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Helicobacter pylori secretes a pore-forming VacA toxin that has structural features and activities substantially different
from those of other known bacterial toxins. VacA can assemble into multiple types of water-soluble flower-shaped oligo-
meric structures, and most VacA activities are dependent on its capacity to oligomerize. The 88-kDa secreted VacA protein
can undergo limited proteolysis to yield two domains, designated p33 and p55. The p33 domain is required for membrane
channel formation and intracellular toxic activities, and the p55 domain has an important role in mediating VacA binding
to cells. Previous studies showed that the p55 domain has a predominantly �-helical structure, but no structural data are
available for the p33 domain. We report here the purification and analysis of a nonoligomerizing mutant form of VacA se-
creted by H. pylori. The nonoligomerizing 88-kDa mutant protein retains the capacity to enter host cells but lacks detect-
able toxic activity. Analysis of crystals formed by the monomeric protein reveals that the �-helical structure of the p55 do-
main extends into the C-terminal portion of p33. Fitting the p88 structural model into an electron microscopy map of
hexamers formed by wild-type VacA (predicted to be structurally similar to VacA membrane channels) reveals that p55
and the �-helical segment of p33 localize to peripheral arms but do not occupy the central region of the hexamers. We pro-
pose that the amino-terminal portion of p33 is unstructured when VacA is in a monomeric form and that it undergoes a
conformational change during oligomer assembly.

Helicobacter pylori is a Gram-negative bacterium that persis-
tently colonizes the stomach in about half of the human pop-

ulation worldwide (1–3). Most people tolerate the presence of this
organism for long periods without any adverse consequences, but
a small subset of H. pylori-infected individuals develop gastric
adenocarcinoma or peptic ulcer disease.

H. pylori is a relatively noninvasive organism that lives in the
gastric mucus layer overlying gastric epithelial cells, sometimes
adhering to the gastric epithelium. Many H. pylori-induced alter-
ations in the gastric mucosa are attributable to the actions of se-
creted bacterial proteins on host cells (4–6). One such protein is
the secreted vacuolating toxin, VacA (4, 7–10). VacA causes mul-
tiple alterations in gastric epithelial cells, including swelling of
endosomes (vacuolation) (11, 12), permeabilization of mitochon-
drial membranes, and activation of mitogen-activated protein ki-
nases (4, 7–9). In addition to its effects on gastric epithelial cells,
VacA can disrupt the functions of many types of immune cells
(T cells, B cells, neutrophils, eosinophils, and monocytes) (4,
7–9, 13–16). The cellular activities of VacA are attributed
mainly to its ability to form anion-selective channels in host
cells (17–21). VacA lacks sequence similarity to any other
known bacterial toxins.

H. pylori strains isolated from unrelated individuals are genet-
ically heterogeneous, and the risk of developing gastric cancer or
peptic ulcer disease is determined in part by characteristics of the
H. pylori strains with which persons are infected (22). All H. pylori
strains contain a vacA gene, but there is a high level of sequence
variation among vacA alleles from different strains (23). Several
families of vacA alleles (designated s1 or s2, i1 or i2, and m1 or m2)
have been described based on variation in specific regions of the
gene (22, 24, 25). Individuals infected with H. pylori strains har-
boring type s1, i1, or m1 forms of vacA have an increased risk of

gastric cancer or peptic ulcer disease compared to individuals in-
fected with strains harboring type s2, i2, or m2 forms of vacA (22).

The 88-kDa VacA protein secreted by H. pylori can assemble
into multiple types of water-soluble flower-shaped oligomeric
structures, including both double-layered forms (dodecamers and
tetradecamers) and single-layered forms (hexamers and heptam-
ers) (26–31). The single-layered water-soluble oligomers are pro-
posed to be structurally related to VacA membrane channels (17,
19, 31). By using single-particle electron microscopy and the ran-
dom conical tilt approach, the three-dimensional structures of
several VacA oligomeric conformations have been determined at
�15-Å resolution (31). Mutant forms of VacA that fail to form
water-soluble oligomeric structures lack toxin activity (20, 32, 33),
which supports the view that VacA oligomerization is required for
toxin activity.

