transmembrane helix-helix as-
sociation (23, 27). Based on these features, we hypothesized
that the amino-terminal region of VacA might be capable of
assuming an a-helical transmembrane conformation with the
capacity to oligomerize.

To test this hypothesis, we used the TOXCAT system, which
was developed by Russ and Engelman to study transmembrane
helix-helix association in a natural membrane environment (23,
24). The TOXCAT system has been used to study the well-
characterized transmembrane dimerization sequence of glyco-
phorin A (24) and to select transmembrane dimerization se-
quences from a randomized library (23). A similar system has
been used to study dimerization of synaptobrevin II and syn-
taxin 1A (11) and the self-assembly of membrane-spanning
leucine zipper motifs (8). In TOXCAT, a putative transmem-
brane sequence (TM) is cloned between the transcription-
activator domain of Vibrio cholerae ToxR and the periplasmic
domain of the Escherichia coli maltose binding protein (MBP)
to produce a ToxR-TM-MBP fusion protein. Expression of the
ToxR-TM-MBP fusion protein in E. coli allows the detection
of transmembrane oligomerization in two steps. As a first step,
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membrane localization of the fusion protein is determined
based on complementation of a nonpolar malE mutant E. coli
strain. If a ToxR-TM-MBP fusion protein inserts into the inner
membrane such that the MBP domain localizes to the periplas-
mic space, cells are able to transport maltose and thus can grow
in maltose-minimal medium. In contrast, cells expressing fu-
sion proteins that remain cytoplasmic fail to grow in maltose-
minimal medium (24). As a second step, dimerization of the
fusion protein is determined based on expression of the cat
gene, which is under the control of the dimerization-dependent
transcription activator ToxR (reviewed in reference (7)). E.
coli strains expressing ToxR-TM-MBP fusion proteins that
dimerize are chloramphenicol resistant, whereas strains ex-
pressing fusion proteins that lack a dimerization sequence re-
main chloramphenicol sensitive (24).

A DNA fragment encoding the amino-terminal 32 amino
acids of VacA was PCR amplified from H. pylori strain 60190
(ATCC 49503) using primers OP1582(59-CCCCGCTAGCGC
CTTTTTTACAACCGTG; underlined nucleotides indicate an
NheI site) and OP1583 (59-CCCCAGATCTTGAGCCCCCA
GCCAAGAAGCCC; underlined nucleotides indicate a BglII
site), digested with NheI and BglII, and ligated into NheI-
BamHI-digested pccKAN (a plasmid containing the cat gene
under the control of the V. cholerae ctx promoter, and the
transcription-activator domain of ToxR and the periplasmic
domain of MBP separated by a kanamycin resistance cassette
[24]), generating plasmid pccVacA-wt. DNA sequence analysis
confirmed the proper construction of pccVacA-wt.

Additionally, we constructed (using the method of Perrin
and Gilliland [20]) a related plasmid, pccVacA-G14A, that was
identical to pccVacA-wt except that it contained a mutation
within the vacA sequence such that the glycine at position 14
was replaced with alanine. DNA sequence analysis confirmed
the proper construction of pccVacA-G14A. We chose to ex-
press this mutation because glycine 14 constitutes part of a
GxxxG motif, and because the G14A substitution has been
associated previously with decreased VacA-induced vacuola-
tion in a transient-transfection assay of toxin activity (34).

Plasmid pccVacA-wt, plasmid pccVacA-G14A, and plasmids
encoding fusion proteins with the wild-type TM region from
glycophorin A (pccGpA-wt) or a nondimerizing mutant glyco-

phorin A sequence (pccGpA-G83I) (24) were introduced into
E. coli strain MM39 (araD lacIDU1269 malE444 Strr [24]), and
transformants were selected on ampicillin-containing medium.
The expression levels of the fusion proteins produced by plas-
mids pccGpA-wt, pccGpA-G83I, pccVacA-wt, and pccVacA-
G14A then were analyzed by immunoblotting with anti-MBP
antiserum (New England Biolabs, Beverly, Mass.). Each of the
plasmid-containing strains produced similar levels of the
ToxR-TM-MBP fusion proteins (Fig. 2).

To determine whether these putative transmembrane se-
quences promoted membrane localization of the ToxR-TM-
MBP fusion proteins, bacteria were inoculated into M9-mal-
tose medium (Fig. 3) (25). As reported previously by Russ and
Engelman, E. coli strains containing plasmids encoding TM
regions from glycophorin A (either pccGpA-wt or pccGpA-

FIG. 1. VacA hydrophilicity and localization of tandem GxxxG mo-
tifs. The predicted hydrophilicity of the mature VacA toxin from H.
pylori strain 60190 (ATCC 49503, GenBank accession number U05676
[3]) was analyzed by the method of Kyte and Doolittle (10). The amino
acid sequence of 32 amino-terminal residues is shown in capital letters.
The three GxxxG motifs, characteristic of TM oligomerization regions,
in the VacA amino-terminal region are underlined.

