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The Helicobacter pylori cytotoxin is proteolytically cleaved at a flexible hydrophilic loop into two subunits.
Deletion of the loop sequences had no effect on biological activity of the toxin in the HeLa cell vacuolation assay
but favored the organization of the protein into hexameric rather than heptameric structures.

Pathogenic strains of Helicobacter pylori produce a potent
cytotoxin, VacA, which causes massive vacuolar degeneration
in target cells in vitro (6). It has been suggested (7, 12) that this
toxin is a member of the A-B family of bacterial toxins which
consists of two distinct moieties, A and B, involved in enzy-
matic activity and membrane translocation, respectively (9).
VacA purified from the supernatant of H. pylori cultures is
found as high-molecular-weight oligomeric structures with ei-
ther six- or sevenfold radial symmetry (7, 12). Each oligomer is
formed from monomers of approximately 90 kDa. Each mono-
mer in the oligomer is clearly structured in two distinct sub-
units. After release from the bacteria, the 90-kDa monomer
can undergo specific proteolytic cleavage at a hydrophilic loop
to generate 37- and 58-kDa fragments which remain associated
in the oligomeric structure (12). These fragments likely repre-
sent the subunits observed in the oligomeric structure. In this
case, we may speculate that the hydrophilic loop forms a hinge
region between the two subunits and proteolysis at this site
may be important for activity of the toxin.

To test this hypothesis, we have engineered the gene coding
for VacA in H. pylori in order to produce mutant forms of the
protein with deletions or substitutions in the loop region. The
strategy used to generate the mutants is shown in Fig. 1. We
made three constructs. In the first, sequences within the loop
coding for the 8-amino-acid (8-aa) repeat containing the major
site of proteolytic cleavage (5) were deleted by PCR synthesis
of a fragment coding for aa 34 to 343 and skipping aa 344 to
359 by using primers A and C (Table 1). This fragment was
then introduced into a delivery plasmid containing the entire
vacA gene and 39 flanking sequences plus a Cmr cassette (13,
14) inserted in the HindIII site located 80 bp after the stop
codon of the vacA coding sequences (Fig. 1c). In the second
case, a larger deletion of sequences coding for 46 aa between
positions 327 and 372 was created by using the Quickchange kit
(Stratagene) and primers D and E (Table 1). The 46 aa deleted
correspond to the entire hydrophilic loop as predicted by the
Hydropathy (Kyte-Doolittle) program of the DNA Strider se-
quence analysis package. Finally, using primers A and B, we
made a construct in which sequences coding for the 8-aa repeat

were replaced with sequences coding for the 16 aa of an anal-
ogous cleavage loop of diphtheria toxin (CAGNRVRRSVG
SSLSC), in order to determine whether a loop with similar
properties but with a different amino acid sequence could be
substituted.

Each of the constructs was introduced, by natural transfor-
mation, into an H. pylori recipient strain in which a large cen-
tral region of 2.4 kbp of the vacA gene (GenBank accession no.
S72494) between the EcoNI and BsaBI restriction sites had
been replaced with a Kmr cassette (4). This recipient strain did
not produce VacA (Fig. 2a, lane 2) and did not have any cyto-
toxic activity in vitro (Fig. 2b). Transformants were selected by
resistance to chloramphenicol and sensitivity to kanamycin.
The gene replacements were confirmed by genomic DNA se-
quencing.

Neither deletion nor substitution of the loop had any effect
on the synthesis or stability of the protein. As can be seen in
Fig. 2a, extracts of bacteria expressing each form of the toxin,
obtained by vortexing bacterial pellets in water, contained sim-
ilar quantities of the mature polypeptide but with slightly dif-
ferent electrophoretic mobilities which corresponded to the
reduced size. Figure 2b shows the vacuolating activities of the
water extracts quantitated by uptake of neutral red dye (2, 10).
Surprisingly, all three of the altered proteins had vacuolating
activity on HeLa cells similar to that of the wild-type protein.
The mutated proteins were also equally well exported into the
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TABLE 1. Primers used

Primera Nucleotide sequence

A ........................GAATGGGATCCGCCTTTTTCACAACCGTGAT
B.........................TTTTTTGCGCACTATTGGGTGGGTTAATGACCTG

AGTGTTACTATTATTTTGACTGCATGACAATGA
GCTACCTACTGATCGCCTGACACGATTTCCTGC
ACAACCACTTTGAGAAGGGGT

C.........................TTTTTTGCGCACTATTGGGTGGGTTAATGACCTG
AGTGTTACTATTATTTTGACTACCACTTTGAGA
AGGGGT

D ........................GCTCCTAATAGTGCGCAAAAAACAGA
E.........................ACTATTAGGAGCGATAATGTTTAACC

a Primer A, forward primer for amplification of loop fragment; primer B,
reverse primer for amplification of diphtheria toxin loop fragment; primer C,
reverse primer for amplification of deletion fragment; primer D, forward primer
for amplification of the whole construct with large deletion of the loop; primer
E, reverse primer for amplification of the whole construct with large deletion of
the loop.
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culture supernatant and could be purified by size exclusion
chromatography as previously described (8) or by using an
affinity matrix made with a monoclonal antibody which recog-
nizes the native oligomeric structure (11). Extensive processing
of the protein into the 37- and 58-kDa subunits was, however,
observed only in the protein in which the loop had been re-
placed with the diphtheria toxin loop sequences (data not
shown).

