
pubs.acs.org/BiochemistryPublished on Web 06/08/2010r 2010 American Chemical Society

Biochemistry 2010, 49, 5743–5752 5743

DOI: 10.1021/bi100618g

Reconstitution of Helicobacter pylori VacA Toxin from Purified Components†

Christian Gonz�alez-Rivera,‡,@ Kelly A. Gangwer,‡,@ Mark S. McClain,§ Ilyas M. Eli, ) Melissa G. Chambers, )

Melanie D. Ohi, ) D. Borden Lacy,*,‡ and Timothy L. Cover*,‡,§,^

‡Department of Microbiology and Immunology, §Department of Medicine, and )Department of Cell and Developmental Biology,
Vanderbilt University School of Medicine, Nashville, Tennessee 37232, and ^Veterans Affairs Tennessee Valley Healthcare System,

Nashville, Tennessee 37212. @These authors contributed equally to this work.

Received April 22, 2010; Revised Manuscript Received June 6, 2010

ABSTRACT: Helicobacter pylori VacA is a pore-forming toxin that causes multiple alterations in human cells
and contributes to the pathogenesis of peptic ulcer disease and gastric cancer. The toxin is secreted byH. pylori
as an 88 kDa monomer (p88) consisting of two domains (p33 and p55). While an X-ray crystal structure for
p55 exists and p88 oligomers have been visualized by cryo-electron microscopy, a detailed analysis of p33 has
been hindered by an inability to purify this domain in an active form. In this study, we expressed and purified a
recombinant form of p33 under denaturing conditions and optimized conditions for the refolding of the
soluble protein.We show that refolded p33 can be added to purified p55 in trans to cause vacuolation of HeLa
cells and inhibition of IL-2 production by Jurkat cells, effects identical to those produced by the p88 toxin
from H. pylori. The p33 protein markedly enhances the cell binding properties of p55. Size exclusion
chromatography experiments suggest that p33 and p55 assemble into a complex consistent with the size of a
p88 monomer. Electron microscopy of these p33/p55 complexes reveals small rod-shaped structures that
can convert to oligomeric flower-shaped structures in the presence of detergent. We propose that the
oligomerization observed in these experiments mimics the process by which VacA oligomerizes when in
contact with membranes of host cells.

Helicobacter pylori is a Gram-negative bacterium that persis-
tently colonizes the human stomach (1-4). Infection byH. pylori
is associated with the development of peptic ulcer disease, gastric
adenocarcinoma, and gastric lymphoma (5, 6). An important
virulence factor in the pathogenesis of H. pylori infection is a
secreted protein known as vacuolating cytotoxin (VacA) (7-11).
In vivo studies have shown that VacA contributes to gastric
damage in animal models (12, 13), and specific vacA allelic forms
are associatedwith an increased riskof disease in humans (14, 15).
VacA causes a wide range of cellular alterations in vitro (9),
including the formation of large cytoplasmic vacuoles (7, 8),
permeabilization of the plasma membrane (16), reduction of mito-
chondrial transmembranepotentialandcytochromecrelease(17,18),
activation of mitogen-activated protein kinases (19), induction of
autophagy (20), and inhibition of the activation and proliferation
of T-lymphocytes (21-23). Many cellular effects of VacA are
dependent on the formation of anion-selective membrane chan-
nels (9, 16, 24, 25). VacA-induced cell vacuolation, the hallmark
effect of VacA on epithelial cells, results from internalization of
VacA and expansion of late endosomal compartments (9, 26).

VacA-induced suppression of IL-2 production, a prominent effect
of VacA on Jurkat T cells, is attributed to inhibited nuclear
translocation of NFAT (21).

The vacA gene encodes a 140 kDa protein that undergoes
proteolytic processing to yield an amino-terminal signal se-
quence, an 88 kDa secreted toxin, and a carboxyl-terminal
autotransporter domain (13, 27-29). Partial proteolytic diges-
tion in vitro of the 88 kDa secreted toxin yields two fragments,
designated p33 and p55, which probably represent two domains
of VacA (13, 30-32). Cleavage of the p88 protein into these two
fragments occurs at a site that is predicted to be a surface-exposed
flexible loop (13, 31). Amino acid sequences within an amino-
terminal hydrophobic portion of the p33 domain are required for
membrane channel formation (33, 34), and sequences within the
p55 domain are required for VacA binding to cells (35-37).
When expressed intracellularly in HeLa cells, ∼422 residues
(corresponding to the p33 domain and the amino-terminal
portion of the p55 domain) are sufficient to cause cell vacuola-
tion (38). Intracellularly expressed p33 localizes in association
with mitochondria, whereas p55 does not (17). The crystal
structure of p55 was recently analyzed and shown to con-
sist predominantly of a right-handed parallel β-helix (39), a
property that is shared among most autotransporter passenger
domains (39-41). It is predicted that a large portion of p33 also
comprises a β-helical fold (39), but thus far, detailed studies of
p33 have been hindered by an inability to purify an active form of
this domain.

