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The Helicobacter pylori VacA toxin is an 88-kDa secreted protein that causes multiple alterations in mam-
malian cells and is considered an important virulence factor in the pathogenesis of peptic ulcer disease and
gastric cancer. We have shown previously that a VacA mutant protein lacking amino acids 6 to 27 (A6-27p88
VacA) is able to inhibit many activities of wild-type VacA in a dominant-negative manner. Analysis of a panel
of C-terminally truncated A6-27p88 VacA proteins indicated that a fragment containing amino acids 1 to 478
(A6-27p48) exhibited a dominant-negative phenotype similar to that of the full-length A6-27p88 VacA protein.
In contrast, a shorter VacA fragment lacking amino acids 6 to 27 (A6-27p33) did not exhibit detectable
inhibitory activity. The A6-27p48 protein physically interacted with wild-type p88 VacA, whereas the A6-27p33
protein did not. Mutational analysis indicated that amino acids 351 to 360 are required for VacA protein-
protein interactions and for dominant-negative inhibitory activity. The C-terminal portion (p5S5 domain) of
wild-type p88 VacA could complement either A6-27p33 or A(6-27/351-360)p48, reconstituting dominant-
negative inhibitory activity. Collectively, our data provide strong evidence that the inhibitory properties of
dominant-negative VacA mutant proteins are dependent on interactions between the mutant VacA proteins and
wild-type VacA, and they allow mapping of a domain involved in the formation of oligomeric VacA complexes.

Helicobacter pylori is a gram-negative bacterium that chron-
ically infects the stomachs of >50% of the human population
and is a major risk factor for the development of peptic ulcer
disease, distal gastric adenocarcinoma, and gastric lymphoma
(13, 37). Most H. pylori strains secrete an 88-kDa vacuolating
cytotoxin (VacA) (5, 21), which is considered an important
virulence factor in the pathogenesis of these diseases (2, 4, 15,
40). The most prominent effect of VacA is its capacity to
induce extensive cell vacuolation in epithelial cells in vitro (5,
21). VacA can also have a variety of other cellular effects,
including depolarization of the membrane potential (27, 34,
39), alteration of mitochondrial membrane permeability (45,
46), apoptosis (7, 46), detachment of epithelial cells from the
basement membrane (16), interference with the process of
antigen presentation (29), activation of mitogen-activated pro-
tein kinases (3, 31), and inhibition of activation-induced pro-
liferation of T lymphocytes (3, 19, 38). Many of these effects
are dependent on the capacity of VacA to form anion-selective
membrane channels (10, 11, 27, 38, 39, 43, 45, 46).

VacA is translated as a 140-kDa protoxin that undergoes
amino- and carboxyl-terminal cleavage during the secretion
process, yielding a mature 88-kDa secreted VacA toxin (5, 9,
32, 33, 40). The mature secreted 88-kDa VacA protein can
undergo further proteolytic degradation into two fragments
that are about 33 kDa and 55 kDa in mass, designated p33 and
p55, respectively (6, 32, 40, 42). The p33 and p55 VacA frag-
ments may represent two distinct subunits or domains of VacA
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(41, 42, 48). VacA can assemble into large flower-shaped struc-
tures comprised of 6 to 14 88-kDa monomers (1, 6, 14, 23).
This ability of VacA to assemble into oligomeric structures is
thought to be required for membrane channel formation and
vacuolating cytotoxicity (41-43, 47, 48).

Several VacA mutant proteins that lack vacuolating cyto-
toxic activity have been described (26, 27, 43, 48, 49). One such
mutant, a VacA protein with a deletion of amino acids 6 to 27
(hereafter termed A6-27p88), is of particular interest because
of its capacity to inhibit the activities of wild-type VacA in a
dominant-negative manner. When mixed with wild-type VacA,
A6-27p88 potently inhibits the abilities of wild-type VacA to
cause cell vacuolation (25, 26, 43), induce apoptosis (7, 46),
and inhibit activation-induced proliferation of T lymphocytes
(38). The mechanism by which A6-27p88 exhibits a dominant-
negative phenotype is not completely understood, but it is
thought to involve the formation of mixed oligomeric struc-
tures composed of both wild-type and mutant VacA proteins
(25, 43). A detailed analysis of the structural features of A6-
27p88 required for the dominant-negative phenotype has not
yet been reported. In this study, we describe the mapping of a
minimum VacA domain that exhibits a dominant-negative
phenotype. Our data indicate that a VacA fragment corre-
sponding to the first 478 amino acids of VacA (A6-27p48) can
physically interact with wild-type VacA and inhibit the vacuo-
lating cytotoxic activity of wild-type VacA in a dominant-neg-
ative manner. In addition, we present evidence indicating that
the inhibitory properties of dominant-negative VacA mutant
proteins are dependent on the ability of these proteins to form
mixed oligomeric complexes with wild-type VacA. Finally, we
identify a specific region of VacA (i.e., amino acids 351 to 360)
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TABLE 1. Oligonucleotides used in this study

Nucleotide sequence (5'-3")

Primer

AND3817........... CCCACTAGTAAGAGGAGACGCCATGTTTTTTACAACC
ANDG6003 .......... CCCCTGCAGCTCAGTGGTGGTGGTGGTGGTGAGCGT
AGCTAGCGAAACG
..CCCCGTCGACTTAATTCTCAGTAGGCGTAGAATT
..CCCCGTCGACTTATTTACTGATGCCTATATTTTTCCA
CCCCGTCGACTTAGATTTTCGCTTTCAATAAAACA

OP9133....
OP9135...

