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Helicobacter pylori VacA is a secreted pore-forming toxin that is comprised of two domains, designated p33
and p55. The p55 domain has an important role in the binding of VacA to eukaryotic cell surfaces. A total of
111 residues at the amino terminus of p55 (residues 312 to 422) are essential for the intracellular activity of
VacA, which suggests that this region may constitute a subdomain with an activity distinct from cell binding.
To investigate the properties of this subdomain, a small deletion mutation (targeting aspartic acid 346 and
glycine 347) was introduced into the H. pylori chromosomal vacA gene. Similar to wild-type VacA, the VacA
�346-347 mutant protein was proteolytically processed, secreted, and bound to eukaryotic cells. However, VacA
�346-347 did not cause cell vacuolation or membrane depolarization, and it was impaired in the ability to
assemble into large water-soluble oligomeric structures. Interestingly, VacA �346-347 was able to physically
interact with wild-type VacA to form mixed oligomeric complexes, and VacA �346-347 inhibited wild-type
vacuolating activity in a dominant-negative manner. These data indicate that the assembly of functional
oligomeric VacA complexes is dependent on specific sequences, including amino acids 346 and 347, within the
p55 amino-terminal subdomain.

Helicobacter pylori is a gram-negative, microaerophilic bac-
terium that persistently colonizes the human stomach (10, 36).
Most H. pylori-infected patients have no symptoms, but the
presence of H. pylori is a risk factor for development of peptic
ulcer disease, gastric adenocarcinoma, and gastric lymphoma
(10, 36). One of the important virulence factors produced by H.
pylori is an exotoxin known as vacuolating toxin (VacA) (3, 13).
In a mouse model of infection, a wild-type H. pylori strain
expressing VacA has a selective advantage for colonization of
the stomach compared to an isogenic vacA-null mutant (31).
VacA contributes to gastric damage in animal models (14, 39),
and H. pylori strains containing specific allelic forms of vacA
are associated with an increased risk of symptomatic disease in
humans (2, 12). VacA can cause a wide range of alterations in
eukaryotic cells in vitro. One of the most prominent activities
of VacA is its capacity to induce the formation of large cyto-
plasmic vacuoles (21). Other in vitro activities of VacA include
permeabilization of the plasma membrane (7, 38), reduction of
the mitochondrial transmembrane potential and release of
cytochrome c from mitochondria (15, 45), inhibition of the
activation and proliferation of T lymphocytes (18, 37), and
activation of mitogen-activated protein kinases (28). Many cel-
lular effects of VacA are attributable to the insertion of VacA
into membranes and the formation of anion-selective mem-
brane channels (3).

The vacA gene encodes a protein approximately 140 kDa in
mass, which undergoes proteolytic processing to yield a 33-

amino-acid signal sequence, a mature 88-kDa protein, and a
carboxy-terminal domain (6, 32, 39). The secretion of VacA
occurs through a classical autotransporter (type Va) pathway
(3, 13). In contrast to most proteins that are secreted by the
classical autotransporter pathway (8), VacA 88-kDa mono-
mers can assemble into large water-soluble oligomeric com-
plexes. Bilayered flower-shaped complexes (dodecamers and
tetradecamers), as well as single-layered complexes (contain-
ing six to nine subunits), have been visualized (4, 11). Disas-
sembly of these complexes by treatment at low pH or high pH
is required in order for VacA to cause most cellular effects (4).
VacA monomers reassemble into oligomeric structures when
in contact with membranes (7), and the assembly of VacA into
oligomeric structures is likely to be required for membrane
channel formation.

The mature 88-kDa VacA passenger domain can undergo
proteolytic cleavage to yield an amino-terminal 33-kDa frag-
ment (p33) and a carboxy-terminal 55-kDa fragment (p55),
which remain physically associated (39, 41). The p33 and p55
fragments are considered to represent two domains or subunits
of VacA (39–41). The p55 domain is comprised predominantly
of a �-helical structure, a feature characteristic of autotrans-
porter passenger domains (16). When added individually to the
surface of cells, neither p33 nor p55 causes cell vacuolation
(40). Similarly, when expressed individually in transiently
transfected cells, neither p33 nor p55 causes cell vacuolation
(49). However, a mixture of p33 and p55 can cause cell vacu-
olation when added to the surface of cells, and intracellular
coexpression of p33 and p55 results in cell vacuolation (40, 49).

Several putative VacA subdomains with distinct activities
have been identified. A hydrophobic region located near the
amino terminus of p33 (residues 1 to 32) has an important role
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in the formation of anion-selective membrane channels (22, 26,
43). A VacA mutant protein with a deletion of amino acid
residues 49 to 57 failed to assemble into oligomeric structures,
which suggests that specific sequences in this region of the p33
domain are required for VacA oligomerization (19). Amino
acid sequences near the carboxy terminus of the p55 domain
are required for VacA binding to cells (17, 29, 30, 44). When
VacA is expressed in transiently transfected HeLa cells (thus
eliminating a requirement for toxin binding to the cell surface
and internalization), the minimum portion of VacA required
for cell vacuolation comprises a 422-amino-acid protein, cor-
responding to the entire p33 domain and about 111 amino
acids from the amino-terminal portion of p55 (49). This result
suggests that the amino-terminal portion of p55 may comprise
a subdomain with a functional activity distinct from cell
binding.

