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their specific interactions are suspected to play a role
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The VacA toxin is the major virulence factor of Hel-
cobacter pylori. The studies on VacA intracellular ex-
ression suggest that it interacts with cytosolic pro-
eins and that this interaction contributes
ignificantly to vacuolization. The aim of this study
as to identify the host protein(s) that interacts with

he VacA protein. We used the fragments of VacA pro-
ein fused with GAL4-BD as the baits in the yeast two-
ybrid approach. The yeast transformed with plas-
ids encoding bait proteins were screened with
uman gastric mucosa cDNA library, encoded
-terminal fusion proteins with GAL4-AD. Three inde-
endent His-b-Gal-positive clones were identified in
acA-b1 screen; they matched two different lengths of
DNA encoding RACK1 protein. The specific activity
f b-galactosidase found in the yeast expressing both
acA-b1 and RACK1 fusion proteins was 12–19 times
igher compared to all negative controls used. VacA is
apable of binding the RACK1 in vitro as was con-
rmed by the pull-down assay with GST fusion VacA
rotein and [ 3 5 S]Met-labeled RACK1 protein

ragments. © 2001 Academic Press

Key Words: Helicobacter pylori; VacA cytotoxin;
ACK1; two-hybrid system.

Helicobacter pylori (H. pylori), the microorganism
hat colonizes human gastric mucosa of more than half
f the world’s population, has been identified as an
tiological factor of such different disorders as chronic
astritis, duodenal and gastric peptic ulcer, gastric
denocarcinoma, and MALT lymphoma (1–4). Al-
hough the mechanisms responsible for the diversity of
linical outcomes of H. pylori infection are still not well
stablished, both bacterial and host genetic factors and

1 To whom the correspondence and reprint requests should be ad-
ressed at Department of Gastroenterology, Medical Center for Post-
raduate Education in Cancer Center, Roentgena 5 str, 02-781 Warsaw,
oland. Fax: (48-22) 644-7601. E-mail: hennige@coi.waw.pl.
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n the development of H. pylori-related disorders.
The vacuolating cytotoxin VacA is thought to be the
ajor virulence factor of H. pylori. It is synthesized as
140-kDa precursor and following proteolytic process-

ng is secreted by bacterial cells (5–7). The mature
8-kDa toxin, comprising N-terminal (p33) and C-ter-
inal (p55) domains, forms oligomeric structures with

ither six- or sevenfold radial symmetry (8, 9).
Secreted VacA interacts with the surface of target

ells by binding to multiple cell surface proteins such
s a 250-kDa receptor protein tyrosine phosphatase
RPTPb on AZ-521 cells (10), an unidentified 140-kDa
rotein of a variety of epithelial cell lines (11), and a
70-kDa epidermal growth factor (EGF) receptor on
eLa cells (12). However, there is not a single high-
ffinity receptor for VacA. Toxin internalization and
ranslocation into the cytosol results in the formation
f intracellular vacuoles originating from late endoso-
al and lysosomal compartments of eukaryotic cells

13–15). This vacuolating activity of VacA depends on
isassembly of the toxin oligomers upon acidic or alka-
ine pH conditions (10, 16, 17), that allows for toxin
fficient internalization (18), as well as formation of
nion-selective channels in lipid bilayers and cell
lasma membrane (19–21).
The studies on VacA intracellular expression (22–24)

uggest that the vacuole formation is likely a conse-
uence of toxin interaction with cytosolic protein(s) of
arget cells. Vacuolization process requires an activity
f a vacuolar-type ATPase, rab7 and Rac1 GTP-ase (14,
5, 26). Recently, the novel intermediate filament pro-
ein VIP54 that interacts with vimentin, was identified
s VacA-interacting protein of 54 kDa in HeLa cells
27). However, the molecular mechanism of VacA-
nduced vacuole formation still remains unknown.

Proteins are usually the functional molecules and
rotein–protein interactions are critical to most biolog-
cal processes. Among different methods that facilitate
he analysis of the proteins interactions, the yeast two-
ybrid system utilizes a molecular genetic approach
0006-291X/01 $35.00
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etecting protein–protein interactions in the native
onditions of the cell and allows for selection of genes
ncoding potential interacting proteins (28).
The aim of this study was to identify the host pro-

ein(s) of gastric mucosa, which interacts with the
acA protein. For this purpose, we have constructed

he two-hybrid cDNA library that encoded human gas-
ric proteins and screen it with different fragments of
acA protein as the baits. We have identified RACK1,
receptor for activated C kinase (PKC) and a homolog

f the heterotrimeric G-protein b subunit, as VacA-
inding protein.