Secretion of VacA is believed to proceed via a type V or auto-
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transporter mechanism (6, 34–38). The secreted 88-kDa VacA
protein can undergo limited proteolysis to yield two domains,
designated p33 and p55, which remain together after proteolysis
(27, 36, 39–42). The p55 domain has an important role in medi-
ating VacA binding to cells (41, 43). Studies of VacA proteins
expressed in transiently transfected HeLa cells have shown that the
entire p33 domain plus the amino-terminal part of the p55 do-
main are required for intracellular toxin activity (39, 44, 45). The
p33 domain has an important role in targeting VacA to mitochon-
dria (46–48). Within the p33 domain, a predicted hydrophobic
region about 30 amino acids in length is present near the amino
terminus (20, 49). This region contains multiple GXXXG motifs,
sequences that are predicted to mediate transmembrane dimeriza-
tion (21, 50). Site-directed mutagenesis of several amino acids
within the amino-terminal hydrophobic region, including the
GXXXG motifs, abolishes membrane channel-forming activity
and vacuolating toxin activity (21, 49, 51).

Analysis of crystals formed by a recombinant p55 protein
revealed that this domain has a predominantly �-helical struc-
ture (52, 53). Similar to the VacA p55 domain, several other
bacterial proteins secreted through a type V or autotransporter
pathway (such as pertactin) are also known to have a predom-
inantly �-helical structure (54). Despite considerable effort by
multiple labs, there has been no progress thus far in experimen-
tally defining the structure of the VacA p33 domain. Efforts to
elucidate the structure of the p33 domain have been hindered
by its insolubility (42), and efforts to determine the crystal
structure of p88 VacA secreted by H. pylori have been hindered
by its assembly into a heterogeneous assortment of oligomeric
forms. Several studies have proposed structural models for re-
gions of the p33 domain (47, 52, 55, 56), particularly the pre-
dicted transmembrane domain that contains the GXXXG re-
peats (55), but at present there are no experimental data to
either validate or refute the proposed models. In this study, we
report crystallization and preliminary structural analysis of a
nonoligomerizing VacA protein, which provides the first in-
sight into structural properties of the p33 domain.

MATERIALS AND METHODS
Bacterial growth conditions. Wild-type (WT) H. pylori 60190 (ATCC
49503) was used as the parent strain for all of the experiments described
here. H. pylori strains were routinely grown on Trypticase soy agar plates
containing 5% sheep blood or in sulfite-free brucella broth (57) supple-
mented with cholesterol lipid concentrate (Gibco) (BB-cholesterol) (58).
Mutant strains were cultured initially on brucella agar plates containing
10% fetal bovine serum (FBS) supplemented with chloramphenicol (5
�g/ml) or metronidazole (3.75 �g/ml) and subsequently grown on me-
dium without antibiotics. H. pylori strains were grown at 37°C in ambient
air containing 5% CO2.

Generation of H. pylori mutant strains. H. pylori strains producing
VacA proteins containing a strep tag (Strep-tag II) were constructed using
a previously described negative selection approach involving use of a cat::
rdxA cassette (59). One strain was engineered to produce VacA containing
a strep tag introduced at amino acid 312 (VacA-Str312), and another strain
produced VacA with a deletion of amino acids 346 and 347 and containing
the strep tag [VacA-�(346-347)-Str312]. The presence of nucleotide se-
quences encoding the strep tag and the �346-347 mutation was confirmed
by PCR and nucleotide sequence analysis of PCR products amplified from
mutant strains. Strains producing VacA proteins containing strep tags
introduced at alternate sites within the p55 domain (Str427, Str480, Str524,
or Str808) were generated using the same approach.