BARI1558 ..CCCCGTCGACTTAGCCAGTTTCCAAACGCACG
CCCCTGCAGCTCAGTGGTGGTGGTGGTGGTGCGTATC

AATACCTTTAAAATTAG

OP6228............. CCCTGCAGCTAGTGATGGTGATGGTGATGTTTAGCAC
CACTTTGAGAAGG

OPE1144........... CGAATCAACACTAAAGCCGATG

OPE1145 CGAAATTGGGTGGGTTAATGA

OPE1216..........ACTATTGGGTGGGTTAATGACC

OPEI1217..........ACTCAAGTCATTGATGGGCCTT

OPE1218..........GGGTTGAACTTCTGTTTTTTGC

OPEI1219.........GGGGGCAAAGACACGGTTG

..CGCAAAAGGCCCATCAATGAC
CGCATCAACACTAAAGCCGAT

OPE1220.
OPE1221

that is required for VacA protein-protein interactions and the
dominant-negative phenotype.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Escherichia coli DH5« was used for
plasmid propagation and was grown in Luria-Bertani (LB) broth or on LB agar
at 37°C. For the expression of recombinant proteins, plasmids were transformed
into E. coli strain ER2566 (New England Biolabs), which carries an isopropyl-
B-D-thiogalactopyranoside (IPTG)-inducible copy of the RNA polymerase gene
in bacteriophage T7. Transformants were grown in Terrific broth (TB; Invitro-
gen) supplemented with 25 pg/ml of kanamycin (TB-KAN). H. pylori wild-type
strain 60190 (ATCC 49503), strain AV452 (expressing the A6-27p88 VacA pro-
tein) (43), and strain VT330 (expressing a c-Myc epitope-tagged wild-type VacA
protein [p88c-Myc]) (25) were grown on Trypticase soy agar plates containing
5% sheep blood at 37°C in ambient air containing 5% CO,. H. pylori liquid
cultures were grown in sulfite-free Brucella broth supplemented with 0.5% acti-
vated charcoal (20).

Purification of VacA from H. pylori. Wild-type VacA, p88c-Myc, and A6-27p88
proteins were purified in an oligomeric form from culture supernatants of H.
pylori strains 60190, VT330, and AV452, respectively, as described previously (6).
In all experiments, purified VacA preparations were acid activated by the addi-
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tion of 250 mM hydrochloric acid, thereby lowering the pH to 3, before VacA
was added to cell culture wells (12, 28).

Construction of VacA expression plasmids. Several VacA-expressing plasmids
used in this study have been described previously (26, 41). The new VacA-
expressing plasmids used in this study were constructed using the PCR primer
pairs listed in Tables 1 and 2, with plasmids pMM592 and pMMG601, which
encode wild-type and A6-27-VacA proteins, respectively, as templates (26). The
PCR products were digested with Spel and Sall or with Spel and PstI and ligated
into Xbal/Sall- or Xbal/PstI-digested pET-41b (conferring kanamycin resistance;
Novagen). For the introduction of the in-frame A334-360, A334-341, A342-350,
and A351-360 deletions into the plasmid encoding the A6-27p48His protein, we
performed inverse PCR with the primers shown in Table 1, using the pVT315
plasmid (a pET41b plasmid encoding the A6-27p48His protein) as template
DNA and Pfu Turbo polymerase (Stratagene). The resulting amplicons were
then ligated and transformed into E. coli. Similarly, we introduced in-frame
A334-341, A342-350, and A351-360 deletions into a pS5His-expressing plasmid
(41) by using the primers listed in Table 1. All of the new plasmids used in this
study are described in Table 2. The numbering of VacA amino acids throughout
this study is based on the sequence of VacA produced by wild-type H. pylori
60190 (GenBank accession number AAA17657), and the first amino acid (ala-
nine) of the mature secreted VacA toxin is designated amino acid 1.

Expression of recombinant VacA proteins. E. coli ER2566 strains containing
the different VacA-expressing plasmids were inoculated into TB-KAN and
grown at 37°C overnight with shaking. E. coli strains expressing p55 or A6-27p48
protein were diluted 1:100 in TB-KAN and incubated at 25°C until they reached
an optical density at 600 nm (ODy) of 0.3 (26, 41). Cultures were then induced
with a final IPTG concentration of 0.3 mM and incubated at 25°C for 16 to 18 h.
E. coli strains expressing p33 proteins were diluted 1:100 in TB-KAN and incu-
bated at 37°C until they reached an ODyy of 0.3. Cultures were then induced
with a final IPTG concentration of 0.3 mM and incubated at 37°C for 2 h as
described previously (26, 41). Extracts containing soluble proteins were gener-
ated as described previously and stored at —20°C until use (26, 41). As a negative
control, we used an E. coli strain carrying the pET vector. This strain was induced
with IPTG, similar to the E. coli strains that expressed recombinant VacA
fragments. Extracts from this negative control strain did not exhibit inhibitory
activity, regardless of whether the strain was grown at 37°C or 25°C.