ATERIALS AND METHODS

Materials. HybriZAP-2.1 two-hybrid cDNA synthesis and Giga-
ack cloning kits (Stratagene, La Jolla, CA) were used in the study.

Construction of human gastric mucosa cDNA library. To con-
truct cDNA library, total RNA was isolated from normal gastric
ucosa, which was taken from surgically resected stomach of patient
ith gastric adenocarcinoma, using TRIzol Reagent according to
anufacturer’s protocol (Gibco BRL, Grand Island, NY). Then,

oly(A1) RNA was separated by twice pass through oligo(dT) cellu-
ose column. cDNAs were synthesized using the hybrid oligo(dT)
inker-primer that contains an XhoI restriction site and cDNA Syn-
hesis System. The double-stranded cDNA termini were blunted
ith Pfu DNA polymerase and EcoRI adapters were ligated. Follow-

ng XhoI digestion, the cDNA fragments were size fractionated by
lectrophoresis on agarose gel. The 400- to 800-bp fragments were
urified from the gel on the SpindBind columns (FMC BioProducts,
ockland, ME) and ligated into HybriZAP-2.1 vector, predigested
ith EcoRI and XhoI. 1010 cfu/ml of pAD-GAL4 phagemid library

hat encoded C-terminal fusion proteins with GAL4 activation do-
ain (AD) were obtained by the mass in vivo excision of the entire
ybriZAP-2.1 library, according to manufacturer’s protocol.

Construction of pBD-VacA yeast expression plasmids. The rele-
ant fragments of vacA gene from genomic DNA of H. pylori strain
typed as s1a/m1, according to Atherton et al., 29) isolated from patient
ith duodenal ulcer disease were amplified by PCR using following
ligonucleotides: 59-TTCCCGGGAAATCAATAATCGTGTGG and 59-

FIG. 1. The vacA gene fragments amplified by PCR and used thr
above) and amino acids (below) of each fragment are indicated.
104
TCTTGTTTGTCGTTTTTAGCA for vacA-b1; 59-CACCCGGGAGA-
CAGTCAAAACAATA and 59-TGCCTATATCTTCGCTAAAATG for
acA-c3; 59-CACCCGGGTAGATTTTAGTGGCGTTA and 59-GTCAG-
GCCCGCAGAAACAT for vacA-d4; 59-AGCCCGGGCATTAGTCA-
CATCACAC and 59-CTGCCTTGAGCGCCTGAGTTAG for vacA-S1,
ith the recognition sequence (underlined) for SmaI. The resulting
CR products (Fig. 1) were ligated into pCR2.1-TOPO vector (Invitro-
en Corp., San Diego, CA). Following digestion with SmaI and XhoI and
el purification, inserts were subcloned into pBD-GAL4 Cam phagemid
ector (Stratagene, La Jolla, CA) previously digested with SmaI and
alI. All plasmid constructs were verified by nucleotide sequencing.
ull sequences of vacA-b1 and vacA-c3 fragments, which were used for
wo-hybrid screens, are presented in Fig. 2 in comparison to vacA gene
elevant sequences of H. pylori 60190 strain (ATCC 49503). The expres-
ion of encoded hybrid VacA bait proteins fused with GAL4 DNA-
inding domain (BD) was determined by Western blot analysis with
ouse monoclonal GAL4 (DBD) antibody (Santa Cruz Biotech, Santa
ruz, CA) in Epicurian Coli XL1-Blue (Stratagene, La Jolla, CA) bac-

erial host (data not shown).

Yeast two-hybrid screens. Saccharomyces cerevisiae strain YRG-2
Stratagene, La Jolla, CA) was transformed with pBD-VacA-b1 or
BD-VacA-c3 plasmids by the method of Chen et al. (30). The screen-
ng procedure for isolation of human proteins interacting with VacA
rotein fragments was essentially performed according to the man-
facturer’s protocol (Stratagene, La Jolla, CA). Briefly, the yeast
train expressed VacA-b1 or VacA-c3 bait protein was transformed
ith human gastric mucosa cDNA library by the lithium acetate
ethod. To screen the cDNA library, positive clones were initially

elected for histidine prototrophy and then assayed for lacZ activity
sing a filter b-galactosidase assay with 5-bromo-4-chloro-3-indolyl-
-D-galactopyranoside (X-Gal). Plasmids were isolated from positive
east clones and transformed into Escherichia coli DH5a for further
nalysis of insert size and sequencing.