The goal of the present study was to investigate properties of
VacA that are conferred by the p55 amino-terminal subdo-
main. Thus far, a two-amino-acid deletion mutation (�346-
347) is the only small alteration within the p55 amino-terminal
subdomain that is known to abrogate vacuolating toxin activity
(48). Efforts to identify additional small inactivating mutations
in the p55 domain using a random mutagenesis approach have
not been successful (25). A previous study reported that the
VacA �346-347 mutant protein lacked vacuolating activity
when expressed intracellularly, but the basis for this lack of
activity has not yet been investigated (48). Therefore, in the
present study we sought to investigate the basis for inactivity of
the �346-347 mutant protein and to compare the properties of
VacA �346-347 to those of wild-type VacA. We report that the
�346-347 mutant protein is proteolytically processed and se-
creted by H. pylori in a manner similar to that of wild-type
VacA. However, the �346-347 mutant protein does not cause
membrane depolarization and is impaired in the ability to
assemble into functional oligomeric VacA complexes. These

results provide evidence that assembly of VacA into functional
oligomeric complexes is dependent on specific sequences, in-
cluding amino acids 346 and 347, within the p55 amino-termi-
nal subdomain.

MATERIALS AND METHODS

H. pylori strains and purification of VacA from H. pylori broth culture super-
natants. The vacA gene (GenBank accession number Q48245) from H. pylori
60190 (ATCC 49503) served as the parent DNA for construction of all mutants
in the present study. Throughout the present study, we used an amino acid
numbering system in which residue 1 refers to alanine-1 of the secreted 88-kDa
VacA protein, and the p55 domain corresponds to amino acids 312 to 821. The
crystal structure of residues 355 to 811 (within the p55 domain) has recently been
determined (16). Wild-type H. pylori strain 60190 and strains that express a VacA
�6–27 mutant protein or a c-Myc-tagged VacA protein have been described
previously (Table 1) (23, 43). An H. pylori strain expressing a �346-347 mutant
protein was constructed as described below. H. pylori strains were grown in
sulfite-free brucella broth containing activated charcoal (20). VacA �6-27 and
VacA-c-Myc proteins were purified in an oligomeric form from culture super-
natants of H. pylori, using gel filtration chromatography (4, 23, 43). It was not
possible to purify VacA �346-347 from H. pylori broth culture supernatants by
using gel filtration. Therefore, for all experiments designed to compare the
activity and properties of wild-type VacA and VacA �346-347, these proteins
were purified from H. pylori culture supernatants by using Cellufine Sulfate
Matrex beads (Chisso Corp., Tokyo, Japan) (19), unless otherwise specified.
Proteins in H. pylori broth culture supernatants were precipitated with ammo-
nium sulfate, the resuspended proteins were dialyzed in sodium phosphate buffer
(20 mM sodium phosphate, 100 mM sodium chloride [pH 7]), and the dialyzed
samples were then incubated with Matrex beads at room temperature for 30 min.
VacA was eluted from the beads with sequentially increasing concentrations of
NaCl. As a negative control, culture supernatant from a vacA-null mutant strain
(60190 vacA::km) was processed in the same manner.

Expression of VacA �346-347 in H. pylori. A �346-347 mutation (encoding a
deletion of VacA amino acids 346 and 347) was introduced into the H. pylori
chromosomal vacA gene by natural transformation and allelic exchange using a
sacB-based counterselection approach, as described previously (23, 26, 43). Se-
quence analysis of a PCR product was performed to confirm that the desired
mutation had been introduced successfully into the chromosomal vacA gene.

Expression of recombinant VacA proteins in Escherichia coli. pMM592 is a
previously described plasmid that allows expression of an 88-kDa VacA protein
in E. coli (Table 1) (24). Plasmids for expression of VacA p33 and p55 fragments

TABLE 1. H. pylori strains and plasmids

H. pylori strain or plasmid Description Source or reference

Strains
60190 ATCC 49503; encodes wild-type s1/m1 VacA 6
VT330 Encodes VacA with c-Myc epitope 23
AV452 Encodes VacA �6-27 43
SI433 Derived from H. pylori strain VM025, which contains a sacB-kan

cassette within vacA; SI433 encodes VacA �346-347
43; this study

60190 vacA::km vacA-null mutant 6

Plasmids
pMM592 Encodes wild-type VacA, amino acids 1 to 821 24
pSI200 Derived from pMM592; encodes VacA �346-347 This study
pSI201 Derived from pSI200; encodes VacA �346 This study
pSI202 Derived from pSI200; encodes VacA �347 This study
pSI203 Derived from pSI200; encodes VacA G347A This study
pSI204 Derived from pSI200; encodes VacA G347R This study
pSI205 Derived from pSI200; encodes VacA D346L/G347V This study
pSI206 Derived from pSI200; encodes VacA D346E/G347V This study
pSI207 Derived from pSI200; encodes VacA D346L/G347R This study
pSI208 Derived from pSI200; encodes VacA D346R/G347R This study
pSI209 Encodes VacA His p55 �346-347 This study
pET41b VacA p55 Encodes VacA His p55 40
pET41b VacA p33 MH Encodes VacA p33 Myc-His 40
pET41b VacA p33 H Encodes VacA p33 His 40
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have been described previously (40); the encoded p33 proteins contain either a
His6 tag at the carboxyl terminus of the protein (p33 His) or both c-Myc and His6