These data indicate that the specific cleavage site in the 8-aa
repeat is not essential for activity of the toxin. It cannot be
excluded, however, that alternative cleavage sites may be used
by proteases in the cell culture medium or associated with the
cell. Recently, Giannelli et al. have demonstrated that muta-
tion of the specific cleavage site in the analogous loop of E. coli
heat-labile toxin reduced the sensitivity to proteases but did
not affect toxicity, although the kinetics of intoxication were
significantly slowed (3). It is likely that, in this case and perhaps
also for VacA, the proteolysis depends only on the presence of
an extended hydrophilic linker sequence between the two sub-
units. Interestingly, even deletion of 46 aa in the VacA protein

had no effect on activity. Hence, the fact that the cleavage into
the 37- and 58-kDa fragments may not be essential for toxic
activity must be considered.

Deletion of the loop sequences did, however, cause observ-
able differences in the oligomeric structure of the toxin. Quick-
frozen, deep-etched preparations of wild-type toxin revealed a
mixture of flower-shaped oligomeric structures with either six-
or sevenfold radial symmetry (7). Our interpretation of these
structures based on a three-dimensional reconstruction from
tilted pairs of micrographs (5) is that each oligomer contains
six or seven copies of the 90-kDa monomer. In preparations of
wild-type toxin, approximately 70% of the oligomeric struc-
tures had sevenfold radial symmetry (7). Visualization of the
mutated toxins by the same technique (Fig. 3) revealed that
they formed indistinguishable oligomeric structures; however,
the ratio of molecules with sixfold symmetry to those with
sevenfold symmetry was altered. The toxin deleted of 16 aa
formed predominantly structures with sixfold symmetry, but
approximately 21% of the structures had sevenfold symmetry;
in preparations of the molecule lacking 46 aa, only oligomers

FIG. 1. Schematic representation of the strategy used for mutant construction. (a) Structure of the vacA gene in H. pylori CCUG17874. The sequence of the 46-aa
hydrophilic loop containing the 8-aa repeat is shown. (b) Structure of the H. pylori VacA::Kmr strain in which the region between restriction sites EcoNI (En) and BsaBI
(Bs) has been replaced with a kanamycin resistance cassette. (c) Structure of the delivery plasmid containing mutated vacA genes. Dotted lines indicate the region of
recombination to replace the vacA gene. H, HindIII, B, BamHI.

FIG. 2. (a) Immunoblot of water extract of H. pylori expressing wild-type and mutant VacA proteins. Lane 1, wild-type VacA; lane 2, VacA::Kmr; lane 3, VacA with
diphtheria toxin loop substitution; lane 4, VacA with 16-aa deletion; lane 5, VacA with 46-AA deletion. (b) Neutral red uptake of the HeLa cells treated with water
extracts shown in panel a. wt, wild type.
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with sixfold symmetry were observed (Table 2). Hence, dele-
tion of amino acids in the loop region appears to constrain the
oligomeric structure to sixfold radial symmetry.

One explanation of the results described above may be that
in the VacA oligomeric structure, each monomer must have
two independent sites of interaction, one binding to the mono-
mer on its right and the other binding to that on its left. The
number of molecules which can enter the structure will depend
on the angle of interaction and the length of the region con-
necting the two sites of interaction. The constriction of the
structures in the large loop deletion to sixfold radial symmetry
may indicate that both the 37- and 58-kDa subunits are in-
volved in maintaining the oligomeric structure. Thus, reduc-
tion of the length of the connecting loop would pull the two
subunits, and hence the sites of interaction, closer together and
favor formation of hexamers.

Cover et al. (1) have recently observed VacA oligomers
which appear to contain up to 12 monomeric units and have
suggested a model in which the toxin can form double oli-
gomers with P2 symmetry in addition to sixfold radial symme-
try. In their preparations, the majority of oligomers had sixfold
radial symmetry and molecules with sevenfold symmetry were
interpreted as partially denatured structures. It is notable that
the VacA from the strain used in these studies lacks one of the
8-aa repeats at the cleavage site and hence has a loop corre-
spondingly shorter than that of the strain used here and in
previous studies (5, 7). Hence we conclude from the data
presented here that this interpretation is incorrect, that both
hexamers and heptamers are intact molecules, and that the
ratio of heptameric to hexameric structures depends on the
length and flexibility of the loop connecting the 37- and 58-kDa
subunits.

We gratefully acknowledge Girgio Corsi for the excellent technical
assistance with the artwork.
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