Quantitative assay of b-galactosidase activity. Yeast strains were
rown and assayed according to manufacturer’s protocol (Yeast Pro-
ocols Handbook; Clontech Laboratories, Inc., Palo Alto, CA). Briefly,
east cultures were grown to stationary phase in selection medium
acking leucine and tryptophan, diluted 1:5 in YPD medium (Sigma
hemical Co., St. Louis, MO) and incubated again until mid-log
hase. The b-gal activity was determined in liquid yeast cultures
sing colorimetric assay with o-nitrophenyl-b-D-galactopyranoside
ONPG). The protein concentration of the cells was determined using
io-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA).

hout the study. Numbers of N-terminal and C-terminal nucleotides
oug
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FIG. 2. Comparison of sequences of vacA-b1 and vacA-c3 fragments, used in this study, with relevant vacA sequence of H. pylori 60190
train (GenBank Accession No. U05676). The numbers indicate the nucleotide positions in coding region of the gene. Differing bases have
een marked.
105



Expression of glutathione-S-transferase (GST) fusion proteins.
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or in vitro binding experiments, vacA-b1 and vacA-S1 fragments
ere subcloned into pGEX-4T-3 vector and expressed in E. coli BL21

Amersham Pharmacia Biotech, Vienna, Austria) as GST fusions.
acteria were harvested, washed with phosphate-buffered saline

PBS), resuspended in lysis buffer (1% N-lauroyl-sarcosine in PBS
ith protease inhibitors), and sonicated on ice. After centrifugation

o remove cell debris, 2% Triton X-100 was added. Fusion proteins
ere purified from lysates by adsorption to glutathione–Sepharose
B beads (Amersham Pharmacia Biotech, Vienna, Austria) and used
s a matrix for in vitro binding after several washings with PBS
ontaining protease inhibitors. Expression of GST fusion proteins
as confirmed by SDS–polyacrylamide gel electrophoresis (SDS–
AGE) and Coomassie blue staining.

In vitro translation and GST fusion protein binding. cDNAs en-
oded fragments of RACK1 protein, from two-hybrid positive clones
AD-RACK1-31/1 and pAD-RACK1-8/1, were subcloned into pGEM-
Zf(1) vector (Promega Corp., Madison, WI) under control of SP6
NA polymerase promoter and expressed in E. coli DH5a. [35S]Met-

abeled RACK1-31/1 and RACK1-8/1 proteins were generated by
sing TnT Coupled Reticulocyte Lysate System (Promega Corp.,
adison, WI) as instructed by manufacturer. One-fifth of in vitro

ranslation products was incubated in PBS for 2 h at RT with GST
usion VacA protein fragments bound to glutathione–Sepharose ma-
rix. After vigorous washing with NETN buffer (100 mM NaCl, 1 mM
DTA, 0.5% Nonidet P-40, 20 mM Tris, pH 8.0), bound proteins were
eparated by SDS–PAGE and visualized by autoradiography.

DNA sequencing analysis. DNA sequences were determined us-
ng ABI PRISM BigDye terminator cycle sequencing ready reaction
it according to manufacturer’s instructions (PE Biosystems, Foster
ity, CA). Nucleotide sequence databases were searched for homol-
gous sequences with BLAST search analysis (www.ncbi.nlm.
ih.gov).

Statistical analysis. All data are reported as mean 6 SD. The
esults were compared statistically by using Student’s test for un-
aired data. Significance was indicated by a two-tailed P-value of
ess than 0.05.

ESULTS

solation of RACK1 as a Protein Interacting
with VacA-b1 in a Two-Hybrid Screen

The yeast two-hybrid approach was used to identify
uman proteins that interact with the H. pylori VacA
rotein. For this purpose, we constructed a phagemid
ibrary of human gastric mucosa cDNA encoding
-terminal fusion proteins with the transcriptional AD
f GAL4, and screened this library with fragments of
acA protein fused with GAL4-BD as a bait. First, the
lasmid encoding bait protein was introduced into two-
ybrid YRG2 yeast strain that contains both HIS3 and
acZ reporter genes under the regulation of GAL4. This
creening strain was subsequently transformed with
uman gastric mucosa cDNA library. Transformants
ere selected on histidine deficient synthetic medium

or clones expressed HIS3 reporter gene. Those clones
ere then tested by b-galactosidase assay for lacZ re-
orter gene expression.
The VacA-b1 (C-terminal region of p33) and VacA-c3