Immunoblot analysis. E. coli extracts containing VacA proteins were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred
to nitrocellulose membranes, and immunoblotted with a polyclonal antiserum
reactive with the His, epitope (His probe, hereafter termed anti-His; Santa
Cruz), a polyclonal anti-VacA serum (958) (34), or a monoclonal anti-c-Myc
antibody (9E10), followed by secondary antibodies conjugated with horseradish
peroxidase (Bio-Rad). Signals were generated by the enhanced chemilumines-
cence reaction (Amersham) and detected using X-ray film. In experiments re-
quiring the use of multiple recombinant VacA proteins, the relative concentra-

TABLE 2. VacA expression plasmids generated in this study

Expression plasmid* Forward primer”

Reverse primer”

Restriction enzymes® Encoded VacA protein?

pMMO652 AND3817 AND6003
pVT562 AND3817 OP9133

pVT561 AND3817 OP9135

pVT560 AND3817 BAR1559
pVT559 AND3817 BARI1558
pVT315 AND3817 ANDG6001
pVT148 AND3817 OP6228

pVT587 OPE1144 OPE1145
pVTo604 OPEI1216 OPE1217
pVT606 OPEI1218 OPE1219
pVT608 OPE1220 OPE1221
pVT597 OPEI1216 OPE1217
pVT598 OPEI1218 OPE1219
pVT600 OPE1220 OPE1221

Spel/Pstl A(6-27)1-821-His
Spel/Sall A(6-27)1-800

Spel/Sall A(6-27)1-780

Spel/Sall A(6-27)1-700

Spel/Sall A(6-27)1-550

Spel/Pstl A6-27p48-His

Spel/Pstl A6-27p33-His

NA° A(6-27/334-360)p48-His
NA°® A(6-27/334-341)p48-His
NA° A(6-27/342-350)p48-His
NA°® A(6-27/351-360)p48-His
NA° A334-341p55-His

NA° A342-350p55-His

NA° A351-360p55-His

“ Each of these plasmids was derived from pET41b.

’ Oligonucleotides used to PCR amplify the different vac4 sequences. Oligonucleotide sequences are listed in Table 1.

¢ Restriction sites used to clone the PCR products into pET41b.

4 The VacA amino acid numbering system used in this table is based on designating the first amino acid (alanine) of the mature secreted VacA toxin of strain 60190
as amino acid 1. “A” indicates amino acids that are deleted from the mutant VacA fragments. “His” indicates the presence of a six-His tag. All of these VacA proteins
that contain a A6-27 deletion also contain an alanine-to-methionine substitution at amino acid 1 (A1M) (26).

¢ NA, not applicable. These plasmids containing in-frame internal deletions were constructed by inverse PCR as described in Materials and Methods.
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tions of recombinant VacA in different E. coli extracts were analyzed by
immunoblotting with an anti-His antibody, and the extracts were then normal-
ized such that the relative concentrations of VacA in different preparations were
approximately equivalent.

Cell culture and vacuolating assay. HeLa cells were grown in minimal essen-
tial medium (modified Eagle’s medium containing Earle’s salts) supplemented
with 10% fetal bovine serum (FBS) in a 5% CO, atmosphere at 37°C. For
vacuolating assays, cells were seeded at 1 X 10* cells per well into 96-well plates
24 h prior to each experiment. To test for dominant-negative activity, E. coli
extracts containing the different recombinant VacA proteins were mixed with 15
pg/ml of purified acid-activated wild-type VacA in a final volume of 100 pl, and
this mixture was then added to HeLa cells for 1 h at 37°C in the presence of 10
mM ammonium chloride and 50 pg/ml of gentamicin. Gentamicin was added to
prevent the growth of bacterial contaminants. After incubation, the tissue culture
medium was replaced with fresh FBS-free tissue culture medium containing 10
mM ammonium chloride and 50 wg/ml of gentamicin, and cells were incubated
for 3 to 4 h at 37°C. Cell vacuolation was examined by inverted light microscopy
and quantified by a neutral red uptake assay as described previously (8). Neutral
red uptake data are presented as ODs,, values (means = standard deviations).
Statistical significance was analyzed by using Student’s ¢ test.

Immunoprecipitation of VacA complexes. E. coli extracts containing recombi-
nant VacA proteins were mixed with acid-activated c-Myc—VacA (p88c-Myc)
purified from H. pylori strain VT330 (2 wg/ml) and incubated for 1 h at 4°C.
Protein complexes containing p88c-Myc were immunoprecipitated with an anti-
c-Myc monoclonal antibody (2 pg/ml of antibody 9E10) and protein G-coated
beads (Amersham) as described previously (25, 41). Alternatively, E. coli extracts
containing recombinant VacA proteins were mixed with extracts containing
p33Myc-His or p55¢c-Myc, and protein complexes were immunoprecipitated with
an anti-c-Myc antibody (25, 41). Immunoprecipitated proteins were analyzed by
immunoblotting as described above.