Purification of VacA. H. pylori strains engineered to produce strep-
tagged VacA were grown in BB-cholesterol broth for 48 h. After centrifu-
gation of the cultures, VacA and other proteins in the culture supernatant
were precipitated by addition of ammonium sulfate (50% saturated solu-
tion). The precipitated proteins were pelleted by centrifugation and resus-
pended in phosphate-buffered saline (PBS) containing 1 mM EDTA and
0.02% sodium azide. Strep-tagged VacA proteins were purified using a
protocol modified from Schmidt et al. (60). In brief, protein preparations
were incubated with Strep-Tactin resin (IBA), and the resin was then
loaded into a gravity column. After washing of the column with wash
buffer (50 mM Tris, 150 mM NaCl [pH 8.0]), VacA was eluted with
elution buffer (50 mM Tris, 150 mM NaCl, and 5 mM D-desthiobiotin
[pH 8.0]). WT oligomeric VacA (without a strep tag) was purified from
culture supernatants of WT H. pylori 60190 by gel filtration using a Su-
perose 6 column, as described previously (12, 27, 31).

Analysis of cell-vacuolating activity. HeLa cells were grown in min-
imal essential medium (modified Eagle medium containing Earle’s
salts) supplemented with 10% FBS in a 5% CO2 atmosphere at 37°C,
and AGS cells were grown in RPMI 1640 medium supplemented with
10% FBS, 10 mM HEPES, penicillin, and streptomycin. Purified
oligomeric forms of VacA (wild type, VacA-Str312, or VacA-Str808)
were acid activated by the slow addition of 200 mM HCl until a pH of
3.0 was reached (61, 62). The acidified VacA preparations were added
to the tissue culture medium overlying cells (supplemented with 5 mM
ammonium chloride), followed by incubation at 37°C for the times
specified for individual experiments. To quantify cell vacuolation,
HeLa cells were seeded at a density of 1.2 � 104 cells/well into 96-well
plates 1 day prior to the addition of VacA proteins. VacA-induced
vacuolation of HeLa cells was detected by inverted light microscopy
and quantified by a neutral red uptake assay (12, 63). The neutral red
uptake assay provided a quantitative measurement of HeLa cell vacu-
olation but was not useful for studies of AGS gastric epithelial cells.
Therefore, VacA-induced vacuolation of AGS cells was monitored by
inverted light microscopy and differential interference contrast (DIC).

Fluorescence microscopy. Purified WT VacA and VacA-�(346-347)-
Str312 were labeled with Alexa Fluor 488 (Molecular Probes) according to
the manufacturer’s instructions (42, 64, 65). AGS cells were then incu-
bated with the acid-activated, fluorescently labeled proteins (5 �g/ml).
The cells were washed 1� with PBS, fixed with 4% paraformaldehyde, and
stained with Hoechst 33342 to label the DNA. The cells were imaged with
a DeltaVision Elite microscope equipped with a 60� 1.4 NA lens (Olym-
pus) and a Cool SnapHQ2 CCD camera (Photometrics). Z-sections
spaced 200 nm apart were acquired and deconvolved with SoftWorx (GE
Healthcare). Images are a maximum intensity projection of three Z-sec-
tions. ImageJ was used for image processing.

Electron microscopy. VacA proteins [3 �l of 10-�g/ml protein solu-
tions of VacA-�(346-347)-Str312 or acidified WT VacA; 3 �l of a 40-
�g/ml protein solution for nonacidified WT VacA or VacA-Str312] were
spotted onto glow-discharged copper-mesh grids (EMS). The grids were
then washed two times and stained in 0.7% uranyl formate (31). Images
were collected on an FEI Morgagni run at 100 kV at a magnification
of �28,000 and then recorded on an AMT 1Kx1K charge-coupled device
camera.

Crystallization and structure determination. Purified VacA-�(346-
347)-Str312 in elution buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 5
mM D-desthiobiotin [pH 8.0]) was concentrated to at least 5 mg/ml. Ini-
tial crystal trials were performed using a Mosquito Nanoliter-Dispenser
(TTP Labtech) and a Rock Imager (Formulatrix) for automated analysis
of sitting drops. A hanging-drop method was used to further optimize
crystallization of proteins. VacA and precipitants were mixed in a 1:1 ratio
at 21°C. Cubic crystals grew in reservoirs containing 0.8 to 1.8 M sodium
chloride and 0.1 M sodium acetate at pH 4.6 to 5. X-ray data were col-
lected from single crystals on an LS-CAT beamline 21 ID-D at the Ad-
vanced Photon Source (Argonne, IL) at 100 K. Diffraction data were in-
dexed, integrated, and scaled using the HKL2000 software package (66)
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(Table 1). Phases were determined by molecular replacement using the
p55 structure (52) and the program MOLREP (67). The electron density
map was visualized using Coot (68). Although the maps were not of suf-
ficient resolution to allow assignment of the sequence register, a contin-
uous chain of 165 residues could be modeled as a polyalanine �-helix.