The 88 kDaVacAmonomers secreted byH. pylori can assemble
into large water-soluble oligomeric complexes (42-45). These
flower-shaped structures can be either single-layer (containing
6-9 subunits) or bilayer (containing 12-14 subunits) (42-45).
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Similar oligomeric structures have been visualized on the surface
of VacA-treated cells or lipid bilayers (24, 44, 46). Amino acid
sequences within both the p33 domain (residues 49-57) and the
p55 domain (residues 346 and 347) are required for assembly of
VacA into these oligomeric structures, and mutant proteins
lacking these sequences fail to cause cell vacuolation (47, 48).
Several VacA mutant proteins have dominant negative inhibitory
effects on the ability of wild-type VacA to cause cellular altera-
tions (33, 48-50), which supports the hypothesis that oligomeric
structures are required for VacA effects on host cells. Water-
soluble VacA oligomeric complexes lack cytotoxic activity unless
they are first dissociated intomonomeric components by exposure
to low-pH or high-pH conditions (42, 51), and therefore, it is
presumed that VacA monomeric components interact with host
cells and subsequently reassemble into membrane channels.
Although the structure of water-soluble VacA oligomeric com-
plexes has been investigated in detail, the conditions that promote
oligomerization of VacA are not well-understood.

In this study, we describe the expression and purification of a
recombinant form of p33 that, when mixed with p55, causes
cellular alterations identical to those caused by p88 VacA from
H. pylori. We report that p33 and p55 assemble into a complex
consistentwith the size of a p88monomer, and that p33markedly
enhances the cell binding properties of p55. Furthermore, we
report that, in the presence of detergent, p33 and p55 assemble
intooligomeric structures that resemble the oligomeric complexes
formed by p88 VacA from H. pylori. We discuss the importance
of this assembly in the process by which VacA intoxicates human
cells, and in addition, we discuss the distinctive structural proper-
ties of VacA that allow reconstitution of a functional protein
from two individually expressed component domains.

EXPERIMENTAL PROCEDURES

Purification of p88 VacA from the H. pylori Broth
Culture Supernatant. H. pylori strain 60190 (expressing wild-
typeVacA) and a strain expressing aVacAΔ6-27mutant protein
were grown in broth culture, and VacA proteins were purified
in an oligomeric form from the culture supernatant as des-
cribed previously (33, 42). These preparations of purified VacA
oligomers were acid-activated prior to use in cell culture experi-
ments (42, 51).
Plasmids for Expression of p33 and p55 VacA Frag-

ments. Plasmids encoding the p33 and p55 domains of VacA
from H. pylori strain 60190 (a type s1/m1 form of VacA;
GenBank accession number Q48245), as well as a c-Myc-tagged
p33 protein and a p33Δ6-27 mutant protein, have been des-
cribed previously (27, 32, 39, 49). The p33 proteins contain a
C-terminal hexahistidine tag, and the p55 protein contains an
N-terminal hexahistidine tag.
Expression and Purification of Recombinant VacA Pro-

teins. VacA p55 was purified as described previously (39). VacA
p33 was expressed in Escherichia coli BL21(DE3) by culturing in
Terrific broth (Fisher) supplemented with 25 μg/mL kanamycin
(TB-KAN)1 at 37 �C overnight with shaking. A c-Myc-tagged
form of p33 (32) was expressed in the same manner. Cultures
were diluted 1:100 in TB-KAN and grown at 37 �C until they

reached an absorbance (A600) of 0.6. Cultures were induced with
a final isopropyl β-D-thiogalactopyranoside (IPTG) concentra-
tion of 0.5 mM and incubated at 37 �C for 2 h.

VacA p33 proteins were purified from inclusion bodies.
Briefly, IPTG-induced cultures were pelleted, washed in 0.9%
NaCl, and resuspended (10 mL/L of culture) in sonication buffer
[10 mM Tris (pH 7.5), 100 mM NaCl, 1 mM EDTA, protease
inhibitor (Roche), and 20000 units/mL lysozyme (Ready-lyse,
Epicenter)]. The cells were incubated at room temperature for
15 min with shaking and sonicated with six 20 W bursts (45 s per
burst with 15 s cooling periods). Lysed bacterial cells were
centrifuged to pellet the inclusion bodies. The insoluble inclusion
body pellet was resuspended in buffer containing 100 mM
NaH2PO4, 10 mM Tris, and 8 M urea (pH 8.0) at 5 mL/g of
wet weight and incubated for 1 h at room temperature. The
samples were centrifuged, and the resulting supernatant was
added to Ni-NTA beads (Novagen) at a ratio of 4 mL of
supernatant/mL of beads. The protein/bead mixture was incu-
bated for 1 h at room temperature before being loaded into a
column. The column was washed with 10 column volumes of
100mMNaH2PO4, 10mMTris, 10mM imidazole, and 8Murea
(pH 6.3), followed by 100 mMNaH2PO4, 10 mM Tris, and 8 M
urea (pH 5.9). The p33 protein was eluted from the column with
100 mM NaH2PO4, 10 mM Tris, and 8 M urea (pH 4.5).
Successful expression and purification of p33 were confirmed
by mass spectrometry (data not shown).
Refolding of VacA p33. The denatured VacA p33 protein

was refolded via dialysis of the protein against a buffer containing
55 mM Tris, 21 mMNaCl, 0.88 mMKCl, 1.1 M guanidine, and
880mMarginine (pH 8.2) for 24 h. The protein thenwas dialyzed
in two other buffers, each for 24 h. The first reduced the
guanidine concentration to 800 mM and the arginine concentra-
tion to 500 mM, and the second reduced the arginine concentra-
tion to 250 mM and maintained a guanidine concentration of
800 mM (52). Further reductions in the arginine or guanidine
concentrations resulted in precipitation of p33 VacA.
Cell Culture Assays. HeLa cells were grown in minimal

essential medium (modified Eagle’s medium containing Earle’s
salts) supplemented with 10% fetal bovine serum (FBS) in a 5%
CO2 atmosphere at 37 �C. Jurkat lymphocytes (clone E6-1)
(ATCC TIB-152) were grown in RPMI 1640 medium containing
2 mM L-glutamine, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose,
10 mM HEPES, and 1.0 mM sodium pyruvate supplemented
with 10% FBS.