Analysis of VacA interactions with mammalian cells. HeLa cells were grown
on cover glasses in 12-well plates. To assess the interaction of VacA with the
surfaces of cells, acid-activated wild-type p88 VacA (final concentration, 15
pg/ml) purified from an H. pylori culture supernatant and the A6-27p48His
recombinant VacA protein were added to cells, either individually or as a mix-
ture, for 1 h at 37°C. VacA interactions with the surfaces of cells were then
analyzed by indirect immunofluorescence as described previously (41). Briefly,
cells were washed with Tris-buffered saline (TBS) and fixed with 3.7% formal-
dehyde. Fixed cells were incubated for 1 h at room temperature with an anti-
VacA polyclonal antiserum (958) that recognizes the C-terminal region of p88
VacA. Cells were then washed and incubated with a Cy3-conjugated secondary
antibody (1:500) for 1 h at room temperature. Cover glasses were washed with
TBS, mounted on slides with Aqua-Polymount (Polysciences, Warrington, PA),
and viewed with an LSM 510 confocal laser scanning inverted microscope (Carl
Zeiss).

To analyze the internalization of VacA, cells were incubated with acid-acti-
vated wild-type VacA and the recombinant A6-27p48His VacA protein, either
individually or as a mixture, for 1 h at 37°C. Afterward, the tissue culture medium
containing unbound proteins was removed, and the cells were incubated in fresh
tissue culture medium (without FBS and with or without ammonium chloride, as
indicated) for 8 to 24 h at 37°C. The cells were then washed with TBS, fixed with
3.7% formaldehyde for 10 min at 25°C, permeabilized with 100% methanol for
30 min at —20°C (41), and analyzed by indirect immunofluorescence as described
above.

RESULTS

Inhibition of vacuolating cytotoxic activity by a mixture of
A6-27p33 and p55 VacA proteins. Previously, we showed that
a VacA mutant protein (A6-27p88 VacA) exhibits a dominant-
negative phenotype when mixed in an equimolar ratio with
wild-type VacA (26, 43). As a first step in mapping the region
of VacA required for the dominant-negative phenotype, we
investigated whether either the recombinant wild-type p33 or
wild-type pS5 VacA protein could inhibit the vacuolating cy-
totoxic activity of wild-type p88 VacA (Fig. 1A). E. coli extracts
containing the recombinant A6-27p88, p33, or p55 VacA pro-
tein were generated as described previously (26, 41). Expres-
sion of the VacA proteins was confirmed by immunoblotting as
described in Materials and Methods (data not shown). As
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FIG. 1. Dominant-negative properties of A6-27p88 VacA. (A) Dia-
gram of full-length wild-type VacA, two putative VacA domains (p33 and
p595), and a VacA mutant protein (A6-27p88) that exhibits a dominant-
negative phenotype. The VacA amino acid numbers are indicated, and
the numbering system is described in Materials and Methods. (B) E. coli
extracts containing the indicated recombinant VacA proteins were gen-
erated as described in Materials and Methods. An E. coli extract without
VacA (pET) was used as a negative control. These protein preparations
were mixed with acid-activated wild-type VacA purified from an H. pylori
culture supernatant (H.p. VacA) and then incubated with HeLa cells as
described in Materials and Methods. Vacuolating activity was measured
by a neutral red uptake assay. Results represent the means * standard
deviations from triplicate samples. *, P < 0.05 for comparison with cells
treated with H. pylori VacA plus control extract (pET).

expected, the A6-27p88 recombinant protein potently blocked
the vacuolating cytotoxic activity of wild-type VacA (Fig. 1B)
(26). In contrast, neither the p33 nor the p55 protein exhibited
inhibitory activity (Fig. 1B).

We next investigated whether a p33 protein containing the
A6-27 mutation could inhibit the vacuolating cytotoxin activity
of wild-type VacA. As shown in Fig. 2, the A6-27p33 protein
did not exhibit any inhibitory activity. We have shown previ-
ously that the wild-type p33 and p55 VacA proteins each lack
vacuolating cytotoxic activity when added alone to cells but
that, when mixed together, they interact with each other and
can reconstitute vacuolating cytotoxic activity (41). Therefore,
we investigated whether a mixture of the wild-type p55 protein
and the A6-27p33 protein could reconstitute the dominant-
negative phenotype. As shown in Fig. 2, the A6-27p33-p55
mixture potently inhibited the vacuolating activity of wild-type
VacA, similar to the inhibitory effect exhibited by A6-27p88. In
contrast, a mixture of A6-27p33 and the pET control extract or
of p55 and the pET control extract did not inhibit the vacuo-
lating activity of wild-type VacA (data not shown).
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FIG. 2. Reconstitution of dominant-negative phenotype by mixing
A6-27p33 and p55 VacA proteins. (A) Diagram of two putative A6-
27p88 VacA domains (A6-27p33 and p55) and the VacA A6-27 mutant
protein (A6-27p88). The VacA amino acid numbers are indicated, and
the numbering system is described in Materials and Methods. (B) E.
coli extracts containing the indicated recombinant VacA proteins were
mixed with acid-activated wild-type VacA purified from an H. pylori
culture supernatant (H.p. VacA). Samples were then incubated with
HeLa cells, and vacuolating activity was measured by a neutral red
uptake assay. Results represent the means * standard deviations from
triplicate samples. *, P < 0.05 for comparison with cells treated with H.
pylori VacA plus control extract (pET).
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Interactions of A6-27p33 with wild-type VacA. A current
model presumes that the inhibitory activity of the A6-27p88 VacA
protein is due to the formation of inactive mixed oligomeric
complexes comprised of both wild-type and mutant VacA pro-
teins (25, 43). In a previous study (41), we showed that p33 does
not interact with p88 VacA in the absence of the p55 domain. We
hypothesized that the A6-27p33 protein (in the absence of p55)
lacked inhibitory activity due to an inability of A6-27p33 to form
mixed oligomeric complexes with wild-type VacA. To test this
hypothesis, we compared the abilities of A6-27p88 and A6-27p33
to physically interact with a c-Myc-tagged form of wild-type p88
VacA (p88c-Myc) (25). As expected, the recombinant A6-27p88
protein interacted with p88c-Myc VacA (Fig. 3A) (25). In con-
trast, we did not detect any interaction between A6-27p33 and
p88c-Myc VacA (Fig. 3B). These data support the hypothesis that
the formation of mixed oligomeric complexes is required for the
dominant-negative phenotype.