N-terminal region of p55) fragments were used for the
creenings (Fig. 1), and 1.6 3 106 transformants were
nalyzed with each bait. None positive clones were
106
dentified for VacA-c3 bait. The results of VacA-b1
creen are summarized in Table 1. Plasmids from 41
ndependent His-b-Gal-positive yeast colonies, isolated
nd transformed into E. coli, were passed through sec-
ndary screen in order to eliminate false positive in-
eractions. Finally, 3 independent clones were identi-
ed. Sequence analysis followed by database search
evealed that they matched two different length of
DNA encoding C-terminal fragment of the same pro-
ein; receptor for activated C-kinase (RACK1), also de-
cribed as a homolog of the b subunit of G proteins (31).
ACK1 is a 36-kDa protein consisting of 317 amino
cids (aa) that form seven repeating units of Trp-Asp
WD) motifs (32). The cDNA inserts from positive
lones coded peptides from 178–317 aa (clone 31/1) and
97–317 aa (both clones 7/5 and 8/1) of RACK1 protein
Fig. 3A).

pecificity of the RACK1 and VacA-b1 Interaction
in Yeast Cells

In order to examine the specificity of interactions
etween VacA-b1 and RACK1 protein fragments, the
airs of different pAD and pBD plasmids, including
anufacturer’s (Stratagene) positive control (PC)

plasmids p53-BD and pSV40-AD) and negative control
NC) (plasmids pLaminC-BD and pSV40-AD), were co-
ransformed into YRG2 strain. The pAD plasmids con-
ained the following inserts: RACK1-31/1 or RACK1-
/1 or none, and pBD plasmids contained inserts:
acA-b1 or VacA-d4 or none. Transformed strains were
lated on the medium lacking histidine (His2) and
upplemented with this amino acid (His1). Only clones
arried plasmids encoding VacA-b1 and RACK1-31/1 or
ACK1-8/1 as well as PC were able to growth on both

ypes of plates (an example shown in Fig. 3B).
The described above yeast strains were also used

o analyze the stringency of identified interactions.
he quantitative assay of b-galactosidase activity
as performed in liquid yeast cultures. As is shown

n Fig. 3C, the specific activities of b-gal measured in
ells expressing both bait VacA-b1 and RACK1 pro-
ein fragments were 12–19 times higher comparing
o all used negative controls (P , 0.0001). The level
f enzyme activity was comparable with that obtain
n clones of PC.

The Results of a Two-Hybrid Screen with VacA-b1
Fragment as a Bait Protein

umber of transformants screened 1,600,000
umber of His1 and LacZ1 colonies in primary screen 41
umber of plasmids sequenced 27
umber of His1 and LacZ1 clones in secondary screen 3
umber of different mRNAs 1
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n Vitro Binding Assay with GST Fusion VacA
Protein Fragments
To confirm the interaction between VacA and
ACK1 observed in yeast, we performed in vitro bind-

ng assays with recombinant proteins expressed in E.
oli cells. For this purpose, GST fusion proteins
acA-b1 and VacA-S1 (S1 fragment encoded the entire
ature toxin; Fig. 1) were immobilized on glutathione–

FIG. 3. Identification of RACK1 as a protein interacting with Vac
nd of the clones obtained from the yeast two-hybrid screening. The
-terminal nucleotide of each motif as well as N-terminal positio
istidine-free medium. The YRG2 reporter strain was transformed
elected for both plasmids (Medium His1) and for protein–protein in
ith pLaminC-BD and pSV40-AD plasmids; for PC the strain was tr
A). (C) Quantitative assay of b-galactosidase activity. The YRG2
lasmids without inserts. The NC and PC are as shown above. As a re
881 aa). b-Galactosidase specific activities are calculated as nanomo
re averages for four transformants, each assayed in triplicate (6st
107
epharose (Fig. 4A) and incubated with [35S]Met-
abeled in vitro translated RACK1-8/1 and RACK1-
1/1. Bound proteins were detected by SDS-PAGE. As
hown in Fig. 4B, both GST-VacA-b1 and GST-
acA-S1 were capable of binding the RACK1-8/1 and
ACK1-31/1, in contrast to GST. Two other GST pro-

eins, H. pylori urease and human K protein, also did
ot bind RACK1 in vitro (data not shown).