For vacuolating assays, HeLa cells were seeded at a density of
1.2� 104 cells/well into 96-well plates 24 h prior to the addition of
VacA proteins. The recombinant p33 and p55 proteins (each at
1 mg/mL) were premixed in a 1:1 mass ratio, which corresponds
to an ∼1.7:1 molar ratio. The use of excess p33 on a molar basis
compensated for the possibility that refolding of denatured p33
might be less than 100% efficient. Preparations of purified p33,
p55, or the p33/p55 mixture were then added to the tissue culture
medium overlying HeLa cells (supplemented with 10 mM
ammonium chloride) and incubated overnight at 37 �C. VacA-
induced cell vacuolation was detected by inverted light micro-
scopy and quantified by a neutral red uptake assay, a well-
established method that is based on rapid uptake of neutral red
into VacA-induced cell vacuoles (8, 53). For dominant negative
assays, we tested the ability of the refolded p33Δ6-27 protein or
the purifiedH. pylori p88Δ6-27 protein to inhibit the activity of
wild-type VacA (33, 49). To analyze VacA effects on T cells, we
analyzed the capacity of VacA to inhibit IL-2 secretion by Jurkat

1Abbreviations: NFAT, nuclear factor of activated T cells; TB-KAN,
Terrific broth containing kanamycin; IPTG, isopropyl β-D-thiogalacto-
pyranoside; PMA, phorbol 12-myristate 13-acetate; FBS, fetal bovine
serum; EM, electron microscopy; DDM, n-dodecyl β-D-maltoside; mrc,
mixed raster content.
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T cells (21) . Jurkat cells were plated at a density of 1 � 105 cells/
well, and recombinant p33 and p55 were added to cells either
individually or as a p33/p55mixture (1:1mass ratio) for 30min at
37 �C. After incubation, 0.05 μg/mL phorbol 12-myristate 13-
acetate (PMA) and 0.5 μg/mL ionomycin were added for 24 h at
37 �C. The cells were then centrifuged at 2000 rpm for 7 min, and
the supernatants were tested for IL-2 by an ELISA, according
to the manufacturer’s protocol (R&D Systems Human IL-2
Immunoassay) (54).
Interactions of p33 and p55 with HeLa Cells. Purified p55

was labeled with Alexa 488 (Molecular Probes) according to the
manufacturer’s instructions. HeLa cells were incubated with
Alexa 488-labeled p55 alone (10 μg/mL) or a mixture of labeled
p55 with purified refolded p33 (each at 5 μg/mL) at 37 �C.
Alternatively, cells were incubated with purified Alexa
488-labeled p55 with a c-Myc-tagged p33 protein (32) that was
purified and refolded using the same methodology described
above for p33. Cells were fixed with 4% formaldehyde. The
c-Myc-tagged p33 protein was detected by indirect immuno-
fluorescence using an anti-c-Myc antibody and an Alexa fluor-
555-conjugated secondary antibody. Cells were viewed with an
LSM 510 inverted confocal microscope (Carl Zeiss).
Size Exclusion Chromatography. Gel filtration was per-

formed using either Superdex 200 10/300 GL high-resolution
resin or Superdex 200 10/300 prep grade resin, equilibrated in
55 mM Tris (pH 8.0), 21 mM NaCl, 0.88 mM KCl, 800 mM
guanidine, and arginine (either 800 or 250 mM). Protein samples
were first injected onto the gel filtration column individually at a
final concentration of 0.75 mg/mL for the p33 protein and
0.4 mg/mL for the p55 protein. To analyze p33/p55 mixtures,
the appropriate sizing column fractions corresponding to either
p33 or p55 were each concentrated to 1 mg/mL. VacA p33 was
added to p55 in a 2:1 volume ratio, the mixture incubated for
45 min at 4 �C, and the p33/p55 mixture then applied to a gel
filtration column. Retention volumes of bovine thyroglobulin,
alcohol dehydrogenase, bovine serum albumin, and carbonic
anhydrase were used as standards to calculate the molecular
masses of the purified VacA proteins.
Electron Microscopy. To visualize the morphology of p33/