RESULTS
Purification of a nonoligomerizing VacA protein. Previous stud-
ies have shown that mutagenesis of VacA residues 346 and 347,

located within the p55 domain of VacA, abolishes the capacity of
VacA to cause vacuolation of host cells as well as its capacity to
assemble into water-soluble oligomeric structures (33, 39). The
nonoligomerizing �346-347 mutant VacA protein cannot be pu-
rified using the gel filtration methods developed for purification of
WT VacA oligomers (33). To overcome this problem, we engi-
neered an H. pylori strain that produced a VacA �346-347 mutant
protein with a strep tag introduced at the junction between p33
and p55 domains, designated VacA-�(346-347)-Str312 (Fig. 1A).
The VacA-�(346-347)-Str312 protein was secreted into the extra-
cellular space without any defects in secretion compared to WT
untagged VacA (Fig. 1B), and the strep-tagged protein could be
purified from culture supernatant using streptactin resin. When
analyzed by SDS-PAGE under denaturing conditions, the purified
strep-tagged protein had a mass of �88 kDa, similar to WT VacA
(Fig. 1C) (12, 69). Also similar to WT VacA, the VacA-�(346-
347)-Str312 protein spontaneously underwent limited proteolytic
degradation into 55- and 33-kDa fragments during prolonged
storage (data not shown).

Under nondenaturing conditions at neutral pH, WT VacA as-
sembles into water-soluble flower-shaped oligomeric structures
(26–31) (Fig. 2A); however, when exposed to low pH, VacA dis-
assembles into monomers (Fig. 2B). Electron microscopy (EM)
analysis of purified VacA-�(346-347)-Str312 at neutral pH showed

TABLE 1 X-ray data collection statistics

Parameter Value(s)a

Unit cell dimensions
a, b, c (Å) 330.7, 330.7, 330.7
�, �, � (°) 90, 90, 90

Resolution, outer shell (Å) 50.0–4.5 (4.58–4.50)
Rmerge (%) 10.9 (52.1)
Mean I/	
I� 10.4 (2.75)
Completeness (%) 99.7 (97.8)
Redundancy 7.4 (6.6)
No. of unique observations 35,776 (1,747)
a Outer-resolution bin statistics are given in parentheses.
b Rmerge � 
hkl(
i|Ihkl,i � 
Ihkl�)/
hkl,i
Ihkl,i�, where Ihkl,i, is the intensity of an
individual measurement of the reflection with the Miller indices h, k, and l, and 
Ihkl� is
the mean intensity of that reflection.

FIG 1 Introduction of a strep tag into VacA. The p88 VacA protein secreted by
H. pylori strain 60190 (GenBank U05676) contains two domains, designated
p33 and p55. H. pylori 60190 was engineered as described in Materials and
Methods to allow production of VacA proteins with a strep tag introduced at
the junction between p33 and p55 domains. (A) The figure compares the
amino acid sequence of the p33-p55 junction in WT VacA with the corre-
sponding sequence in a modified VacA protein containing the strep tag (WS
HPQFEK) introduced at amino acid 312. (B) H. pylori strains were grown in
broth culture, and unconcentrated broth culture supernatants were analyzed
by immunoblotting using polyclonal anti-VacA serum. Lanes: a, strain 60190,
producing WT VacA; b, strain producing VacA with a strep tag introduced at
position 312 (VacA-Str312); c, strain producing VacA-�(346-347)-Str312; d,
vacA-null mutant. (C) SDS-PAGE and Coomassie blue staining of strep-
tagged VacA proteins, purified as described in Materials and Methods. Lanes:
a, VacA-Str312; b, VacA-�(346-347)-Str312.