1 in S. cerevisiae. (A) Schematic representation of RACK1 structure
ven WD40 motifs of RACK1 are outline. The numbers indicate the
f RACK1 clones isolated by two-hybrid screening. (B) Growth on
h the plasmids encoding indicated cDNAs and patched onto plates
ction (Medium His2). For NC, the reporter strain was transformed

formed with p53-BD and pSV40-AD plasmids (Stratagene, La Jolla,
ain was transformed with plasmids encoding indicated cDNAs or
nce, we used plasmid, which contains the entire GAL4 coding region

of ONPG hydrolized per minute per milligram of protein. The values
ard deviations).
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ISCUSSION

Our paper reports, for the first time, that RACK1 is
VacA-binding protein. The interaction between VacA
nd RACK1 was found in vivo using yeast two-hybrid
ystem and was confirmed by the in vitro pull down
ssay by the use of in vitro translated RACK1 and
acterially expressed GST fusion VacA protein frag-
ents.
The RACK1 interacting VacA-b1 fragment com-

rises C-terminal portion of p33 VacA subunit and 6
esidues from p55 subunit (from 203–350 aa). As was
hown by transfection experiments, the minimal intra-
ellular vacuolating domain, necessary for the cytosolic
ctivity of VacA, has been localized between residues 1
nd 422 (23, 24), which include the VacA-b1 fragment.
ither VacA-c3 or VacA-d4, consisted of p55 subunit

ragments, did not interact with RACK1.
RACK1, a 36-kDa homolog of the b subunit of G

roteins, belongs to a large family of regulatory pro-
eins made up of highly conserved repeating WD40
nits (32). WD-repeats represent structural motifs
ormed by four antiparallel b-strands and have been
mplicated in protein-protein interaction. RACK1 is
omposed of seven such elements (33). The cDNA in-
erts of two-hybrid positive clones, isolated in this
tudy, code for C-terminal three WD motifs (WD5,

FIG. 4. In vitro binding of RACK1 protein with VacA in the GST
usion protein binding assay. (A) Coomassie blue staining of SDS–
AGE fractionated GST and GST-VacA protein fragments bound to
lutathione–Sepharose beads, and used in each experiment. (B) Au-
oradiography of [35S]Met-labeled RACK1 protein fragments bound
o GST-VacA protein fragments. The binding proteins were fraction-
ted by SDS–PAGE and visualized by autoradiography. The lucif-
rase protein encoded by commercial plasmid (Promega Corp., Mad-
son WI) was in vitro translated and used as binding negative
ontrol.
108
hat they are sufficient for interaction with VacA. Sim-
larly, the same three WD motifs of RACK1 are in-
olved in binding of integrin b subunit cytoplasmic
omain (34).
It was shown that RACK1 binds to PKC in the pres-

nce of Ca21 and lipid in vitro (33) and acts as an
ntracellular receptor for activated PKCbII in vivo (35).
ACK1 is neither a PKC substrate nor an inhibitor.
ather, it increases PKC phosphorylation of substrates
resumably by stabilizing the active of the enzyme
33). On the other hand, localization of RACK1 is reg-
lated by PKC activation (35).
In addition to PKC, RACK1 has been reported to

nteract with several other proteins, including integrin
-subunit (34), the Src tyrosine kinase (36), the cAMP-
pecific phosphodiesterase isoform PDE4D5 (37), the
pstein–Barr virus activator protein BZLF1 (38), com-
on b-chain of the IL-5/IL-3/GM-CSF receptors (39),

nd pleckstrin homology (PH) domain-containing pro-
eins like dynamin-1 or b-spectrin (40). However, the
echanisms for these interactions appear to be quit

ifferent. Some of them involve phorbol ester-induced
onformational changes (33–35), whereas others do not
36–40). Overexpression of RACK1 inhibits the activ-
ty of Src tyrosine kinases and the growth of NIH 3T3
ells (36).
It is becoming increasingly apparent that many in-

eractions between molecular partners that are in-
olved transduction and gene expression occur in the
ontext of a novel class of proteins that act as scaffolds.
lthough, the physiologic role of interactions between
ACK1 and most other cellular proteins remains ob-
cure, the multidomain RACK1 might function as a
caffold protein to recruit a variety of proteins into a
ignaling complex. It was shown that upon activation
f PKC, RACK1 and PKCbII coordinately moved to the
ame compartment of the cell (35); in addition, both
ctivated PKC and the PH domain of b-spectrin or
ynamin-1 are concomitantly bound to RACK1 (40).
herefore, it might be speculate that RACK1 acts as
shuttling protein that bring PKC in close proximity
ith its substrate, thus enabling substrate phos-
horylation with higher efficiency. RACK1 may also
unction as PKC-independent membrane-anchored
daptor for non-receptor kinases (Src like kinases),
hat restrict the activities of associated kinases and
hosphatases, bringing them in close proximity with
heir activators (36).

