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The vacA gene of Helicobacter pylori strain 60190 encodes a 1,287-amino-acid protoxin, which undergoes
cleavage of a 33-amino-acid amino-terminal signal sequence and carboxy-terminal proteolytic processing to
yield a mature secreted toxin. Several features of VacA suggest that it belongs to the autotransporter family of
gram-negative bacterial secreted proteins. Based on matrix-assisted laser desorption ionization—time of flight
mass spectrometric analysis, we calculate that the mature toxin has a mass of 88.2 *= 0.2 kDa and consists of

approximately 821 amino acids.

Chronic colonization of the human gastric mucosa by Heli-
cobacter pylori is associated with gastritis and an increased risk
for development of peptic ulcer disease and gastric malignan-
cies (5). Most H. pylori strains secrete a toxin (VacA) that
induces multiple structural and functional alterations in eu-
karyotic cells (see references 1 and 10 for reviews). H. pylori
vacA encodes an ~139-kDa protoxin, which undergoes cleav-
age of a 33-amino-acid amino-terminal signal sequence and
carboxy-terminal proteolytic processing to yield a mature se-
creted toxin (2, 4, 14, 15) (see GenPept accession number
B53739). In various studies, the reported masses of mature
secreted VacA toxins have varied from 87 to 95 kDa, based on
analysis by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (2, 4, 14, 15). Thus, the site (or sites) at which the
VacA protoxin undergoes carboxy-terminal proteolytic pro-
cessing is not known. In this study, we used matrix-assisted
laser desorption ionization—time of flight (MALDI-TOF) mass
spectrometry to determine the precise molecular mass of the
secreted VacA toxin.

H. pylori strain 60190 (ATCC 49503) was cultured for 48 h at
37°C in sulfite-free brucella broth containing 0.5% charcoal.
VacA was purified in an oligomeric form from the culture
supernatant, as described previously (3). Purified VacA prep-
arations were analyzed by MALDI-TOF mass spectrometry,
using a Voyager Elite (PerSeptive Biosystems, Framingham,
Mass.) instrument equipped with a pulsed nitrogen laser
source operating at 337 nm. Mass spectra were obtained in the
delayed-extraction positive ion mode with an accelerating volt-
age of 25 kV. Sinapinic acid (10 mg/ml in 70:30 [vol/vol] ace-
tonitrile-0.1% trifluoroacetic acid) was used as a matrix addi-
tive. The instrument was calibrated externally with bovine
serum albumin (MH" = 66,431) for analysis of intact VacA
and was calibrated with bovine insulin (MH" = 5,734.6) for
analysis of VacA peptides. The molecular masses reported in
this paper are those of single-protonated species (MH™).

Based on MALDI-TOF analysis of purified VacA, we cal-
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culated the molecular mass of VacA monomers to be 88.2 *
0.2 kDa (value is mean * standard deviation, as are values
given below) (Fig. 1). Purified VacA degrades during pro-
longed storage into two fragments (of about 34 and 58 kDa,
respectively) which are derived from the amino terminus and
the carboxy terminus of the toxin, respectively (3, 15). Mass
spectrometric analysis of partially proteolysed VacA prepara-
tions demonstrated two major peaks representing proteins
with average molecular masses of 33.4 = 0.08 and 54.8 = 0.1
kDa (Fig. 2). Thus, the experimentally determined mass of
intact VacA (88.2 kDa) corresponded closely to the sum of the
masses of two proteolytic fragments. The mass of the amino-
terminal fragment is consistent with proteolytic cleavage be-
tween amino acid 344 (alanine) and amino acid 345 (lysine) of
the VacA protoxin (4, 15). The 54.8-kDa fragment sometimes
could be resolved into a series of clustered peaks with very
similar molecular masses (Fig. 2), which suggests the occur-
rence of proteolytic cleavage at multiple sites. Clustered peaks
were not readily detectable for the intact 88.2-kDa VacA pro-
tein (Fig. 1), but this may simply reflect limited resolution with
spectrometric analysis of this relatively large protein.

The spectrometric analyses shown in Fig. 1 and 2 were not
sufficiently precise to permit identification of the exact site of
carboxy-terminal VacA processing. Therefore, purified VacA
was treated with cyanogen bromide (CNBr) in 70% trifluoro-
acetic acid in water overnight at room temperature, and the
resulting peptides were dried and dissolved in a 0.1% triflu-
oroacetic acid aqueous solution prior to mass spectrometric
analysis. The molecular masses of six prominent peaks (1,692,
2,525, 4,331, 8,041, 10,618, and 11,220 Da) corresponded to
predicted cyanogen bromide products (amino acids 769 to 784,
137 to 160, 655 to 695, 697 to 768, 161 to 259, and 34 to 136 of
the VacA protoxin, respectively) (Fig. 3 and data not shown).
Peaks corresponding to three other predicted CNBr fragments
(672, 1,274, and 40,783 Da) were not successfully detected. In
addition, seven peaks of similar size (ranging from 5,922 to
6,803 Da), all of which can be derived only from a CNBr
product that contains valine-792 at its amino terminus (Fig. 3),
were visualized. These peptides are predicted to result from
proteolytic cleavage after amino acid residues 846, 847, 848,
849, 850, 851, and 854 (4). Similar ragged ends were not de-



544 NOTES

250
MH 2+
2
200
£
=1 150
[o]
(&)
100

INFECT. IMMUN.