tags at the carboxyl terminus of the protein (p33 Myc-His), and p55 contains a
His6 tag at the amino terminus of the protein (His p55). To construct pMM592
�346-347 (pSI200), the vacA gene from pET20b-1-741 �346-347–GFP (48) was
digested with EcoRI and KpnI and ligated into EcoRI- and KpnI-digested
pMM592. To introduce additional substitution and deletion mutations into the
codons for amino acids 346 and 347, we performed inverse PCR, using appro-
priate primers and pSI200 as template DNA (47). The resulting PCR products
were then ligated and transformed into E. coli DH5�. To construct a plasmid
encoding the p55 domain of VacA with a �346-347 mutation, the corresponding
region of vacA (encoding amino acids 312 to 821) was amplified by using primers
AND7265 and AND515a (40), which resulted in the insertion of a His6 tag at the
amino terminus. The PCR product was digested with SpeI and SalI and ligated
into XbaI- and SalI-digested pET41b (Novagen), to yield p55 �346-347 (pSI209).
In each case, the plasmids were analyzed by sequence analysis to confirm that the
desired mutation was present and that no new mutations had been introduced.
VacA expression plasmids were transformed into the E. coli expression strain
ER2566 (New England Biolabs), which encodes an IPTG (isopropyl-�-D-thio-
galactopyranoside)-inducible copy of the RNA polymerase gene from bacterio-
phage T7. VacA-expressing E. coli strains were cultured in Terrific Broth (In-
vitrogen) supplemented with 25 �g of kanamycin/ml (24, 40), and extracts
containing soluble proteins were generated as described previously (24, 25).

Cell culture analysis of VacA proteins expressed in H. pylori or E. coli. HeLa
and AZ-521 cells were grown as described previously (40). In all experiments,
preparations of VacA purified from H. pylori culture supernatants were acid-
activated by the addition of 100 mM hydrochloric acid, lowering the pH to 3,
before VacA was added to cells (9, 27). An equivalent volume of a corresponding
preparation from a vacA-null mutant (60190 vacA::km) was used as a negative
control. For experiments using multiple recombinant VacA proteins, the relative
concentrations of recombinant VacA in different E. coli soluble extracts were
assessed by immunoblotting, and the extracts were then normalized so that the
relative concentrations of VacA in different preparations were approximately
equivalent (40). In comparison to wild-type VacA, none of the mutant proteins
exhibited substantial differences in stability or susceptibility to proteolytic deg-
radation. Signals were generated by the enhanced chemiluminescence reaction
(Amersham Biosciences) and detected using X-ray film. Recombinant VacA
proteins were added to cells as described previously (40). After incubation, cell
vacuolation was examined by inverted light microscopy and quantified by a
neutral red uptake assay (5). Neutral red uptake data are presented as A540

values (mean � the standard deviation [SD]). The levels of neutral red uptake
produced by negative control samples were subtracted as background.

To test for dominant-negative activity, wild-type VacA (purified by gel filtra-
tion) was acid-activated and then mixed with acid-activated preparations of
VacA �346-347 (purified by Matrex affinity resin), VacA �6-27, or a mock
sample from a vacA-null mutant strain. The mixtures were then neutralized by
diluting with neutral pH medium before addition to HeLa cells (43). The samples
were incubated with cells for 1 h at 37°C, the medium overlaying cells was
removed, and fresh serum-free medium containing 5 mM ammonium chloride
was added to cells for 5 h at 37°C. Cell vacuolation was detected by inverted light
microscopy and quantified by a neutral red uptake assay.

Membrane depolarization. Analysis of membrane potential was performed as
described previously (26, 38) except that AZ-521 cells were detached with
Accutase. Purified acid-activated VacA, or a mock preparation derived from an
H. pylori vacA-null mutant strain, was added to the cells, and the changes in the
fluorescence were monitored.

BN-PAGE. Blue native polyacrylamide gel electrophoresis (BN-PAGE) (46)
was used to investigate the oligomeric state of VacA proteins. In this technique,
protein complexes are separated based on molecular size under nondenaturing
conditions. Purified wild-type VacA and VacA �346-347 proteins were desalted
using Zeba Desalt spin columns (Pierce). Approximately 13 �g (5 �l) of each
sample was mixed with 1 �l of 1% dodecylmaltoside (a nonionic detergent that
is not expected to disrupt protein complexes) and then mixed with 2.5 �l of 50%
glycerol and 5% Coomassie blue G-250 dye stock suspension to give a detergent/
dye ratio of 1.0 g/g and electrophoresed on a 4 to 13% polyacrylamide gel. Lanes
were cut out from the gel, boiled in sodium dodecyl sulfate (SDS) electrophoresis
buffer for 10 min, and mounted on top of an 8% SDS-polyacrylamide gel for
second-dimension analysis. After transfer to nitrocellulose, the samples were
immunoblotted with an anti-VacA polyclonal serum (serum 958), followed by
an horseradish peroxidase (HRP)-conjugated secondary antibody. Signals
were generated by the enhanced chemiluminescence reaction and detected by
using X-ray film.