FIG. 2. Expression of ToxR-TM-MBP fusion proteins. E. coli
strains MM39 (lane a), MM39 pccGpA-wt (lane b), MM39 pccGpA-
G83I (lane c), MM39 pccVacA-wt (lane d), and MM39 pccVacA-
G14A (lane e) were cultured in Luria-Bertani medium to an optical
density at 600 nm of approximately 0.35. Equal culture volumes were
pelleted, lysed in sodium dodecyl sulfate-sample buffer, separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and immu-
noblotted using anti-MBP antisera (New England Biolabs). The 65-
kDa ToxR-TM-MBP fusion proteins are indicated by the arrow. Sizes
are indicated in kilodaltons on the left.

FIG. 3. Membrane localization mediated by the VacA N-terminal
region. E. coli strains MM39 (■), MM39 pccGpA-wt (h), MM39
pccGpA-G83I (F), MM39 pccVacA-wt (E), and MM39 pccVacA-
G14A (Œ) were inoculated at an initial optical density at 600 nm
(OD600) of 0.014 to 0.024 into M9 broth containing 0.4% maltose, and
cultures were incubated at 37°C. Results represent the mean (6 stan-
dard deviation) optical density at 600 nm from triplicate cultures. All
strains grew in glucose-minimal medium (data not shown).
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G83I) were able to grow in this medium, whereas MM39 with
no plasmid was unable to grow in maltose-minimal medium
(24). Similar to strains carrying the glycophorin A control
plasmids, E. coli MM39 containing either pccVacA-wt or
pccVacA-G14A grew in maltose-minimal medium (Fig. 3).
These results indicate that the VacA amino-terminal hydro-
phobic region is able to insert into and span a lipid bilayer.

To determine whether the TM regions mediated protein
dimerization, E. coli MM39 strains were tested for chloram-
phenicol acetyltransferase (CAT) activity (Fig. 4). As reported
previously by Russ and Engelman, E. coli strain MM39 con-
taining a plasmid expressing the wild-type glycophorin A TM
domain (pccGpA-wt) produced high levels of CAT activity,
whereas MM39 containing a plasmid expressing the mutant
glycophorin A TM domain (pccGpA-G83I) or MM39 contain-
ing no plasmid produced significantly less CAT activity (24).
Similar to the strain carrying pccGpA-wt, E. coli MM39 con-
taining pccVacA-wt produced high levels of CAT activity,
whereas MM39 containing pccVacA-G14A produced signifi-
cantly less CAT activity (Fig. 4). These results indicate that the
wild-type VacA amino-terminal region is able to mediate pro-
tein dimerization. The transmembrane segments containing
the wild-type and the G14A-mutant VacA sequences are not
predicted to differ substantially in hydrophobicity, and the pre-
vious experiment (Fig. 3) indicated that both segments effi-
ciently mediated insertion of the fusion proteins into the inner
membrane of E. coli. The finding that a single amino acid
substitution alters the capacity of the VacA hydrophobic re-
gion to promote protein dimerization is consistent with the

hypothesis that one or more GxxxG motifs are important for
this interaction.

We speculate that the 32-amino-acid VacA hydrophobic re-
gion functions similarly when present at the amino terminus of
H. pylori VacA, inserting into the plasma membrane and me-
diating transmembrane helix-helix associations. In one possible
model, acidic or alkaline pH-induced activation of VacA would
result in exposure of the previously buried N-terminal hydro-
phobic sequence, and once exposed, this region would insert
into the plasma membrane of eukaryotic cells and promote
toxin oligomerization. This model is consistent with the capac-
ity of acidic pH to increase exposure of hydrophobic VacA
sequences (14) and to promote insertion of VacA into lipid
bilayers or the plasma membrane of eukaryotic cells to form
anion-selective channels (4, 9, 29).

Although the present results indicate that the 32-amino-acid
VacA hydrophobic region promotes dimerization of TOXCAT
fusion proteins, it seems clear that other regions of VacA also
probably contribute to toxin oligomerization. For example, a
58-kDa carboxy-terminal fragment of VacA (in which the 32-
amino-acid hydrophobic region is absent) is capable of dimer-
ization (21). Moreover, VacA-(D6-27) (which lacks a large
portion of the hydrophobic region) is capable of assembling
into oligomeric structures that are indistinguishable from wild-
type VacA (31). Similarly, other regions of VacA in addition to
the 32-amino-acid VacA segment studied here may promote
toxin insertion into membranes (14, 16, 32). For example, both
the amino-terminal 34-kDa portion of VacA (which contains
the hydrophobic region) and a carboxy-terminal 58-kDa por-
tion of VacA (which lacks the hydrophobic region) insert into
liposomal membranes (14, 16).

Thus, although the results of this study indicate that the
N-terminal hydrophobic region of VacA promotes transmem-
brane dimerization of fusion proteins, it must be acknowledged
that the conformation and function of this segment might be
considerably different in the context of the native VacA pro-
tein interacting with the plasma membrane of a eukaryotic cell,
rather than the TOXCAT fusion protein interacting with the
inner membrane of E. coli. Further experiments will be re-
quired to elucidate the true function of this VacA segment.
Nevertheless, the capacity of a G14A mutation to abrogate
both VacA cytotoxicity (34) and dimerization of TOXCAT
fusion proteins suggests that the TOXCAT model will be a
useful approach for studying the function of this important
region of VacA.
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