p55mixtures, appropriate gel filtration fractions containing these
proteins were analyzed by electron microscopy (EM) using
conventional negative staining as described previously (55).
Protein solutionswere diluted to appropriate final concentrations
(25-100 μg/mL), and 2.5 μL aliquots were spotted onto glow-
discharged copper-mesh grids (EMS) for approximately 1min. In
some experiments, p33/p55 mixtures were mixed in a 9:1 (v/v)
ratio with Brucella broth (56) or n-dodecyl β-D-maltoside (DDM,
Anatrace) prior toEManalysis. The final concentration ofDDM
was 0.34 mM, which corresponds to twice the critical micelle
concentration. The grids were washed in 5 drops of water
followed by 1 drop of 0.7% uranyl formate. Grids were then
incubated on 1 drop of 0.7% uranyl formate for 1 min, blotted
against filter paper, and allowed to air-dry. Initial images of wild-
type p88 or the p33/p55 mixture mixed with Brucella broth were
collected on an FEImorgagni run at 100 kV at amagnification of
36000�. Images were recorded on an ATM 1Kx1K CCD
camera. Images of p88 used for multireference alignment were
collected on a FEI 120 kV electronmicroscope at amagnification
of 67000�. Images were recorded on DITABIS (Pforzheim,
Germany) digital imaging plates. The plates were scanned on a
DITABISmicrometer scanner, converted tomixed raster content
(mrc) format, and binned by a factor of 2, yielding final images

with 4.48 Å/pixel. Images of the p33/p55 mixture in DDM
purified by gel filtration were taken on a 200 kV FEI electron
microscope equipped with a field emission electron source and
operated at an acceleration voltage of 120 kV and magnification
of 100000�. Images were collected using a Gatan 4Kx4K CCD
camera. CCD images were converted to mrc format and binned
by a factor of 4, resulting in final images with 4.26 Å/pixel.
Images of both p88 and the p33/p55 mixture were taken under
low-dose conditions using a defocus value of -1.5 μm.

For alignment and averaging of p88 VacA and p33/p55 VacA
in DDM, 9871 and 1273 images of p88 and p33/p55 VacA
particles, respectively, were selected with Boxer and windowed
with a 120 pixel side length (57). Image analysis was conducted
with SPIDERand the associated display programWEB (58). The
images were rotationally and translationally aligned and sub-
jected to 10 cycles of multireference alignment and K-means
classification. For analysis of p88 VacA, alignment particles were
first classified into 20 class averages (data not shown) and seven
representative classes then were chosen as references for another
cycle of multireference alignment. For analysis of p33/p55 VacA,
particles were first classified into 10 class averages (data not
shown) and then four representative projections were chosen as
references for another cycle of multireference alignment.

RESULTS

Expression, Purification, and Refolding of Recombinant
p33 VacA. In previous studies, it has not been possible to purify
a functionally active form of the p33 domain (32). We attempted
to purify the p33 VacA fragment from E. coli extracts under
native conditions but were unsuccessful. Therefore, we expressed
and purified the recombinant p33 under denaturing conditions
and then used dialysis to reduce the concentration of denaturants
and allow the protein to refold. After the p33 protein was
refolded, it eluted as a well-defined peak by size exclusion
chromatography (Figure 1).
Refolded p33 Mixed with Purified p55 Causes Cellular

Alterations. To test the activity of the purified p33 and p55
proteins, we added these proteins individually and in combina-
tion to HeLa cells and analyzed the capacity of the proteins to
cause cell vacuolation, a hallmark of VacA activity. No detect-
able vacuolating activity was observed when the p33 or p55
protein was added to cells individually, as demonstrated by the
neutral red uptake assay and light microscopic examination of
the cells (Figure 2A and data not shown). Similarly, none of the
buffers alone or in combination exhibited any detectable activity

FIGURE 1: Purification of recombinant p33 VacA. SDS-PAGE and
Coomassie blue stain of p33 VacA purified under denaturing condi-
tions (inset). Gel filtration chromatography (Superdex 200 10/300
GL high-resolution resin) of p33 VacA after protein refolding, using
buffer containing 800 mM guanidine and 800 mM arginine, as
described in Experimental Procedures.
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(data not shown). In contrast, a mixture of the purified p33 and
p55 proteins caused extensive vacuolation of HeLa cells
(Figure 2A,B). The potency of the p33/p55 mixture was slightly
lower than that of the p88 VacA protein purified from H. pylori
broth culture supernatant (Figure 2B). A mixture of p55 and
heat-denatured p33 failed to cause any detectable effects on cells
(data not shown).

Previous studies have shown that VacA fromH. pylori inhibits
production of IL-2 by Jurkat cells (21). To test whether p33 and
p55 proteins exhibit a similar activity, we incubated Jurkat cells
with the purified p33 and p55 proteins individually and in
combination. When added individually, neither p33 nor p55
had any effect on IL-2 secretion (Figure 2C). In contrast, the p33/
p55mixture inhibited IL-2 secretion from Jurkat cells (Figure 2C,D).
The potency of the p33/p55 mixture was slightly lower than that
of the p88 VacA protein purified from H. pylori (Figure 2D).
Collectively, these results indicate that the refolded p33 protein,
when mixed with the p55 protein, is biologically active and
capable of causing alterations in eukaryotic cells.
Refolded p33Δ6-27 Exhibits a Dominant Negative