Modified SDS-PAGE methodology. The oligomeric state of VacA proteins was
also assessed by using a variant of the usual SDS-polyacrylamide gel electro-
phoresis (PAGE) methodology. VacA preparations were mixed with 4% SDS
lysis buffer (containing 1.5% Tris, 20% glycerol, 4% SDS, 10% 2-mercaptoeth-
anol, and 0.002% bromophenol blue), resulting in a final SDS concentration of
2% in each sample. These samples were either boiled or not boiled, electro-
phoresed on an SDS-polyacrylamide gel (6% separating gel and 4% stacking
gel), and analyzed by immunoblotting as described above.

Immunoprecipitation of VacA proteins. Immunoprecipitations were per-
formed as described previously, with minor modifications (23, 40). Briefly, E. coli
soluble extracts containing either c-Myc- or His6-tagged VacA fragments (40)
were mixed for 1 h at room temperature. The mixtures tested included the
combination of p33 Myc-His with either His p55 or His p55 �346-347. Samples
were normalized by immunoblotting with an antibody to the His6 epitope (anti-
His; Santa Cruz Biotechnology). After 1 h, these samples were diluted in 1 ml of
phosphate-buffered saline (pH 7) containing 0.05% Tween 20 and 2% ammo-
nium sulfate. Anti-c-Myc monoclonal antibody (9E10; 3 �g) was added, and the
mixture was incubated at 4°C for 2 h. Protein G-Sepharose beads (Amersham
Biosciences) were added to the VacA-antibody mixture, followed by incubation
for 16 to 18 h at 4°C. The immunoprecipitated proteins were separated from the
beads by boiling the beads in SDS-PAGE sample buffer and were analyzed by
immunoblotting with an anti-His antibody, followed by the addition of an HRP-
conjugated secondary antibody. To analyze a potential interaction between p33
His, His p55 �346-347, and full-length 88-kDa VacA, normalized E. coli extracts
containing the former two proteins were mixed with acid-activated c-Myc-tagged
VacA (Myc-VacA) purified from H. pylori culture supernatant (2 �g/ml) for 1 h
at 25°C, and the proteins were immunoprecipitated with an anti-c-Myc antibody
as described above. Immunoprecipitated proteins were analyzed by immunoblot-
ting with anti-His and anti-c-Myc antibodies, followed by an HRP-conjugated
secondary antibody.

RESULTS

Secretion of VacA �346-347 by H. pylori and analysis of
binding and vacuolating activity. To investigate properties of
the VacA �346-347 protein, we introduced the �346-347 mu-
tation into the H. pylori chromosomal vacA gene by natural
transformation and allelic exchange as described in Materials
and Methods. An 88-kDa VacA protein was detected in broth
culture supernatant from the �346-347 mutant H. pylori strain,
which indicated that the 140-kDa precursor protein (3) con-
taining the �346-347 mutation underwent proteolytic process-
ing and secretion, similar to wild-type VacA (Fig. 1). We next
investigated the interactions of wild-type VacA and VacA
�346-347 with HeLa cells. Flow cytometry analysis, performed
as described previously (1), revealed that both wild-type VacA
and VacA �346-347 bound to HeLa cells in a dose-dependent
manner (data not shown), thereby indicating that VacA �346-
347 was not defective in binding to HeLa cells. The capacity of
VacA �346-347 to be proteolytically processed and secreted by
H. pylori, as well its retention of cell-binding activity, suggested
that this mutant protein was not grossly misfolded. Notably,
wild-type VacA caused cell vacuolation, whereas cell vacuola-
tion was not observed when VacA �346-347 was added to
HeLa cells (Fig. 2A). Similarly, wild-type VacA caused exten-
sive vacuolation of AZ-521 gastric epithelial cells, whereas
VacA �346-347 did not cause vacuolation of these cells (data
not shown).

Analysis of cellular depolarization. The addition of wild-
type VacA to cells results in depolarization of the resting
membrane potential, a phenomenon attributed to insertion of
VacA into the plasma membrane to form anion-selective chan-
nels (33, 38). In the next experiments, we compared the capac-
ity of wild-type VacA and VacA �346-347 to cause depolar-
ization of AZ-521 cells. Consistent with previously published
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results, we found that addition of wild-type VacA to cells
induced membrane depolarization (Fig. 2B), and a mock prep-
aration derived from an H. pylori vacA-null mutant strain did
not induce depolarization. When VacA �346-347 was added to
AZ-521 cells, membrane depolarization was not detected (Fig.
2B). Similar results were obtained when we used HeLa cells
instead of AZ-521 cells (data not shown). The failure of the
VacA �346-347 mutant protein to depolarize AZ-521 cells
suggests that this mutant toxin is defective in membrane chan-
nel formation.