Since a mixture of pS5 and A6-27p33 reconstituted the dom-
inant-negative phenotype (Fig. 2), we investigated the ability of
these proteins to form oligomeric complexes. We first demon-
strated that the A6-27p33 and pS5 proteins were able to physically
interact with each other (Fig. 3C). We then investigated whether
the mixture of A6-27p33 and pS5 could interact with p88c-Myc
VacA. Indeed, when the p88c-Myc protein was incubated with the
A6-27p33-pS5 mixture, the p88c-Myc protein interacted with
both A6-27p33 and p55 (Fig. 3D). These data suggest that the
failure of the isolated A6-27p33 protein to interact with wild-type
p88 VacA and inhibit its activity was not due to misfolding of the
A6-27p33 protein but, instead, was due to an absence of amino
acid sequences found in the p55 domain.

Mapping of a minimal region of A6-27p88 VacA that has
inhibitory activity. In an effort to map a minimal region of the
A6-27p88 VacA protein capable of inhibiting the activity of
wild-type VacA, we generated a series of A6-27p88 recombi-
nant proteins truncated at the carboxyl terminus (Fig. 4A). As
shown in Fig. 4B, most of the truncated A6-27p88 proteins
were able to block the vacuolating activity of wild-type VacA.

B I.LP: c-Myc
A6-27p33His: -+
p88c-Myc: +

L.B: anti-His HnAﬁ 27p33His

1.B: anti-c-Mycss p88c-Myc

2 [.P: c-Myc
A6-27p33His: + +
p55His: -+
p88c-Myc: + +
I.B: anti-His e \6-27p33His

1.B: anti-His I 88 p55His
[.B: anti-c-Myc m——a— )3 3c-Myc

FIG. 3. Interactions of recombinant VacA proteins with c-Myc-tagged p88 VacA. E. coli extracts containing the indicated recombinant VacA
proteins were mixed with purified acid-activated c-Myc-tagged p88 wild-type VacA (p88c-Myc) from an H. pylori culture supernatant, as indicated
(A, B, and D). Alternatively, E. coli extracts containing A6-27p33His or p55c-Myc were mixed together as indicated (C). Protein complexes were
immunoprecipitated (I.P.) with an anti-c-Myc antibody, electrophoresed in a 10% sodium dodecyl sulfate-polyacrylamide gel, transferred to a
nitrocellulose membrane, and immunoblotted (I.B.) with anti-His and anti-c-Myc antibodies, as indicated.
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FIG. 4. Dominant-negative phenotype exhibited by truncated A6-
27p88 VacA proteins. (A) Diagram of truncated A6-27 recombinant
VacA proteins. The last amino acid of each truncated A6-27 recombinant
VacA protein is indicated. (B) E. coli extracts containing different A6-27
recombinant VacA proteins were mixed with acid-activated wild-type
VacA purified from an H. pylori culture supernatant (H.p. VacA) and
incubated with HeLa cells. Vacuolating activity was measured by a neutral
red uptake assay. Results represent the means =+ standard deviations from
triplicate samples. *, P < 0.05 for comparison with cells treated with H.
pylori VacA plus control extract (pET). (C) E. coli extract containing the
A6-27p48His VacA protein was mixed with purified acid-activated c-Myc—
VacA (p88c-Myc) from an H. pylori culture supernatant, as indicated.
Protein complexes were immunoprecipitated (I.P.) with an anti-c-Myc
antibody, electrophoresed, transferred to a nitrocellulose membrane, and
immunoblotted (I.B.) with anti-His and anti-c-Myc antibodies, as indi-
cated.

The smallest A6-27p88 fragment capable of inhibiting wild-
type VacA activity corresponded to amino acids 1 to 478 (A6-
27p48) (Fig. 4A). In contrast, a smaller A6-27p88 fragment,
A6-27p33, did not exhibit detectable dominant-negative activ-
ity (Fig. 2B and 4B). The difference in the activities of A6-
27p33 and A6-27p48 was not due to different concentrations of
these proteins, because no inhibitory activity was detected even
when we tested a substantially higher concentration of A6-
27p33 (approximately 10-fold higher than the concentration of
A6-27p48His, based on immunoblotting with an anti-His anti-
body) (data not shown). As expected, the wild-type VacA pro-
tein containing amino acids 1 to 478 (p48) did not exhibit a
dominant-negative phenotype (data not shown). Based on the
ability of the A6-27p48 protein to exhibit a dominant-negative
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phenotype, we hypothesized that it could physically interact
with wild-type VacA to form mixed oligomeric complexes. As
shown in Fig. 4C, we detected the formation of mixed oligo-
meric complexes comprised of A6-27p48 and p88c-Myc VacA.