The functional significance of the association of VacA
ith RACK1 is unknown. Several studies have shown

hat H. pylori adherence to polarized epithelial cell
onolayers resulted in a decrease in trans-epithelial

lectrical resistance (TER), which is linked to the ac-
ion of acid-activated VacA cytotoxin (41, 42). The H.
ylori-induced reduction of TER was concomitant with
ignificant increase in the paracellular permeability of
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ctivator PMA (41–43). Assuming that PKC is in-
olved in epithelial cells tight junction regulation, it is
uggested that H. pylori may activate some intracellu-
ar pathways counteracting the effects of PKC.

Recently, VIP54 protein was identified as VacA-
nteracting protein in yeast two-hybrid screening of a
ibrary derived from HeLa cells (27). It was shown that
IP54 is a novel intermediate filament protein that

nteracts with vimentin. However, similar to RACK1,
t is not known whether VacA-VIP54 interaction is
equired for toxicity.

It can only be speculated that RACK1 is able to
ssess multiple inducible factors and allows for their
ultilateral cross-talk by integrating inputs from dif-

erent signal pathways. In this context, RACK1 may
orm the nucleus of a signaling module for VacA intra-
ellular action.

CKNOWLEDGMENTS

We gratefully acknowledge Dr. Timothy Cover for comments and
ritical reading of the manuscript. We also thank Agnieszka Fudecka
or technical assistance. This work was supported by a Grant 6 PO4A
31 15 from the State Committee for Scientific Research (KBN) and
y 501-2-2-08-13/01 CMKP grant.

EFERENCES

1. Blaser, M. J. (1990) Helicobacter pylori and the pathogenesis of
gastroduodenal inflammation. J. Infect. Dis. 161, 626–633.

2. Marshall, B. J. (1994) Helicobacter pylori. Am. J. Gastroenterol.
89, S116–128.

3. Cover, T. L., and Blaser, M. J. (1995) Helicobacter pylori: A
bacterial cause of gastritis, peptic ulcer disease, and gastric
cancer. Am. Soc. Microbiol. News 61, 21–26.

4. Walker, M. M., Pretolani, S., and Gasbarrini, G. (1996) Gastric
carcinoma and gastric lymphoma. Curr. Opinion Gastroenterol.
12(Suppl. 1), 33–36.

5. Telford, J. L., Ghiara, P., Dell’Orco, M., Comanducci, M., Bur-
roni, D., Bugnoli, M., Tecce, M. F., Censini, S., Covacci, A., Xiang,
Z., Papini, E., Montecucco, C., Parente, L., and Rappuoli, R.
(1994) Gene structure of the Helicobacter pylori cytotoxin and
evidence of its key role in gastric disease. J. Exp. Med. 179,
1653–1658.

6. Cover, T. L., Tummuru, M. K. R., Cao, P., Thompson, S. A., and
Blaser, M. J. (1994) Divergence of genetic sequence for the vac-
uolating cytotoxin among Helicobacter pylori strains. J. Biol.
Chem. 269, 10566–10573.

7. Schmitt, W., and Haas, R. (1994) Genetic analysis of the Helico-
bacter pylori vacuolating cytotoxin: Structural similarities with
the IgA protease type of exporter protein. Mol. Microbiol. 12,
307–319.

8. Lupetti, P., Heuser, J. E., Manetti, R., Massari, P., Lanzavec-
chia, S., Bellon, P. L., Dallai, R., Rappuoli, R., and Telford, J. L.
(1996) Oligomeric and subunit structure of the Helicobacter py-
lori vacuolating cytotoxin. J. Cell Biol. 133, 801–807.

9. Nguyen, V. Q., Caprioli, R. M., and Cover, T. L. (2001) Carboxy-
terminal proteolytic processing of Helicobacter pylori vacuolat-
ing toxin. Infect. Immun. 69, 543–546.

0. Yahiro, K., Niidome, T., Kimura, M., Hatakeyama, T., Aoyagi,
H., Kurazono, H., Imagawa, K.-I., Wada, A., Moss, J., and
109
by alkaline or acid conditions increases its binding to a 250-kDa
receptor protein-tyrosine phosphatase b. J. Biol. Chem. 274,
36693–36699.

1. Yahiro, K., Niidome, T., Hatakeyama, T., Aoyagi, H., Kurazono,
H., Padilla, P. I., Wada, A., and Hirayama, T. (1997) Helicobacter
pylori vacuolating cytotoxin binds to the 140-kDa protein in
human gastric cancer cell lines, AZ-521 and AGS. Biochem.
Biophys. Res. Commun. 238, 629–632.

2. Seto, K., Hayashi-Kuwabara, Y., Yoneta, T., Suda, H., and Ta-
maki, H. (1998) Vacuolation induced by cytotoxin from Helico-
bacter pylori is mediated by the EGF receptor in HeLa cells.
FEBS Lett. 431, 347–350.