Oligomerization of VacA �346-347. VacA 88-kDa mono-
mers produced by H. pylori are known to assemble into large

water-soluble, flower-shaped structures (4). The assembly of
VacA monomers into oligomeric structures is likely to be re-
quired for membrane channel formation and membrane depo-
larization. To test whether VacA �346-347 formed oligomers
similar to those formed by wild-type VacA, we initially used gel
filtration followed by analysis of fractions by immunoblotting
with anti-VacA serum. Consistent with previous studies (4, 11),
wild-type VacA was detected in fractions corresponding to a
molecular mass of about 1,000 kDa. When VacA �346-347 was
analyzed in the same manner, only trace amounts of VacA
�346-347 were detected in these high-molecular-mass frac-
tions (data not shown). Trace amounts of VacA �346-347 were
detected in a broad range of lower molecular mass fractions,
without evidence of a well-defined peak. The gel filtration
elution properties of VacA �346-347 are similar to those re-
ported for a mutant VacA protein containing a deletion of the
p33 domain (30) and similar to several mutant VacA proteins
containing large deletions within the p33 domain (43). The gel
filtration properties of VacA �346-347 differ markedly from
those of several previously described inactive VacA proteins
with mutations in the p33 domain, which formed large oligo-
meric structures similar to wild-type VacA (25, 26, 43).

We next used gel electrophoresis methods to analyze the
oligomeric state of VacA �346-347. Efforts to detect wild-type
VacA oligomers using native gel electrophoresis were unsuc-
cessful, because VacA did not enter the gel. Therefore, we
analyzed the wild-type and mutant VacA proteins by using
BN-PAGE, as described in Materials and Methods. Wild-type
VacA was detected as a complex substantially larger than 775
kDa (Fig. 3A, top panel). In this analysis, the molecular mass
of VacA �346-347 was substantially lower than that of wild-
type VacA (Fig. 3A, bottom panel). VacA �346-347 appeared
as a horizontal streak instead of a well-circumscribed spot,
which suggested that this proteinaceous spot may be comprised
of a heterogeneous mixture of oligomeric structures.

As another approach to compare the oligomeric state of
VacA �346-347 and wild-type VacA, we used a modification of
the SDS-PAGE procedure in which samples were suspended in
loading buffer containing SDS and then either boiled or not

FIG. 1. Secretion of VacA �346-347. Wild-type H. pylori strain
60190, an isogenic mutant strain encoding a VacA �346-347 protein,
and a vacA-null mutant strain (60190 vacA::km) were cultured in
brucella broth containing activated charcoal, and proteins in the broth
culture supernatants were precipitated with a 50% saturated solution
of ammonium sulfate. Proteins were electrophoresed on a 10% SDS-
polyacrylamide gel, transferred to a nitrocellulose membrane, and
immunoblotted with polyclonal anti-VacA serum. Wild-type VacA and
VacA �346-347 were each proteolytically processed to yield an 88-kDa
protein that was secreted by H. pylori into the broth culture superna-
tant. WT, wild type.

FIG. 2. Functional analysis of VacA �346-347 activity. H. pylori strains expressing wild-type VacA or VacA �346-347, and a vacA-null mutant
strain (60190 vacA::km) were grown in broth culture, and VacA proteins were purified as described in Materials and Methods. Concentrations of
wild-type VacA and VacA �346-347 were normalized based on immunoblot assays, and the preparations were tested for vacuolating activity and
membrane depolarization. (A) Analysis of vacuolating activity. For VacA-containing samples, a dilution of 1:20 corresponds to a VacA concen-
tration of approximately 15 �g/ml. An equivalent volume of sample from the vacA::km-null mutant strain was tested as a control. Acid-activated
samples were added to the medium overlying HeLa cells and vacuolating activity was quantified by using a neutral red uptake assay. The results
represent the mean � the SD from triplicate samples. (B) Analysis of depolarization. AZ-521 cells were loaded with oxonol VI (a probe used to
monitor membrane potential). After the addition of acid-activated VacA proteins (10 �g/ml) or a control preparation (vacA::km), changes in
fluorescence were monitored. Wild-type VacA induced membrane depolarization, whereas VacA �346-347 and the control vacA::km preparation
did not. RFU, relative fluorescence units. The results are representative of four experiments. WT, wild type.
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boiled prior to electrophoresis. As expected, both wild-type
VacA and VacA �346-347 yielded 88-kDa bands if the pro-
teins were boiled prior to SDS-PAGE (Fig. 3B). In the absence
of boiling, wild-type VacA was detected as both a high-molec-
ular-mass complex (�250 kDa) and an 88-kDa band (Fig. 3B).
When unboiled VacA �346-347 was analyzed in the same
manner, the high-molecular-mass complex was not detected,
but a smaller complex was detected (Fig. 3B). This modified
SDS-PAGE assay does not permit an accurate determination
of the molecular mass of nondenatured proteins or protein
complexes, based on comparison with molecular mass markers.

However, the results suggest that VacA �346-347 can form a
complex with a mass larger than that of the 88-kDa VacA
monomer, but smaller than that of wild-type VacA oligomers.
Collectively, the gel filtration results, BN-PAGE experiments,
and modified SDS-PAGE results all suggest that VacA �346-
347 and wild-type VacA differ in the ability to assemble into
large oligomeric complexes. In addition, it is possible that
complexes formed by VacA �346-347 are less stable in the
presence of detergent than are the complexes formed by wild-
type VacA.