The A6-27p48 protein exhibits a dominant-negative pheno-
type without blocking binding or internalization of wild-type
VacA. Wild-type VacA causes cell vacuolation via a series of
steps that include binding of VacA to the cell surface followed
by internalization of the toxin (4, 17, 18, 22, 28). In the next
series of experiments, we investigated whether the A6-27p48
protein blocked either binding of wild-type VacA to mamma-
lian cells or entry of wild-type VacA into cells. The localization
of wild-type p88 VacA was analyzed by indirect immunofluo-
rescence methodology, as described in Materials and Methods
(17, 41). As expected, when wild-type p88 VacA alone was
added to HeLa cells, the p88 VacA protein bound to the cells
and was internalized by cells (Fig. SA and B, left panels) (17,
25, 41). No immunoreactive signal was detected following in-
cubation of cells with the A6-27p48 protein or the negative
control E. coli extract (data not shown). When a mixture of the
A6-27p48 protein and wild-type p88 VacA was added to cells,
wild-type VacA bound to the cell surface (Fig. SA, right panel)
and was internalized (Fig. 5B and C, right panels). Thus, the
A6-27p48 protein inhibits the vacuolating cytotoxic activity of
wild-type VacA but does not block binding or internalization
of wild-type VacA.

Amino acids 334 to 360 are required for the dominant-negative
phenotype and the formation of mixed oligomeric complexes.
Based on the observed difference in the activities of A6-27p33 and
A6-27p48, we hypothesized that amino acid sequences present
exclusively in the larger protein (i.e., amino acids 313 to 478) are
required for the dominant-negative phenotype and for the for-
mation of mixed oligomeric complexes. Previously, it was shown
that the deletion of amino acids 346 and 347 impairs VacA vac-
uolating cytotoxic activity (48). Therefore, we generated a A6-
27p48 protein with an in-frame deletion in this region, designated
A(6-27/334-360)p48 (Fig. 6A). In contrast to the A6-27p48 pro-
tein, the A(6-27/334-360)p48 protein lacked detectable inhibitory
activity (Fig. 6B). Inhibitory activity was reconstituted by mixing
the A(6-27/334-360)p48 protein and the wild-type pS5 fragment
(Fig. 6B). In comparison to A6-27p48, the A(6-27/334-360)p48
protein was defective in the ability to interact with p88c-Myc
VacA (Fig. 6C). The formation of mixed oligomeric complexes
containing p88c-Myc VacA and A(6-27/334-360)p48 was greatly
enhanced when the p55 domain was added as a supplement (Fig.
6C). Together, these data indicate that amino acids 334 to 360 in
VacA play an important role in the dominant-negative phenotype
and the formation of mixed oligomeric complexes.

Amino acids 351 to 360 are required for the dominant-
negative phenotype and the formation of mixed oligomeric
complexes. To further map the region of VacA that is required
for the dominant-negative phenotype and the formation of mixed
oligomeric complexes, we introduced three small in-frame dele-
tions into A6-27p48 [A(6-27/334-341)p48, A(6-27/342-350)p4s,
and A(6-27/351-360)p48] (Fig. 7A). Both the A(6-27/334-341)p48
and A(6-27/342-350)p48 proteins exhibited potent inhibitory ac-
tivities similar to that exhibited by the A6-27p48 protein (Fig. 7B).
In contrast, the A(6-27/351-360)p48 protein did not exhibit de-
tectable inhibitory activity (Fig. 7B). Inhibitory activity was recon-
stituted by mixing A(6-27/351-360)p48 with the wild-type p55 pro-
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p88/A6-27p48

FIG. 5. Effects of A6-27p48 VacA dominant-negative protein on bind-
ing and internalization of wild-type VacA. (A) HeLa cells were intoxi-
cated for 1 h at 37°C with wild-type acid-activated VacA (p88) purified
from an H. pylori culture supernatant (left panel) or with a mixture of
wild-type VacA (p88) and A6-27p48 (right panel). The capacity of the
VacA proteins to interact with the cells was assessed by indirect immu-
nofluorescence, using an anti-VacA polyclonal antiserum reactive with
the C-terminal region of p88 VacA, as described in Materials and Meth-
ods. (B and C) Wild-type acid-activated VacA (p88) purified from an H.
pylori culture supernatant (left panels) or a mixture of p88 and A6-27p48
(right panels) was added to HeLa cells in the absence (B) or presence
(C) of 10 mM ammonium chloride, and cells were then incubated for 12 h
at 37°C. The ability of wild-type VacA (p88) to enter cells was assessed by
indirect immunofluorescence of permeabilized cells, using anti-VacA
polyclonal antiserum.

tein (Fig. 7B). As expected, the A(6-27/351-360)p48 protein was
defective in the ability to interact with p88c-Myc VacA (data not
shown).