Effect.When certain mutant VacA proteins (e.g., VacAΔ6-27)
are mixed with wild-type VacA, the mutant proteins can act as
dominant negative inhibitors ofwild-typeVacAactivity (33, 47-50).
To further validate the newmethods for expression and refolding of
p33 proteins, we expressed, purified, and refolded the p33Δ6-27

protein under the same conditions used for purification and
refolding of the p33 wild-type protein. When added to cells
individually or in combination with purified p55, the p33Δ6-27
protein did not cause detectable cell vacuolation (Figure 3A).
To test for dominant negative properties of the mutant protein,
we premixed the p33Δ6-27 protein with p33/p55 mixtures that
were known to be active (Figure 3A). When this p33/p55/
p33Δ6-27 mixture was added to cells, no detectable vacuola-
tion was observed, indicating that the mutant protein exhibited
a dominant negative effect (Figure 3A). The purified refolded
p33Δ6-27 protein, when mixed with purified p55, exhibited
dominant negative inhibitory properties similar to those of the
p88Δ6-27 protein purified from the H. pylori broth culture
supernatant (Figure 3B) (33, 49).
Interactions of p33 and p55 with HeLa Cells. Several

previous studies have shown that sequences within the p55
domain contribute to the binding of p88 VacA to cells, and it
has been suggested that p55 functions as a cell binding
domain (35-37). To investigate the cell binding properties of
p55 in further detail, we incubated HeLa cells with purified
fluorescently labeled p55. Very little if any interaction of purified
p55 with HeLa cells was observed (Figure 4A). In contrast, when
p55 was incubated with HeLa cells in the presence of purified
refolded p33, amarked increase in the level of binding and uptake
of p55 by cells was observed (Figure 4A). Thus, p33 markedly

FIGURE 2: Effects of p33 and p55 VacA proteins on HeLa cells and Jurkat cells. Purified refolded p33 and purified p55 (each at 1 mg/mL) were
mixed together in a 1:1 mass ratio, which ensured an excess of p33 on a molar basis. The p88 VacA protein purified from the H. pylori culture
supernatant was acid-activated prior to contact with cells (42, 51), whereas the p33 and p55 preparations were not acid-activated. (A) HeLa cells
were incubated with the purified VacA proteins at a final concentration of 10 μg/mL (or 5 μg/mL for each protein in the case of the p33/p55
mixture). Cell vacuolation was quantified by the neutral red uptake assay (OD540). (B) HeLa cells were incubated with the indicated final
concentrations of a p33/p55 mixture (20 μg/mL corresponds to 10 μg/mL p33 and 10 μg/mL p55) or the p88 form of VacA purified from the
H. pylori broth culture supernatant. Cell vacuolation was quantified by the neutral red uptake assay. (C) Jurkat cells were incubated with the
indicatedpurifiedVacAproteins at a concentrationof 6μg/mL(or 3μg/mLfor eachprotein in the case of the p33/p55mixture) for 30min at 37 �C.
The cellswere then stimulated, and IL-2 secretionwasmeasuredas described inExperimental Procedures. (D) Jurkat cells were incubatedwith the
indicated final concentrations of a p33/p55 mixture or the p88 form of VacA purified from theH. pylori culture supernatant. The cells were then
stimulated, and IL-2 secretionwasmeasured as described inExperimental Procedures.Results represent themean( standarddeviation, based on
analysis of triplicate samples.
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enhanced the cell binding properties of p55. Further studies
indicated that when amixture of p33 and p55 was incubated with
cells, both p33 and p55 bound to the cell surface (Figure 4B).
These properties of purified p33 and p55 proteins are consistent
with previously observed properties of p33 and p55 proteins
contained in crude E. coli extracts (32).

Interaction of Refolded p33 with Purified p55. To inves-
tigate potential interactions among the purified p33 and p55
proteins, we performed size exclusion chromatography experi-
ments. When the refolded wild-type p33 protein was analyzed, a
peak with a predicted mass of ∼96 kDa was observed (Figure 5,
red peak with an asterisk). When the purified p55 protein was
analyzed, a peak with amolecular mass of 178 kDawas observed
(Figure 5, green peak with an asterisk). When the p33/p55
mixture was analyzed, a peak with a predicted mass of 86 kDa
was observed (Figure 5, blue peak with an asterisk), the 96 kDa
peak (corresponding to p33 alone) was lost, and the 178 kDa
peak (corresponding to p55 alone) was minimized. Representa-
tive fractions were tested by SDS-PAGE and Coomassie blue
staining; this revealed an approximate 33 kDa band for the VacA
96 kDa peak, a 55 kDa band for the 178 kDa peak, and two
protein bands of 33 and 55 kDa for the 86 kDa peak (Figure 5B).
When tested in cell culture assays, the p33/p55 mixture corre-
sponding to the blue peak inFigure 5 caused cell vacuolationwith
a potency similar to that shown in Figure 2B (data not shown).
Taken together, these results suggest that the refoldedp33 protein
interactswith the purified p55 protein to yield a p33/p55 complex.
Moreover, these data suggest that p33 homo-oligomers and p55
homo-oligomers must undergo disassembly to interact with each
other and form 88 kDa p33/p55 complexes.
Assembly of p33/p55 Complexes into Oligomeric Struc-

tures. The p88 VacA protein secreted byH. pylori can assemble
into water-soluble oligomers (42-45). To investigate the possi-
bility that p33 and p55 domains might assemble into similar
structures, we visualized the p33/p55 mixture (purified by gel
filtration as a monomeric complex) by EM. VacA p88 oligomers
purified from the H. pylori culture supernatant (and exchanged
into guanidine- and arginine-containing buffer by gel filtration)
were analyzed as a control. As expected, large flowerlike struc-
tures were visualized in preparations of H. pylori p88 VacA
(Figure 6A). In contrast, the p33/p55mixture consistedmainly of
small rodlike particles (Figure 6B), similar to the appearance of
p88 monomers produced by H. pylori (42, 43).