3. Garner, J. A., and Cover, T. L. (1996) Binding and internaliza-
tion of the Helicobacter pylori vacuolating cytotoxin by epithelial
cells. Infect. Immun. 64, 4197–4203.

4. Papini, E., Satin, B., Bucci, C., de Bernard, M., Telford, J. L.,
Manetti, R., Rappuoli, R., Zerial, M., and Montecucco, C. (1997)
The small GTP binding protein rab7 is essential for cellular
vacuolation induced by Helicobacter pylori cytotoxin. EMBO J.
16, 15–24.

5. Molinari, M., Galli, C., Norais, N., Telford, J. L., Rappuoli, R.,
Luzio, J. P., and Montecucco, C. (1997) Vacuoles induced by
Helicobacter pylori toxin contain both late endosomal and lyso-
somal markers. J. Biol. Chem. 272, 25339–25344.

6. Cover, T. L., Hanson, P. I., and Heuser, J. E. (1997) Acid-induced
dissociation of VacA, the Helicobacter pylori vacuolating cyto-
toxin, reveals its pattern of assembly. J. Cell Biol. 138, 759–769.

7. Molinari, M., Galli, C., de Bernard, M., Norais, N., Ruysschaert,
J.-M., Rappuoli, R., and Montecucco, C. (1998) The acid activa-
tion of Helicobacter pylori toxin VacA: Structural and membrane
binding studies. Biochem. Biophys. Res. Commun. 248, 334–340.

8. McClain, M. S., Schraw, W., Ricci, V., Boquet, P., and Cover,
T. L. (2000) Acid activation of Helicobacter pylori vacuolating
cytotoxin (VacA) results in toxin internalization by eukaryotic
cells. Mol. Microbiol. 37, 433–442.

9. Czajkowski, D. M., Iwamoto, H., Cover, T. L., and Shao, Z. (1999)
The vacuolating toxin from Helicobacter pylori forms hexameric
pores in lipid bilayers at low pH. Proc. Natl. Acad. Sci. USA 96,
2001–2006.

0. Tombola, F., Carlesso, C., Szabo, I., de Bernard, M., Reyrat,
J. M., Telford, J. L., Rappuoli, R., Montecucco, C., Papini, E., and
Zoratti, M. (1999) Helicobacter pylori vacuolating toxin forms
anion-selective channels in planar lipid bilayers: Possible impli-
cation for the mechanism of cellular vacuolation. Biophys. J. 76,
1401–1409.

1. Szabo, I., Brutsche, S., Tombola, F., Moschioni, M., Satin, B.,
Telford, J. L., Rappuoli, R., Montecucco, C., Papini, E., and
Zoratti, M. (1999) Formation of anion-selective channels in the
cell plasma membrane by the toxin VacA of Helicobacter pylori is
required for its biological activity. EMBO J. 18, 5517–5527.

2. de Bernard, M., Arico, B., Papini, E., Rizzuto, R., Grandi, G.,
Rappuoli, R., and Montecucco, C. (1997) Helicobacter pylori toxin
VacA induces vacuole formation by acting in the cell cytosol. Mol.
Microbiol. 26, 665–674.

3. de Bernard, M., Burroni, D., Papini, E., Rappuoli, R., Telford, J.,
and Montecucco, C. (1998) Identification of the Helicobacter py-
lori VacA toxin domain active in the cell cytosol. Infect. Immun.
66, 6014–6016.

4. Ye, D., Willhite, D. C., and Blanke, S. R. (1999) Identification of
the minimal intracellular vacuolating domain of the Helicobacter
pylori vacuolating toxin. J. Biol. Chem. 274, 9277–9282.

5. Cover, T. L., Reddy, L. Y., and Blaser, M. (1993) Effects of
ATPase inhibitors on the response of HeLa to Helicobacter pylori
vacuolating toxin. Infect. Immun. 61, 1427–1431.



26. Hotchin, N. A., Cover, T. L., and Akhtar, N. (2000) Cell vacuo-

2

2

2

3

3

3

3

3

3

3

C. A. (1998) RACK1, a receptor for activated C kinase and a

3

3

3

4

4

4

4

Vol. 289, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
lation induced by VacA cytotoxin of Helicobacter pylori is regu-
lated by the Rac1 GTPase. J. Biol. Chem. 275, 14009–14012.

7. de Bernard, M., Moschioni, M., Napolitani, G., Rappuoli, R., and
Montecucco, C. (2000) The VacA toxin of Helicobacter pylori
identifies a new intermediate filament-interacting protein.
EMBO J. 19, 48–56.