We also investigated whether the deletion of amino acids 334
to 341, 342 to 350, or 351 to 360 (Fig. 8A) would affect the ability
of the p55 domain to reconstitute the dominant-negative pheno-
type when mixed with A6-27p33 (Fig. 2). A mixture of the A6-
27p33 protein and wild-type pS5, A334-341p55, or A342-350p55
exhibited a strong inhibitory activity (Fig. 8B). In contrast, a mix-
ture of A6-27p33 and A351-360p55 did not exhibit detectable
inhibitory activity. These data indicate that VacA amino acids 351
to 360 (GGKDTVVNID) are required for the dominant-negative

phenotype.
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FIG. 6. Role of VacA amino acids 334 to 360 in dominant-negative
phenotype and the formation of mixed oligomeric complexes. (A) Dia-
gram of three A6-27 VacA mutant proteins [A6-27p33, A6-27p48, and
A(6-27/334-360)p48] and the p55 VacA domain. The VacA amino acid
numbers are indicated, and the numbering system is described in Mate-
rials and Methods. (B) E. coli extracts containing the A6-27p33, A6-27p48,
or A(6-27/334-360)p48 recombinant VacA protein were mixed with either
an extract containing the p55 VacA protein or the negative control extract
(pET) and tested for the ability to inhibit the vacuolating activity of
acid-activated wild-type VacA purified from an H. pylori culture superna-
tant (H.p. VacA). Samples were incubated with HeLa cells, and vacuo-
lating activity was measured by a neutral red uptake assay. Results rep-
resent the means * standard deviations from triplicate samples. *, P <
0.05 for comparison with the control. The inset shows immunoblotting of
the indicated proteins with an anti-His antibody. (C) E. coli extracts
containing the A6-27p48His or A(6-27/334-360)p48His VacA protein
individually or the A6-27p48His—pS55His or A(6-27/334-360)p48His—
pS5His mixture were combined with purified acid-activated c-Myc—
VacA (p88c-Myc) from an H. pylori culture supernatant, as indicated.
Protein complexes were immunoprecipitated (I.P.) with an anti-c-Myc
antibody, electrophoresed, transferred to a nitrocellulose membrane,
and immunoblotted (I.B.) with the indicated antibodies.

Amino acids 351 to 360 are required for vacuolating cyto-
toxic activity. Finally, we investigated whether amino acids 351 to
360 are required for the vacuolating cytotoxic activity of wild-type
VacA. As shown previously (41), a mixture of wild-type p33 and
wild-type p55 proteins exhibited extensive vacuolating cytotoxic
activity (Fig. 8C). In contrast, a mixture of p33 and A351-360p55
did not exhibit detectable vacuolating cytotoxic activity (Fig. 8C).
As expected, we did not detect an interaction of the A351-360p55
protein with p33c-Myc-His (Fig. 8D). These data provide further
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FIG. 7. Role of VacA amino acids 351 to 360 in dominant-negative
phenotype. (A) Diagram of recombinant A6-27p48 VacA proteins. “A”
indicates amino acids deleted in the mutant p48 VacA proteins. (B) E.
coli extracts containing the indicated A6-27p48 recombinant VacA
proteins were mixed with either a negative control extract (pET) or an
extract containing the p55 VacA protein and then tested for the ability
to inhibit the activity of acid-activated wild-type VacA purified from an
H. pylori culture supernatant (H.p. VacA). Samples were incubated
with HeLa cells, and vacuolating activity was measured by a neutral red
uptake assay. Results represent the means * standard deviations from
triplicate samples. *, P < 0.05 for comparison with cells treated with H.
pylori VacA plus control extract (pET).

evidence for an important role of amino acids 351 to 360 and
indicate that these amino acids are required for interactions be-
tween the p33 and p55 domains.

DISCUSSION

In previous studies, we showed that a VacA mutant protein,
A6-27p88, is able to inhibit the activity of wild-type VacA in a
dominant-negative manner (7, 25, 26, 38, 43, 45, 46). In the
current study, we provide an analysis of the structural features
of A6-27p88 VacA that are required in order for this protein to
exhibit a dominant-negative phenotype. We show that a A6-27
VacA protein containing the first 478 amino acids of VacA
(A6-27p48) exhibits a dominant-negative phenotype similar to
that of the full-length A6-27p88 VacA protein (Fig. 4). It is
notable that a wild-type VacA fragment containing amino acids
1 to 478 exhibits vacuolating activity when expressed within
HeLa cells (50). Thus, wild-type VacA amino acids 1 to 478 are
sufficient for intracellular vacuolating activity, and this same
region is sufficient for the dominant-negative phenotype when
a A6-27 mutation is present.
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We have shown previously that the A6-27p88 protein produced
by H. pylori is able to form mixed oligomeric complexes with
wild-type VacA (25). Furthermore, when cells are transiently co-
transfected with plasmids expressing wild-type and A6-26 VacA
proteins, the A6-26 VacA protein is able to interact with wild-type
VacA (47). Therefore, the formation of functionally inactive
mixed oligomeric complexes provides a possible mechanistic basis
for the dominant-negative phenotype. In the current study, we
provide several lines of experimental evidence in support of this
model. Specifically, we demonstrate that the A6-27p48 VacA pro-
tein, which has dominant-negative activity, is able to form mixed
oligomeric complexes comprising A6-27p48 and wild-type p88
VacA (Fig. 4). In contrast, the A6-27p33 VacA protein, which
lacks dominant-negative activity, is not able to interact with wild-
type p88 VacA (Fig. 3B). We show that the introduction of a
A334-360 mutation into A6-27p48 diminishes its capacity to form
mixed oligomeric complexes and results in a loss of the dominant-
negative phenotype (Fig. 6). We also show that the dominant-
negative phenotype and the ability to form mixed oligomeric
complexes are reconstituted when either A6-27p33 or A(6-27/334-
360)p48 is mixed in frans with the pS5 domain.