To explain why p88 proteins in the H. pylori broth culture
supernatant readily assemble into flowerlike oligomeric struc-
tures whereas purified p33 and p55 proteins do not, we hypothe-
sized that the broth culture medium used for growth ofH. pylori
(a nutrient-rich medium prepared from yeast extract and animal

FIGURE 3: Refolded p33Δ6-27 exhibits dominant negative properties. (A) VacA p33Δ6-27 was purified and refolded as described in
Experimental Procedures. Purified p33Δ6-27 was mixed with p55 and p33 (each at 1 mg/mL) at a 1:1:1 mass ratio. HeLa cells were then
incubated with the indicated recombinant VacA proteins (either individually or in a mixture) at a final concentration of 10 μg/mL for 9 h at 37 �C.
Cell vacuolationwasquantifiedby theneutral reduptakeassay. (B)Wild-typep88VacA(5μg/mL)was incubatedwith the indicated concentrations
of the VacA p33Δ6-27/p55 mixture or the p88Δ6-27 VacA protein purified from the H. pylori culture supernatant. Cell vacuolation was
quantified by the neutral red uptake assay. Results represent the mean ( standard deviation, based on analysis of triplicate samples.

FIGURE 4: Interaction of p55 and p33 proteins with HeLa cells. (A)
HeLacellswere incubatedwithAlexa488-labeledp55alone (10μg/mL)
oramixtureof labeledp55andpurified refoldedp33 (5μg/mLeach) for
4 h at 37 �C. Cells were imaged as described in Experimental Proce-
dures. (B) Cellswere incubatedwithpurifiedAlexa 488-labeled p55and
purified refolded c-Myc-taggedp33protein for 1hat 37 �C.The c-Myc-
tagged p33 protein was detected by indirect immunofluorescence.



5748 Biochemistry, Vol. 49, No. 27, 2010 Gonz�alez-Rivera et al.

tissue, known as Brucella broth) might contain factors that
promote VacA oligomerization. To test this hypothesis, we
examined the appearance of the p33/p55 mixture by EM, either
in the presence or in the absence of added Brucella broth. In the
presence of added Brucella broth, an increased level of formation
of flower-shaped complexes was detected (Figure 6C). These
experiments indicated that Brucella broth stimulates the oligo-
merization of p33/p55mixtures into oligomeric structures similar
to those formed by p88 VacA from H. pylori.
High-Resolution Imaging of p33/p55 Oligomeric Com-

plexes.We reasoned that the complex mixture of components in
Brucella broth, including numerous membrane-derived factors,
promoted the formation of flowerlike oligomers. In an effort to
stimulate VacA oligomerization using more refined conditions,
we incubated p33/p55 mixtures with various additives designed
to create an amphipathic environment, including bovine heart
total extract solubilized in chloroform, chloroform alone, and the
detergent dodecyl β-D-maltoside (DDM). Each of these additives
promoted oligomerization of the p33/p55 monomeric complexes
into flowerlike oligomeric structures (data not shown). The VacA
oligomers formed in the presence of bovine heart extract or
chloroformhad amore heterogeneous appearance than theVacA

oligomers formed in the presence of DDM, and therefore,
we studied the latter oligomers in further detail. To permit
higher-resolution imaging, p33/p55 monomeric complexes
(corresponding to the 86 kDa blue peak in Figure 5) were mixed
with DDM, dialyzed, and passed over a gel filtration column in
the presence of DDM and arginine and the absence of guanidine.
Under these conditions, the 86 kDa peak was minimized and a
high-molecular mass (>300 kDa) peak was observed (data not
shown). High-molecular mass complexes containing wild-type
p33 and p55 were isolated and analyzed further by EM. The
appearance of these oligomers (Figure 7A) was similar to that of
p88 oligomers isolated from H. pylori broth culture supernatant
(Figure 7B). To further characterize the structural features of
p33/p55 oligomers, approximately 1300 particles were classified
into 10 groups and four classes were chosen as references for an
additional round of reference based-alignment (Figure 7C and
data not shown). To directly compare the structural organization
of p33/p55 oligomers with that of p88 oligomers purified from
H. pyloribroth culture supernatant, class averages of p88 oligomers
were also generated. Because p88 oligomers seemed to adopt a
larger number of conformations than p33/p55 oligomers, a larger
number of p88 images were classified. Approximately 10000

FIGURE 5: Analysis of p33 and p55 proteins by gel filtration. (A) Size exclusion chromatography (Superdex 200 10/300 prep grade resin) of
refolded p33 (red peak), purified p55 (green peak), or a mixture of the two proteins (blue peak). Refolded p33 and purified p55 (each 1 mg/mL)
were mixed at a 2:1 mass ratio and injected into the sizing column, as described in Experimental Procedures. The buffer contained 800 mM
guanidine and 250mMarginine, whichwere required tomaintain the solubility of the p33 protein. The inset shows retention volumes of p33, p55,
and the p33/p55 mixture in comparison to those of standard proteins. (B) The lower-molecular mass peaks (asterisks) from each of the size
exclusion chromatography experiments shown in panel A were analyzed by SDS-PAGE and Coomassie blue staining.