FIG 2 EM analysis of purified wild-type VacA and VacA-�(346-347)-Str312.
VacA proteins were purified from H. pylori broth culture supernatant as de-
scribed in Materials and Methods. (A to D) EM analysis of purified WT VacA
at neutral pH (A), WT VacA exposed to low-pH conditions as described in
Materials and Methods (B), VacA-�(346-347)-Str312 at neutral pH (C), and
VacA-Str312 at neutral pH (D). The insets show high-magnification images of
representative particles. Scale bar, 50 nm for all panels.
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that, as expected, it failed to assemble into oligomeric structures
(Fig. 2C). Thus, purified VacA-�(346-347)-Str312 at neutral pH
appears similar to acid activated WT VacA. VacA-Str312 (contain-
ing the strep tag but not mutated at residues 346 to 347) retained
the capacity to assemble into oligomeric structures, indicating
that the presence of the strep tag does not block oligomerization
(Fig. 2D). These EM results, combined with the SDS-PAGE anal-
ysis of protein purity (Fig. 1), provided evidence that the purified
VacA-�(346-347)-Str312 protein was a homogeneous and uni-
form preparation of VacA monomers resembling acidified WT
VacA.

Functional analysis of a nonoligomerizing VacA protein.
When added to cultured AGS gastric epithelial cells, WT VacA is
internalized into the cells and induces the formation of large in-
tracellular vacuoles (Fig. 3). VacA-�(346-347)-Str312 was inter-
nalized by AGS cells, similar to wild-type VacA, but lacked the
capacity to cause vacuolation of these cells (Fig. 3). Similarly,
VacA-�(346-347)-Str312 lacked the capacity to cause vacuolation
of HeLa cells, based on both microscopic visualization of cells
(data not shown) and a quantitative neutral red uptake assay (Fig.
4A). VacA-Str312 (containing the strep tag but not mutated at
residues 346 to 347) retained the capacity to cause cell vacuolation
(Fig. 4A). Acid-activated VacA-Str312 exhibited increased vacuo-
lating activity compared to nonactivated VacA-Str312, similar to
what is observed with WT VacA (data not shown). These results
indicate that the �346-347 mutation (and not the strep tag) was
responsible for the nonvacuolating phenotype of VacA-�(346-
347)-Str312. Consistent with previous studies of a VacA �346-347

mutant protein (33), the purified VacA-�(346-347)-Str312 pro-
tein inhibited the activity of WT VacA when HeLa cells were
treated with a mixture of both proteins (Fig. 4B). Thus, despite
lack of vacuolating activity, the nonoligomeric VacA-�(346-347)-
Str312 protein retained the capacity to be secreted by H. pylori,
enter host cells, and block the activity of WT VacA, suggesting that
the strep-tagged monomer is folded.

Crystallization of VacA-�(346-347)-Str312. WT VacA protein
assembles into a heterogeneous assortment of oligomeric struc-
tures (26–31), which is suboptimal for crystal formation. We rea-
soned that the purified VacA-�(346-347)-Str312 protein might be
more suitable for crystallization than WT VacA. In initial crystal-
lization trials, we tested more than 1,000 crystallization condi-

FIG 3 Internalization of VacA-�(346-347)-Str312 by gastric epithelial
cells. AGS cells were treated for 4 h in the presence of 5 mM ammonium
chloride with 5 �g/ml of either acid-activated WT VacA (top panels) or
VacA-�(346-347)-Str312 (bottom panels), each labeled with Alexa Fluor
488. The cells were then washed with PBS, fixed with 4% paraformalde-
hyde, and stained with Hoechst to label DNA. Fluorescence and DIC im-
ages are shown. Scale bar, 10 �m.