Interaction between p33 and p55 �346-347. When E. coli
extracts containing VacA p33 and p55 fragments are mixed
and added to HeLa cells, extensive cell vacuolation is seen,
whereas when added to cells individually, the p33 and p55
proteins do not induce cell vacuolation (40). To further inves-
tigate the effect of the �346-347 mutation on VacA activity and
oligomerization, we expressed an isolated p55 VacA fragment
containing the �346-347 mutation in E. coli. As expected, a
mixture of p33 plus wild-type p55 proteins induced vacuolation
of HeLa cells (Fig. 4A). When a mixture of p33 plus p55
�346-347 was added to HeLa cells, vacuolation was not de-
tected. To determine whether p55 �346-347 could physically
interact with p33, we performed immunoprecipitation experi-
ments. Different combinations of epitope-tagged recombinant
proteins were mixed, and immunoprecipitation was performed
as described in Materials and Methods. As shown in Fig. 4B,
p33 and p55 �346-347 interacted in solution, similar to the
interaction of p33 with wild-type p55. The inclusion of two
negative controls excluded nonspecific interactions between
p55 and the antibody or beads (Fig. 4B). These data indicate
that the �346-347 mutation does not abrogate interactions
between the p33 and p55 VacA domains.

Interactions of p33 and p55 domains with full-length 88-
kDa VacA. We have previously shown that a mixture of p33
and p55 VacA fragments can physically interact with wild-type
full-length VacA (40, 42). Therefore, we next investigated
whether a mixture of p33 and p55 �346-347 could interact with
88-kDa VacA. For these experiments, we used a c-Myc-tagged
88-kDa VacA protein (Myc-VacA) purified from H. pylori cul-
ture supernatant and recombinantly expressed p33 and p55
�346-347. After mixing Myc-VacA with p33 and p55 frag-
ments, proteins were immunoprecipitated with an anti-c-Myc
antibody. As expected, when the wild-type p33-p55 mixture
was incubated with 88-kDa Myc-VacA, all three proteins were
immunoprecipitated (Fig. 4C). Similarly, when the p33-p55
�346-347 mixture was incubated with 88-kDa Myc-VacA, both
fragments interacted with full-length VacA (Fig. 4C).

Inhibition of wild-type VacA cytotoxic activity by VacA
�346-347. Certain inactive mutant forms of VacA can act as
dominant-negative inhibitors of wild-type VacA activity (19,
23, 42, 43). Previous studies have suggested that the dominant-
negative activity of mutant VacA proteins requires protein-
protein interactions between wild-type VacA and the mutant
proteins (23, 42, 43). The observation that VacA �346-347 can
form mixed oligomeric complexes suggested that this mutant
toxin might be capable of acting in a dominant-negative man-
ner. Therefore, we next investigated whether VacA �346-347
could inhibit wild-type VacA activity. As a control, we tested
another mutant toxin (VacA �6-27) previously shown to act as
a dominant-negative inhibitor (43). Wild-type VacA and mu-

FIG. 3. Analysis of oligomer formation by wild-type VacA and
VacA �346-347. (A) BN-PAGE. Wild-type VacA (top panel) and
VacA �346-347 (bottom panel) were purified and then analyzed by
BN-PAGE, followed by immunoblotting with an anti-VacA serum. (B)
Analysis by modified SDS-PAGE. VacA was precipitated from H.
pylori broth culture supernatants with ammonium sulfate and VacA
protein concentrations were normalized based on immunoblot analy-
sis. Equivalent amounts of precipitated proteins were suspended in an
SDS-containing buffer. One set of preparations (lanes 1 to 3, left) was
not boiled, and a duplicate set of preparations (lanes 4 to 6, right) was
boiled prior to SDS-PAGE. Samples were run on a 6% SDS gel,
followed by immunoblotting with an anti-VacA serum. The arrow
indicates a large oligomeric VacA complex. WT, wild type.
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tant toxins (VacA �346-347 or VacA �6-27) were mixed to-
gether, and then the mixtures were added to HeLa cells. As
shown in Fig. 5, VacA �346-347 inhibited the cell-vacuolating
activity of wild-type VacA, even when the concentration of
VacA �346-347 was lower than that of wild-type VacA. These
results indicate that VacA �346-347 acts as a dominant-nega-
tive inhibitor of wild-type VacA activity.

Mutational analysis of residues 346 and 347. To undertake
a more detailed mutational analysis, we expressed VacA �346-
347 using a system that allows expression of a functional 88-
kDa cytotoxic form of VacA in E. coli (24). It has not been
possible to purify well-defined dodecameric structures when
VacA is expressed in E. coli (M. S. McClain and T. L. Cover,
unpublished results), but this system nevertheless permits anal-
ysis of vacuolating toxic activity (24). Soluble E. coli extracts
containing VacA �346-347 or wild-type VacA were generated
as described in Materials and Methods. Both recombinant
proteins were successfully expressed based on immunoblotting
analysis (data not shown). As expected, when extracts contain-
ing wild-type VacA were added to cells, extensive cell vacuo-
lation was detected. In contrast, when E. coli extracts contain-
ing VacA �346-347 were added to HeLa cells, no vacuolation
was detected (Fig. 6). To further investigate the role of VacA