FIGURE 6: Assembly of p33 and p55 proteins into oligomeric structures. EM analysis of (A) p88 purified from theH. pylori culture supernatant
and then exchanged into a guanidine-containing buffer by gel filtrationor (B) amixture of refoldedp33 and p55 that eluted from the sizing column
(corresponding to Figure 5A, blue peak with an asterisk). (C) The p33/p55 preparation shown in panel B was mixed with Brucella broth as
described in Experimental Procedures and then analyzed by EM. The images in this figure represent analysis of at least three grids for each
condition and analysis of >10 fields per grid. The scale bar is 100 nm for all panels.
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particles of p88 VacA were classified into 20 class averages (data
not shown), and seven classeswere chosen for an additional round
of reference-based alignment (Figure 7D and data not shown).

The result of the p33/p55 complex alignment (Figure 7C)
shows that the majority of the p33/p55 oligomers are composed
of six or seven subunits [67% (Figure 7C, panels 1 and 2)], with
one smaller class composed of an oligomer with 12 visible
subunits [22% (Figure 7C, panel 3)] and one class representing
poorly formed oligomers (Figure 7C, panel 4). The 12-subunit
complex may represent a double-layer oligomer with the two
layers splayed (43, 44). The overall appearances of hexameric and
heptameric p33/p55 oligomers are reminiscent of single-layer
hexameric and heptameric oligomers formed by p88 VacA
(Figure 7D, panels 1 and 2) (42-44). These single-layer oligomers
exhibit a striking chirality, which suggests that one surface

adsorbs preferentially to the support film. In contrast to the
p33/p55 oligomers, a majority of the p88 oligomers exist as
double-layer complexes containing 12-14 subunits (Figure 7D,
panels 3-6) (42-44). Importantly, difference maps created
between averages of p33/p55 and p88 single-layer heptameric
and hexameric oligomers did not show any statistically relevant
difference peaks (data not shown), which indicates that these
oligomeric forms are structurally equivalent.

DISCUSSION

In this study, we demonstrate that a functionally active formof
H. pylori VacA can be reconstituted from two purified VacA
fragments (p33 and p55). Previously, the p55 fragment was
purified and its crystal structure determined (39), but it was
not possible to purify a soluble, functionally active form of p33.

FIGURE 7: Analysis of p33/p55VacAoligomers in negative stain.Mixtures of refolded p33 and p55 eluted from the sizing column (corresponding
to Figure 5A, blue peak with an asterisk) were mixed with DDM and then dialyzed overnight in buffer containing 55 mMTris (pH 8.0), 21 mM
NaCl, 0.88mMKCl, 250mMarginine, andDDM. The protein was passed over a gel filtration column that was equilibrated with dialysis buffer
containing DDM, and VacA oligomers eluting in a high-molecular mass fraction were then analyzed by EM. (A) Representative image of
negatively stained p33/p55 VacA oligomers eluting in a high-molecular mass fraction. The scale bar is 100 nm. (B) Representative image
of negatively stained p88 VacA oligomers isolated fromH. pylori broth culture supernatant. The scale bar is 100 nm. (C) Four class averages of
p33/p55VacAparticles innegative stain generated fromreference-based alignment.The numberof particles in eachprojectionaverage is shown in
the bottomright corner of eachaverage.The side lengthof individualpanels is 511 Å. (D) Seven representative class averagesofp88VacAparticles
innegative stain generated fromreference-based alignment.Thenumberof particles in eachprojectionaverage is shown in the bottomright corner
of each average. The side length of individual panels is 538 Å.
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In this study, we purified the p33 domain under denaturing
conditions and then employed a series of steps designed to allow
the protein to refold and remain soluble. We found that the
refolded p33 protein was soluble in a buffer containing 800 mM
guanidine and 250 mM arginine, but upon removal of these
additives, the p33 protein became insoluble. Analysis of the p33
protein by circular dichroism was not feasible because of inter-
ference caused by the presence of arginine. Nevertheless, in
comparison to denatured p33, the refolded p33 protein exhibited
functional activity when mixed with the p55 fragment, which
suggests that the p33 protein was successfully refolded.

Previous studies reported that a mixture of E. coli lysates
containing VacA p33 and p55 can cause vacuolation of HeLa
cells (32), and intracellular coexpression of p33 and p55 in HeLa
cells results in cell vacuolation (38, 59). However, there are
numerous limitations associated with the use of crude E. coli
lysates or intracellular expression systems. By using purified p33
and p55 proteins in this study, we were able to monitor the
process by which p33 and p55 proteins interact to yield a
functionally active VacA protein. Specifically, we demonstrate
that the p33 and p55 proteins were purified with molecular
masses of ∼96 and ∼178 kDa, respectively. The mass of the p33
protein is consistent with a trimeric form, but efforts to validate
this by EM were unsuccessful. The mass of the p55 protein is
consistent with a trimer as well, but the crystal structure of p55
revealed a head-to-head packed dimer that adopts an elongated
dumbbell shape (39). The elongated shape and the unusual buffer
conditions likely account for the high apparentmolecularmass of
p55 on the sizing column.When the p55 and p33 preparations are
mixed, the p55 and p33 homo-oligomers each dissociated to yield
a p33/p55 complex with a mass of ∼86 kDa, corresponding to a
complex containing one p55 subunit and one p33 subunit. These
p33/p55 monomeric complexes were visible by EM as elongated
rods (Figure 6), similar to the appearance of p88 VacA mono-
mers (43).