FIG 4 Analysis of vacuolating toxic activity. H. pylori 60190 (producing WT
VacA), a strain producing VacA-Str312, and a strain producing VacA-�(346-
347)-Str312 were grown in broth cultures, and VacA proteins were purified as
described in Materials and Methods. (A) HeLa cells were incubated with the
indicated final concentrations of purified VacA proteins, and cell vacuolation
was quantified by neutral red uptake assay (as determined by the optical den-
sity at 600 nm [OD600]). WT VacA and VacA-Str312 exhibited cell-vacuolating
activity (corresponding to high neutral red uptake values), whereas VacA-
�(346-347)-Str312 lacked vacuolating activity. (B) WT VacA (10 �g/ml) was
incubated with the indicated concentrations of VacA-�(346-347)-Str312 or
buffer only, and the mixtures were then added to HeLa cells in the presence of
5 mM ammonium chloride. Cell vacuolation was quantified by neutral red
uptake assay (i.e., based on the OD600). VacA-�(346-347)-Str312 inhibited the
activity of WT VacA.
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tions, as described in Materials and Methods, and observed that
VacA-�(346-347)-Str312 formed cubic crystals.

Conditions for crystal formation were optimized by the hang-
ing-drop method, and crystals were analyzed as described in Ma-
terials and Methods. Diffraction data were indexed, integrated,
scaled, and merged with HKL2000. The crystals were space group
I23 with a 330.7-Å cell edge. The highest resolution obtained was
about 4.2 Å. Efforts to improve the resolution by forming crystals
under alternate conditions or by dehydrating crystals were not
successful. Molecular replacement using the 2.4-Å p55 domain of
VacA as the search model revealed a solution where each asym-
metric unit has two monomers. A packing arrangement of two
monomers per asymmetric unit in a 330-Å3 cubic I23 space group
indicates that the crystals are 88% solvent. Although this is high,
we observed a full array of crystal packing contacts that allow for
the formation of the cubic lattice.

Analysis of the electron density map of VacA-�(346-347)-
Str312 crystals revealed that the previously determined structure of
the p55 domain (residues 355 to 811) was present (colored green
in Fig. 5) and also allowed us to map amino acids at the N terminus
of p55 (residues 348 to 354) that were not part of the previously
determined p55 structure (Fig. 5C, colored blue). Notably, residue
348 (located at the N-terminal end of the p55 structure) is directly
adjacent to the two amino acids that were deleted in the non-
oligomerizing VacA-�(346-347)-Str312 protein crystallized in the

present study. The electron density map contained not only the
p55 structure (containing predominantly a �-helical fold) but also
an additional �-helix segment consisting of 7 rungs and about 165
amino acids (Fig. 5, colored red). The additional �-helix segment
is characterized by three long loops that project on one side of the
�-helix (Fig. 5C). The loops are located on four rungs such that
one loop is separated from the other two by a rung with a simple
tight turn. The space and length of these loops are unique relative
to the loop structures observed in p55. Therefore, the additional
�-helical structure detected in the electron density map is not
simply an additional copy of the p55 �-helix. The most plausible
interpretation is that the additional �-helical structure represents
a portion of the p33 domain. Consistent with this interpretation,
analysis of dissolved crystals by mass spectrometry analysis re-
vealed the presence of peptides assigned to both p33 and p55 (rep-
resenting about 83% coverage of the 88-kDa protein).

As shown in Fig. 5C, we were unable to resolve the junction
between the p55 and p33 domains within the electron density
map. Previous studies showed that the p55-p33 junction is sus-
ceptible to proteolysis (27, 36, 40), and the sequences of VacA
proteins produced by different H. pylori strains vary consider-
ably in this region, exhibiting differences in length (due to
insertions or sequence duplications), as well as differences in
amino acid sequence. Therefore, it has been predicted that the
p55-p33 junction is a flexible region (36). The failure to resolve