FIG. 4. Analysis of recombinant p33, p55, and p55 �346-347 VacA
domains. (A) Vacuolating toxin activity. E. coli soluble extracts con-
taining the indicated recombinant VacA proteins were normalized and
added to HeLa cells as described in Materials and Methods. Vacuo-
lating activity was quantified by using a neutral red uptake assay. The
results represent the mean � the SD from triplicate samples. *, P �
0.05 as determined by using analysis of variance (ANOVA), followed
by Dunnett’s post hoc test compared to p33 Myc-His combined with
His p55. (B) Interaction of p55 �346-347 with p33. E. coli soluble
extracts containing normalized concentrations of p33 Myc-His, His
p55, or His p55 �346-347 were mixed and proteins were immunopre-
cipitated (I.P.) with an anti-c-Myc antibody. Immunoprecipitated pro-
teins were electrophoresed on a 10% SDS-polyacrylamide gel, trans-
ferred to a nitrocellulose membrane, and immunoblotted (I.B.) with an
anti-His antibody. (C) Interaction of p33-p55 �346-347 with 88-kDa
VacA. E. coli extracts containing normalized concentrations of p33
His, His p55, and His p55 �346-347 were mixed with acid-activated
c-Myc-tagged 88-kDa VacA protein (Myc-VacA). Proteins were
immunoprecipitated with an anti-c-Myc antibody and then immuno-
blotted with an anti-c-Myc antibody (top panel) or an anti-His anti-
body (bottom panel).

FIG. 5. Inhibition of wild-type VacA cytotoxic activity by VacA
�346-347. Preparations of acid-activated wild-type VacA (WT; 15 �g/
ml) were incubated with 15 �g of acid-activated VacA �6-27/ml, 8 �g
of acid-activated VacA �346-347/ml, or an equivalent volume of an
acidified preparation from a vacA-null mutant strain (vacA::km) as
described in Materials and Methods, and the mixtures were then
added to the medium overlying HeLa cells for 1 h at 37°C. The toxins
were removed, and fresh medium containing 5 mM ammonium chlo-
ride was added to HeLa cells for 5 h at 37°C. The vacuolating activity
was quantified by using a neutral red uptake assay. The results repre-
sent the mean � the SD from triplicate samples. *, P � 0.05 as
determined by using ANOVA, followed by Dunnett’s post hoc test
compared to WT.

FIG. 6. Mutational analysis of VacA residues 346 and 347. Full-
length WT VacA and a panel of VacA proteins containing mutations
in residues 346 and/or 347 were expressed in E. coli. E. coli soluble
extracts containing the indicated recombinant proteins were normal-
ized based on immunoblotting so that they contained equivalent con-
centrations of VacA and were then added to the medium overlying
HeLa cells. Vacuolating activity was quantified by using a neutral red
uptake assay. The results represent the mean � the SD from triplicate
samples. *, P � 0.05 as determined by using ANOVA, followed by
Dunnett’s post hoc test compared to WT VacA.
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amino acids 346 (aspartic acid) and 347 (glycine) in VacA
activity, we introduced several additional mutations into these
sites. E. coli soluble extracts containing the mutant proteins
were added to HeLa cells, and the vacuolating activity was
measured by neutral red uptake. A mutant protein containing
a deletion of amino acid 346 caused cell vacuolation similar to
that caused by wild-type VacA (Fig. 6). In contrast, when
amino acid 347 was deleted, vacuolating activity was not de-
tected (Fig. 6).

The introduction of specific pairs of substitution mutations
at position 346 and 347 (D346L/G347R or D346R/G347R)
abrogated VacA activity (Fig. 6). In contrast, other pairs of
substitution mutations at these positions (D346L/G347V or
D346E/G347V) did not abrogate VacA activity. Introduction
of the G347R mutation alone (without any change at position
346) resulted in a partial loss of VacA activity. Thus, the loss of
activity resulting from the �346-347 mutation was recapitu-
lated by deletion of a single residue (amino acid 347) or by
specific pairs of substitution mutations.

DISCUSSION

In this study, we sought to elucidate the properties of VacA
that are conferred by an amino-terminal p55 subdomain. A
recent analysis of the p55 VacA crystal structure (residues 355
to 811) showed that a substantial portion of the p55 domain
comprises a beta-helical fold (16). The crystal structure reveals
that the amino-terminal portion of p55 is spatially separated
from carboxy-terminal portions of p55, which is consistent with
the concept of an amino-terminal subdomain. Our analysis
focused on alterations in VacA that result from a small dele-
tion mutation (�346-347, corresponding to the deletion of con-
tiguous aspartic acid and glycine residues, respectively). High-
resolution structural data are not available for the portion of
VacA comprising residues 346 and 347 (16), but the presence
of adjacent glycine and proline residues at positions 347 and
348, respectively, suggests that this segment will represent part
of a loop or turn.