MH*

30000 40000 50000 60000

70000

80000 90000 100000 110000 120000

Mass (m/z)

FIG. 1. MALDI-TOF mass spectrum of secreted, intact VacA from H. pylori 60190 (MH" = 88.2 + 0.2 kDa). MH,?* denotes a peak

corresponding to doubly protonated VacA.

tected for any of the other CNBr-generated peptides (Fig. 3).
Notably, there are no methionine residues located in the re-
gion between amino acids 846 and 855 (4), which indicates that
these peptides did not result solely from CNBr-mediated pro-
teolytic cleavage. Therefore, we postulate that the family of
seven similar-size peptides are derived from the carboxy ter-
minus of the secreted VacA toxin. The predicted molecular
mass of a VacA protein containing amino acids 34 to 854 of the
protoxin is 88.3 kDa, a result that compares favorably with the
experimentally determined molecular mass of intact VacA, as
described above. The mature VacA toxin probably forms fol-
lowing a proteolytic cleavage event between amino acids 854
and 855 (alanine and leucine), and several individual amino
acids are thereafter susceptible to further nonspecific proteol-

ysis. In agreement with this interpretation, some preparations
of CNBr-digested VacA exhibited a single peak corresponding
to amino acids 792 to 854, without associated ragged ends
(data not shown). Alternatively, the ragged ends may result
from nonspecific endoproteolysis at an exposed loop in the
protoxin.

Proteins that are secreted into the extracellular space by
gram-negative bacteria must cross two different lipid bilayers
of the cell envelope. Four classes of secretory pathways
(termed types I, 11, III, and IV, respectively) utilize accessory
proteins in the export process. In contrast, certain autotrans-
porter proteins are secreted via a pathway that does not re-
quire any accessory proteins (6, 7, 9). The prototype of the
autotransporter protein family is immunoglobulin Al (IgAl)
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FIG. 2. MALDI-TOF mass spectrum of spontaneously arising proteolytic degradation products of VacA (M,H" = 33.4 + 0.08 kDa and

M,H* = 54.8 + 0.1 kDa).
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FIG. 3. MALDI-TOF mass spectrum of CNBr-digested VacA. The peaks in the inset represent peptides derived from the C terminus of VacA.
The numbers indicate the location of peptides in the amino acid sequence of the VacA protoxin (4).

protease from Neisseria gonorrhoeae (8, 11). Autotransporter
proteins are typically comprised of three functional domains,
as follows: (i) an amino-terminal signal sequence, (ii) a pas-
senger domain (corresponding to the mature secreted protein),
and (iii) a carboxy-terminal domain that is rich in amphipathic
B-sheets (6, 7, 9). It is presumed that the carboxy-terminal
domain forms a B-barrel structure consisting of antiparallel
amphipathic B-sheets in the outer membrane and that this
structure mediates translocation of the secreted passenger do-
main from the periplasm to the bacterial cell surface (6-9).

Based on various features of the vacA gene structure, H.
pylori VacA has been classified in the autotransporter family of
secreted proteins (4, 6, 7, 9, 14). Secondary structure predic-
tions suggest that a 35-kDa portion of the VacA carboxy-
terminal domain is rich in amphipathic B-sheets, and this re-
gion exhibits low-level homology to members of the family of
autotransporter proteins (6, 9, 17). In addition, at the carboxy
terminus of VacA there is a phenylalanine-containing motif
that is commonly found in autotransporter proteins, as well as
in numerous gram-negative bacterial outer membrane proteins
(4, 7). Isogenic H. pylori mutant strains in which the carboxy-
terminal VacA domain is disrupted fail to express or secrete
any detectable VacA, which is probably attributable to the
degradation of export-incompetent toxin precursors within the
periplasm (14).

The molecular mass of the carboxy-terminal VacA domain
that remains associated with bacterial cells is reported to be 33
kDa (15). Interestingly, the combined masses of known VacA
domains (i.e., the N-terminal signal sequence [3 kDa], the
secreted toxin [88.2 kDa], and the carboxy terminal domain [33
kDal]) is only 124 kDa, which is considerably less than the
predicted mass of the VacA protoxin (139 kDa). We speculate
that the VacA protoxin may undergo proteolytic cleavage at
multiple sites downstream from amino acid 854 of the pro-
toxin, which would yield the previously identified 33-kDa cell-
associated domain (15), as well as a fragment of ~15 kDa.
Similar carboxy-terminal proteolytic processing at multiple

sites has been described for N. gonorrhoeae 1gA1l protease (8,
11).

Following translocation of the passenger domain through
the outer membrane, several autotransporter proteins, includ-
ing N. gonorrhoeae 1gA1l protease, undergo autoproteolytic
cleavage, which results in release of the secreted protein from
the cell-associated carboxy-terminal B-barrel domain (6).
Thus, there has been speculation that VacA might possess
similar autoproteolytic activity. In accordance with this hypoth-
esis, the cytotoxic activity of VacA can be blocked by treatment
of VacA with 3,4-dichloro-isocoumarin (a serine protease in-
hibitor), and some features of the amino-terminal portion of
VacA are related to serine proteases (13). However, at present
there is no direct experimental evidence that VacA possesses
proteolytic activity (10, 13). Moreover, H. pylori mutant strains,
constructed with in-frame deletion mutations in the portion of
vacA that encodes the amino-terminal portion of the toxin,
express and secrete truncated vacA products that undergo car-
boxy-terminal proteolytic processing (12, 16). This indicates
that an intact amino-terminal portion of VacA is not required
for proteolytic processing of the protoxin. At present, we favor
the hypothesis that carboxy-terminal proteolytic processing of
VacA is mediated by an independent membrane-associated
protease, rather than occurring as an autoproteolytic event.
Potentially, the identification of the site of carboxy-terminal
VacA processing will permit future studies in which the rele-
vant H. pylori protease can be identified.
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