FIG 5 Density map of VacA-�(346-347)-Str312. VacA-�(346-347)-Str312 was crystallized, and the crystals were analyzed as described in Materials and Methods.
(A) The structure of the p55 domain is colored green, and the structure of a portion of the p33 domain is colored red. A 2Fo�Fc map contoured at 1.5 sigma
reveals the presence of an extended �-helix structure in the p33 domain. Although the junction of p33 with the p55 fragment is not resolved, the density map
suggests the presence of a �-helix segment in p33 consisting of 7 rungs and about 165 amino acids (red coloration). (B) Rotated view of the �-helix segment within
the p33 domain. (C) Line representation of the VacA-�(346-347)-Str312 structure. The portion of p55 corresponding to the previously determined structure
(residues 355 to 811) (52) is shown in green, and additional p55 residues mapped in the present study are shown are shown in blue. A �-helical portion of the p33
domain is shown in red. *, N-terminal end of p33 �-helix; #, C-terminal end of p33 �-helix; �, N-terminal end of p55 domain. Arrows designate distinctive loops
in the p33 domain.
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this region in the present study is consistent with the presence
of an unstructured region. Although the electron density maps
were not of sufficient resolution to allow assignment of the
sequence register of the p33 �-helix, we can generate hypoth-
eses about the p33 sequence region that forms this �-helix
based on use of structure prediction programs, as considered
further in the Discussion.

We also generated H. pylori strains that produced VacA-
�(346-347) proteins with strep tags inserted at several other sites
within the p55 domain (Str427, Str480, Str524, and Str808). Each of
these proteins was secreted by H. pylori, and each formed cubic
crystals similar to those formed by VacA-�(346-347)-Str312, sug-
gesting that the strep tag could be placed at multiple locations
without altering the protein structure. To further test this hypoth-
esis, we engineered a strain that produced a VacA-Str808 protein
(without the �346-347 mutation) and found that the VacA-Str808

protein had vacuolating toxin activity similar to that of wild-type
VacA (data not shown). Analysis of crystals formed by the VacA-
�(346-347) proteins with strep tags at alternate sites did not im-
prove the resolution and did not allow resolution of the structure
of the p33-p55 junction.

Localization of p55 and p33 domains within the VacA oligo-
meric structure. The three-dimensional structure of water-sol-
uble VacA oligomers has been analyzed previously using nega-
tive stain EM and random conical tilt methods, yielding a 15-Å
structure (31). Water-soluble hexameric structures are pre-
dicted to be structurally related to the membrane-inserted
VacA channel (17, 19, 31). Therefore, we sought to fit the
VacA-�(346-347)-Str312 model into an EM map of a VacA hex-
amer. As expected, p55 domains localized to peripheral arms of
the hexamer and p33 domains localized closer to the center of
the hexamer (Fig. 6). Notably, a large region within the center
of the oligomer was not occupied by the density map of the
VacA-�(346-347)-Str312 crystal structure. As considered fur-
ther in the Discussion, we propose that the central hub of the
oligomer is composed of an N-terminal portion of VacA (for
example, amino acids 1 to 120) that was not part of the p33
�-helical domain of the current crystal structure.

DISCUSSION

In a previous study, the crystal structure of the VacA p55 domain
was determined by performing experiments with a recombinant

p55 protein (52). Efforts to determine the structure of the p33
domain using the same approach have not been successful, prob-
ably due to the relative insolubility of the recombinant p33 do-
main (42), and efforts to determine the structure of p88 proteins
produced by either H. pylori or E. coli also have been unsuccessful.
In the present study, we analyzed the structure of a p88 VacA
protein harboring a mutation that blocked oligomer formation.
The VacA-�(346-347)-Str312 protein appeared to be similar to
monomeric forms of WT VacA when analyzed by EM, and it re-
tained several functional properties of the WT protein, including
the capacity to be secreted by H. pylori and the capacity to enter
gastric epithelial cells.

The VacA-�(346-347)-Str312 protein and VacA proteins with
strep tags at alternate sites formed cubic crystals under multiple
conditions, but none of the density maps were at a resolution that
allowed assignment of the sequence register. We used multiple
approaches in an effort to improve the level of diffraction, but
none were successful. We speculate that the suboptimal diffrac-
tion is attributable to the high solvent content of the crystals. De-
spite this limitation, we were able to obtain molecular replace-
ment phases for a 4.2-Å data set and thereby obtain the first
experimental data pertaining to the structure of the p33 domain.