8. Chien, C. T., Bartel, P. L., Sternglanz, R., and Fields, S. (1991)
The two-hybrid system: A method to identify and clone genes for
proteins that interact with a protein of interest. Proc. Natl. Acad.
Sci. USA 88, 9578–9582.

9. Atherton, J. C., Cao, P., Peek, R. M., Tummuru, M. K. R., Blaser,
M., and Cover, T. L. (1995) Mosaicism in vacuolating cytotoxin
alleles of Helicobacter pylori. J. Biol. Chem. 270, 17771–17777.

0. Chen, D.-C., Yang, B.-C., and Kuo, T.-T. (1992) One-step trans-
formation of yeast in stationary phase. Curr. Genet. 21, 83–84.

1. Guillemot, F., Billaut, A., and Auffray, C. (1989) Physical link-
age of a guanine nucleotide-binding protein-related gene to the
chicken major histocompatibility complex. Proc. Natl. Acad. Sci.
USA 86, 4594–4598.

2. Neer, E. J., Schmidt, C. J., Nambudripad, R., and Smith, T. F.
(1994) The ancient regulatory-protein family of WD-repeat pro-
teins. Nature 371, 297–300.

3. Ron, D., Chen, C.-H., Caldwell, J., Jamieson, L., Orr, E., and
Mochly-Rosen, D. (1994) Cloning of an intracellular receptor for
protein kinase C: A homolog of the b subunit of G proteins. Proc.
Natl. Acad. Sci. USA 91, 839–843.

4. Liliental, J., and Chang, D. D. (1998) Rack1, a receptor for
activated protein kinase C, interacts with integrin b subunit.
J. Biol. Chem. 273, 2379–2383.

5. Ron, D., Jiang, Z., Yao, L., Vagts, A., Diamond, I., and Gordon, A.
(1999) Coordinated movement of RACK1 with activated bIIPKC.
J. Biol. Chem. 274, 27039–27046.

6. Chang, B. Y., Conroy, K. B., Machleder, E. M., and Cartwright,
110
homolog of the b subunit of G proteins, inhibits activity of Src
tyrosine kinases and growth of NIH 3T3 cells. Mol. Cell. Biol. 18,
3245–3256.

7. Yarwood, S. J., Steele, M. R., Scotland, G., Houslay, M. D., and
Bolger, G. B. (1999) The RACK1 signaling scaffold protein selec-
tively interacts with the cAMP-specific phosphodiesterase
PDE4D5 isoform. J. Biol. Chem. 274, 14909–14917.

8. Baumann, M., Gires, O., Kolch, W., Mischak, H., Zeidler, R.,
Pich, D., and Hammerschmidt, W. (2000) The PKC targeting
protein RACK1 interacts with the Epstein-Barr virus activator
protein BZLF1. Eur. J. Biochem. 267, 3891–3901.

9. Geijsen, N., Spaargaren, M., Raaijmakers, J. A. M., Lammers,
J.-W. J., Koenderman, L., and Coffer, P. J. (1999) Association of
RACK1 and PKCb with the common b-chain of the II-5/IL-3/GM-
CSF receptor. Oncogene 18, 5126–5130.

0. Rodriguez, M. M., Ron, D., Touhara, K., Chen, C.-H., and
Mochly-Rosen, D. (1999) RACK1, a protein kinase C anchoring
protein, coordinates the binding of activated protein kinase C
and select pleckstrin homology domains in vitro. Biochemistry
38, 13787–13794.

1. Papini, E., Satin, B., Norais, N., de Bernard, M., Telford, J. L.,
Rappuoli, R., and Montecucco, C. (1998) Selective increase of the
permeability of polarized epithelial cell monolayers by Helico-
bacter pylori vacuolating toxin. J. Clin. Invest. 102, 813–820.

2. Pelicic, V., Reyrat, J.-M., Sartori, L., Pagliaccia, C., Rappuoli, R.,
Telford, J. L., Montecucco, C., and Papini, E. (1999) Helicobacter
pylori VacA cytotoxin associated with the bacteria increases
epithelial permeability independently of its vacuolating activity.
Microbiology 145, 2043–2050.

3. Terres, A. M., Pajares, J. M., Hopkin, A. M., Murphy, A., Moran,
A., Baird, A. W., and Kelleher, D. (1998) Helicobacter pylori
disrupts epithelial barrier function in a process inhibited by
protein kinase C activators. Infect. Immun. 66, 2943–2950.


	FIG. 1
	MATERIALS AND METHODS
	FIG. 2

	RESULTS
	TABLE 1
	FIG. 3
	FIG. 4

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