The ability to reconstitute a functional protein from two
individually expressed component domains is somewhat unusual
among bacterial protein toxins, and unusual among proteins in
general. This phenomenon is probably facilitated by distinctive
structural features of VacA. The VacA p55 domain consists
predominantly of a β-helix, composed of multiple ∼25-amino
acid repeats, each of which forms a three-β-strand triangle-
shaped coil (39). Adjacent coils are held together by backbone
hydrogen bonds. The β-helix is therefore very different from
globular proteins where adjacent structural elements are held
together with an intricate arrangement of side chain interactions.
On the basis of computer modeling, the VacA p33 domain is also
predicted to comprise a β-helical structure, and it is predicted that
the p88 protein comprises an elongated continuous β-helical
structure (39). In the experiments described here, we speculate
that the C-terminal coil of p33 interacts with the N-terminal coil
of p55, recapitulating the structural relationship that exists
between these two domains in the intact p88 VacA protein (39).

A distinctive property of the p88 VacA protein secreted by
H. pylori is its ability to assemble into water-soluble, flower-
shaped oligomeric structures (42-45). In contrast, we observed
that purified p33 and p55 proteins interact to form ∼86 kDa
complexes but do not readily assemble into oligomeric structures
whenmaintained in buffer alone.One possible explanation is that
the guanidine andarginine constituents of the buffer (required for
maintenance of p33 solubility) prevent VacA oligomerization;
however, we observed that these agents did not cause disassembly

of p88 oligomers purified from theH. pylori culture supernatant.
We hypothesized that the H. pylori broth culture supernatant
might contain factors (either components of the rich Brucella
brothmediumused for culture ofH. pylori or additionalH. pylori
products) that allow VacA oligomers to form. We observed that,
indeed, the addition of freshly prepared Brucella broth (not
previously cultured with H. pylori) to purified p33/p55 mixtures
promoted assembly of VacA into oligomeric structures. Simi-
larly, the addition of detergent also stimulated oligomerization.
We speculate that oligomerization is stimulated by exposure to an
amphipathic environment and that the oligomerization observed
in these experiments mimics the process by which VacA oligo-
merizes when in contact with membranes of host cells.

The p88 VacA protein is typically purified in an oligomeric
form from the H. pylori broth culture supernatant (8, 42-45),
and monomeric forms of p88 VacA have been relatively difficult
to purify. When added to cultured eukaryotic cells, purified
p88 VacA oligomers lack detectable activity inmost assays unless
the oligomers are first exposed to low-pH or high-pH con-
ditions, which results in oligomer disassembly; oligomers have
been observed to reassemble if the pH is returned to
neutral (16, 24, 42, 51, 60-62). A current model presumes that
VacA monomers interact with the cell surface and then reassem-
ble into oligomeric complexes that function as membrane
channels. In our study, we demonstrate that a mixture of purified
p33 and p55 proteins is fully active in cell culture assays in the
absence of low-pH or high-pH activation. Since the p33/p55
mixture predominantly consists of a p88 complex (Figures 5 and
6), this provides additional support for a model in which VacA
monomers interact with the plasma membrane.

Several lines of evidence indicate that oligomerization of p88
VacAisrequiredforVacA-inducedcellularalterations(33,47,48,50).
VacA oligomeric structures have been visualized on the surface of
VacA-treated cells or lipid bilayers (24, 44, 46), and in contrast to
double-layer oligomeric forms of VacA found in H. pylori
culture supernatant, there is evidence that the VacA oligomeric
complexes formed on the surface of cells are single-layer (24).
Potentially, oligomerization of VacA occurs preferentially with-
in lipid raft components of the plasmamembrane (46, 63, 64). In
this study, we observed that detergent promoted assembly of
p33/p55 mixtures into predominantly single-layer oligomeric
structures. Therefore, the complexes visualized in this study are
predicted to be useful models for VacA channels that form in the
context of human cells.

The reconstitution of VacA activity from purified p33 and p55
components probably involves a complex series of molecular
events. An initial step involves disassembly of p33 and p55 homo-
oligomers and formation of a p33/p55 complex. Potentially, the
presence of p55 disrupts p33/p33 interactions, or the presence of
p33 may disrupt p55/p55 interactions. An important observation
is that neither p33 nor p55 bound to cells when added individu-
ally, whereas the p33/p55 mixture exhibited strong binding to
cells (Figure 4). One possible explanation is that the homo-
oligomeric forms of p33 and p55 lack cell binding activity, and
cell binding surfaces become exposed upon disassembly of the
homo-oligomeric complexes. Alternatively, the receptor binding
site(s) may span both the p33 and p55 domains. Finally, the
assembly of p33/p55 complexes into higher-order flower-shaped
oligomers may stabilize the interaction of VacA with the surface
of eukaryotic cells, and oligomer formation is predicted to be
required for insertion of VacA into membranes and channel
formation.
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