The present study reveals a region of the p33 domain about 165
amino acids in length that has a predominantly �-helical struc-
ture. This result compares favorably to structure predictions that
were made using the program BetaWrap Pro (54). Specifically, the
BetaWrap Pro program predicts the existence of a stretch of
amino acids between residues 120 and 249 as a five-coil �-helix,
with a potential for additional coils extending out to residue 278
(52). Based on the current data combined with structure predic-
tions, we propose that the C-terminal region of p33 (approxi-
mately residues 120 to 285) has a predominantly �-helical struc-
ture.

Relatively little is known about functional properties of the
�-helical region of p33. Random mutagenesis experiments re-
vealed only two mutations in this region that abrogated VacA
toxin activity (G121R and S246L) (51). Interestingly, comparative
sequence analysis of VacA proteins produced by different H. pylori
strains reveals heterogeneity in a region (approximately residues
144 to 244, known as the “intermediate region” or the “i-region”),
which lies within the putative �-helical portion of p33 (23, 25). H.

FIG 6 Model depicting assembly of VacA monomers into hexameric structures. The density map of VacA-�(346-347)-Str312 was fitted into an EM map of a
VacA hexamer (31). The figure illustrates bottom, top, and side views of the hexamer. Blue indicates p55 domains, and red indicates an �165-amino-acid
�-helical segment within the p33 domain.
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pylori strains containing i1 forms of VacA have been linked to an
elevated risk of gastric cancer, compared to strains containing i2
forms of VacA (25). The i-region is predicted to be at least partially
contained within the p33 �-helical structure, but the exact sites of
diversity could not be mapped due to the limited resolution of the
current structure, and thus far our efforts to crystallize i2 forms of
VacA have not been successful. It will be important in future stud-
ies to define precisely the structural variation within the i-region
and elucidate how structural variation in this region impacts VacA
activity.

VacA assembles into multiple types of water-soluble oligo-
meric structures, including single-layered structures containing 6
to 9 components, as well as double-layered components contain-
ing 12 or 14 components (26–31). The single-layered structures
are proposed to be structurally related to the pores that VacA
forms in membranes. Protein-protein interactions between se-
quences in p33 and sequences in p55 are predicted to be required
for the formation of oligomeric structures (20, 32, 33, 52, 70).
Specifically, VacA residues 49 to 57 (within the p33 domain) and
residues 346 to 347 (within p55) are required for VacA oligomer-
ization (32, 33). These sites were not included in the current crys-
tal structure, since residues 346 to 347 were intentionally deleted
and residues 49 to 57 are predicted to be localized outside the p33
�-helix. Fitting of the VacA-�(346-347)-Str312 structural model
into an EM map of hexamers formed by WT VacA reveals that p55
and the �-helical segment of p33 localize to the arms but do not
extend into the central region of the hexamer.

The amino-terminal region of VacA is predicted to be highly
hydrophobic and contains multiple GXXXG motifs, which are
often involved in transmembrane dimerization (12, 20, 21, 50).
Mutagenesis studies have shown that this region of VacA is
required for membrane channel formation (20, 21). One study
proposed a model for the structure of this portion of VacA and
suggested that it resembles the structure of an unrelated anion-
selective channel, MscS (55). Previous EM studies have shown
that WT VacA oligomers have structurally organized spoke-
like densities in the central region, whereas this central density
is absent in oligomers formed by VacA �6-27 mutant proteins
(30, 31). Therefore, it has been presumed that VacA amino
acids 6 to 27 localize to the center of oligomers and are required
for the structural integrity of this region. The current data pro-
vide further support for a model in which the central portion of
VacA oligomers is formed by the amino-terminal region of
VacA. We predict that the central region is formed by an ami-
no-terminal portion of p33 that is unstructured when VacA is
in a monomeric form and that it undergoes a conformational
change when monomers assemble into oligomeric structures.

In summary, these data constitute the first experimental in-
sights into structural properties of the VacA p33 domain. In future
studies, it will be important to define the structure of the p33
domain at a higher level of resolution. In addition, it will be im-
portant to define the structure of the amino-terminal portion of
p33 and clarify the structure-function relationships important for
membrane channel formation.
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