As described in the present study, VacA �346-347 lacked
vacuolating activity when added to the surface of cells and, in
contrast to wild-type VacA, VacA �346-347 did not cause cell
depolarization. The failure of this mutant toxin to induce cell
depolarization suggests that it is unable to form membrane
channels (26, 38). Multiple biochemical analyses provided ev-
idence that the �346-347 mutation disrupts or weakens inter-
molecular VacA interactions. Defective VacA intermolecular
interactions could result in impaired assembly or impaired
stability of oligomeric complexes required for membrane chan-
nel activity or could result in an impaired ability of oligomers
to undergo a conformational transition necessary for channel
formation.

Thus far, very little is known about which amino acid se-
quences in VacA contribute to protein-protein interactions
and oligomerization. Prior to the present study, the smallest
mutation known to disrupt VacA oligomerization was a dele-
tion of residues 49 to 57, located within the p33 domain (19).
The current data indicate that residues 346 to 347 (located
within the p55 domain) contribute to VacA oligomerization.
Thus, amino acid sequences in both the p33 domain and the
p55 domain are required for assembly of VacA into large

oligomeric structures. This conclusion is consistent with a
model for VacA oligomerization that is based on docking of
the p55 crystal structure into a 19-Å cryo-EM map of a VacA
dodecamer (16) (Fig. 7).

The �346–347 mutation could potentially interfere with
VacA oligomerization by disrupting p33-55 interactions. It is
also theoretically possible that the �346-347 mutation may
disrupt p55-p55 interactions; however, at present there is no
convincing evidence indicating that p55-p55 interactions are
required for VacA oligomer formation, and interactions be-
tween isolated p55 fragments have not been readily detectable
by immunoprecipitation or yeast two-hybrid methods (40, 41).
Immunoprecipitation experiments indicated that p55 �346-347
can interact in solution with p33 (Fig. 4B), and a mixture of p33
plus p55 �346-347 can interact with full-length VacA (Fig. 4C).
Thus, the �346-347 mutation does not completely abrogate
p33-p55 interactions. Our model predicts that the assembly of
VacA proteins into large oligomeric structures requires multi-
ple types of p33-p55 interactions, including interaction of a
single p55 domain with p33 domains from one or two adjacent
molecules (intermolecular interactions), as well as an interac-
tion with p33 from the same molecule (intramolecular inter-
action) (Fig. 7). These multiple types of p33-p55 interactions
presumably are mediated by multiple different contact points
on the surface of p55 (Fig. 7). Based on this model, the �346-
347 mutation could interfere with VacA oligomerization, de-
spite failure of this mutation to completely abrogate p33-p55
interactions.

An interesting property of VacA �346-347 is its ability to
inhibit the activity of wild-type toxin in a dominant-negative
manner (Fig. 5). Several dominant-negative mutant forms of
VacA have been described in previous studies (19, 23, 42, 43),

FIG. 7. Model depicting how the �346-347 mutation interferes
with oligomerization of VacA. The model is based on docking the p55
crystal structure into a 19-Å cryo-EM map of a VacA dodecamer (11,
16). p55 subunits are outlined in green, and p33 subunits are outlined
in blue. Intramolecular p33-p55 interactions are depicted as red bars,
and intermolecular p33-p55 interactions are depicted as yellow bars.
We predict that residues 346 to 347 are located at or near the sites of
yellow bars, and thus a �346-347 mutation would disrupt intermolec-
ular p33-p55 interactions.
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and at least one of these mutants (VacA �6-27) is able to block
membrane channel formation by wild-type VacA (43). It has
been hypothesized that the inhibitory activity of these mutants
is dependent on their ability to physically interact with wild-
type VacA, thereby forming mixed oligomeric complexes that
are defective in functional activity (23, 43). Similarly, the dom-
inant-negative phenotype of several Bacillus anthracis protec-
tive antigen mutants is also due to the formation of mixed
oligomeric complexes containing wild-type and mutant pro-
teins (34, 35). In contrast to two previously described domi-
nant-negative mutant proteins (VacA �6-27 and VacA s2/m1)
(23, 43), the mutant protein described in the present study
(VacA �346-347) failed to assemble into large oligomeric
structures. Similarly, a recent study reported that another mu-
tant protein, VacA �49-57, failed to cause cell vacuolation and
did not form large oligomeric structures but was able to inhibit
the activity of wild-type VacA in a dominant-negative manner
(19). One possibility is that the mechanisms of dominant-neg-
ative inhibition are different for one group of mutants (VacA
�6-27 and VacA s2/m1) compared to the second group of
mutants (VacA �346-347 and VacA �49-57). Alternatively, it
is likely that the latter mutants, although defective in assembly
into large oligomeric structures, are still able to physically
interact with wild-type VacA. Specifically, the VacA �346-347
protein has a defective oligomerization site within the p55
domain, but it has an intact p33 domain. As shown in Fig. 7,
each subunit within a dodecamer makes contact with other
subunits via multiple p33-p55 intermolecular interactions.
Based on this model, it is predicted that VacA �346-347 (via its
p33 domain) would be able to interact with wild-type VacA.
We speculate that oligomers containing both wild-type and
mutant components would be defective in the ability to un-
dergo conformational changes required for channel formation
and therefore would be defective in vacuolating activity.

In summary, the present study provides new insights into
properties of VacA that are conferred by the p55 amino-ter-
minal subdomain. Ongoing structure-function studies of VacA
should lead to a better understanding of how VacA forms
membrane channels and causes alterations in human cells.
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