As described in this study, two important structural features
of A6-27p88 are required for the dominant-negative pheno-
type, i.e., the presence of the A6-27 deletion within the p33
domain and the presence of amino acid sequences derived
from the p55 domain. VacA amino acids 6 to 27 are predicted
to comprise a hydrophobic region (43). GXXXG motifs found
within this region are required for transmembrane oligomer-
ization and membrane channel formation (24, 27). These data
suggest that amino acids 6 to 27 comprise a membrane-span-
ning domain. The experimental data presented here indicate
that amino acid sequences in the region between amino acids
312 and 478 have a role in the formation of mixed oligomeric
complexes. In a previous study, we showed that this region of
VacA (amino acids 312 to 478) can interact with the p33 VacA
domain in a yeast two-hybrid system (42), and this interaction
is probably relevant in the formation of mixed oligomeric com-
plexes. In addition, cotransfection of HeLa cells with a plasmid
encoding the wild-type p33 VacA domain and a plasmid en-
coding VacA amino acids 312 to 478 can reconstitute vacuo-
lating cytotoxic activity (50). Together, these observations sug-
gest that amino acids 312 to 478 comprise a domain that has
important functional properties. The mutational experiments
described here indicate that within this domain, amino acids
351 to 360 have an important role in the formation of VacA
oligomeric complexes, are essential for the dominant-negative
phenotype, and are essential for the vacuolating activity of
wild-type VacA. A comparison of VacA proteins produced by
unrelated H. pylori strains reveals that this region (i.e., amino
acids 351 to 360) is conserved, which is consistent with the
hypothesis that it plays an essential function, most likely re-
lated to VacA oligomerization.

Previously, we have shown that the A6-27p88 VacA protein
can inhibit the capacity of wild-type VacA to form channels in
planar lipid bilayers (43). Potentially mixed oligomeric com-
plexes comprising wild-type VacA and A6-27p88 fail to insert
into host cell membranes, and this might explain how the
activity of wild-type VacA is blocked. In the current study, we
demonstrate that the A6-27p48 VacA protein does not cause
detectable alterations in the binding or internalization of wild-
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FIG. 8. Role of amino acids 351 to 360 in VacA-induced cell vacuolation and formation of p33/p55 oligomeric complexes. (A) Diagram of
recombinant p55 VacA proteins. (B) E. coli extracts containing the A6-27p33 VacA protein were mixed with extracts containing wild-type p55 or
p55 proteins containing the indicated in-frame deletions. Mixtures were then tested for the ability to inhibit the activity of acid-activated wild-type
VacA purified from an H. pylori culture supernatant (H.p. VacA). Samples were incubated with HeLa cells, and vacuolating activity was measured
by a neutral red uptake assay. Results represent the means * standard deviations from triplicate samples. #, P < 0.05 for comparison with the
control. The inset shows immunoblotting of the indicated p55 VacA proteins with an anti-His antibody. (C) E. coli extracts containing wild-type
p33Myc-His and p55His or wild-type p33Myc-His and A351-360p55His were mixed and added to HeLa cells. Vacuolating cytotoxic activity was
measured by a neutral red uptake assay. Results represent the means = standard deviations from triplicate samples. *, P < 0.05. (D) E. coli extracts
were mixed as indicated. Protein complexes were immunoprecipitated (I.P.) with an anti-c-Myc antibody, electrophoresed, transferred to a
nitrocellulose membrane, and immunoblotted (I.B.) with an anti-His antibody.

type VacA (Fig. 5). However, it remains possible that domi-
nant-negative VacA proteins might cause subtle alterations in
the intracellular trafficking or intracellular localization of wild-
type VacA that are not detectable with current methods.

Protein toxins produced by many different organisms act by
forming pores in cell membranes. The ability of dominant-nega-
tive mutant proteins to block the actions of pore-forming toxins is
of considerable interest, since such dominant-negative proteins
could potentially be useful as potent and specific therapeutic
agents. Dominant-negative forms of bacterial pore-forming toxins
have been described previously for H. pylori VacA (25, 43), the
protective antigen component of anthrax toxin (30, 35, 36), and
cytolysin A (ClyA) of E. coli (44). It is thought that these domi-
nant-negative toxins must be able to form mixed oligomeric com-
plexes with wild-type toxins in order to exhibit inhibitory activity.
The potential therapeutic usefulness of dominant-negative inhib-
itors is highlighted by the development of dominant-negative
forms of protective antigen, which can protect mice from chal-
lenges with lethal doses of wild-type anthrax toxin (35, 36). In the
future, it will be important to assess whether dominant-negative
mutants can be generated for other pore-forming toxins and
whether such dominant-negative inhibitors could potentially rep-
resent useful new therapeutic agents.
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