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Abstract. A mutant cholera toxin B subunit containing a G33E substitution was constructed and
expressed in V. cholerae. The G33E amino acid substitution did not affect the amount of recombinant CTB
secreted to the culture medium. The overexpression of the mutant B subunits in wild-type toxigenic
cholera vibrios led to an 80% decrease in production of active cholera toxin in vitro and in vivo.
Overexpression of BS*E subunits could be instrumental in the increase of the biosafety of live attenuated

cholera candidate vaccine strains.

Vibrio cholerae of serogroups O1 and O139, the caus-
ative agents of cholera, secrete a potent enterotoxin,
cholera toxin (CT), which causes the severe diarrhea of
cholera [6]. The active holotoxin is an oligomeric protein
composed of one A subunit (CTA; 28 kDa) and five B
subunits (CTB; 11.5 kDa) [6]. CTA catalyzes NAD-
dependent ADP-ribosylation of the adenylate cyclase
stimulatory (Gsa) protein [6]. CTB contains the binding
site for ganglioside GMj, the CT receptor molecule [6].
CTA and CTB are synthesized as precursor polypeptides
and secreted to the periplasmic space of the bacterium,
where they assemble to form the ABs holotoxin [8].
Although CTA can not associate with fully assembled
CTB pentamers in vitro, it increases the rate of CTB
pentamerization in vivo [8]. Kinetic experiments suggest
holotoxin molecules be assembled according to the
pathway [8]:

nB—B,+A—AB,+(5—n)B—AB; ()

where n (an integer from 1 to 4) has yet to be defined.
Crystal structure determination of CT-related, heat-labile
enterotoxin from E. coli suggested at least two B subunits
be required to form the GM, binding site [21].
Oligonucleotide-directed mutagenesis has been used
to study the contribution of specific residues to enzyme
activity, receptor binding, and subunit interaction. An
R7K, E112Q double-mutant A subunit lacking ADP-
ribosyltransfcrase activity assembled properly with B
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subunits of CT-1 and CT-2 immunotypes to produce an
inactive holotoxin [3, 9]. Missense mutations G33E,
G33D, G331, G33L in the B subunit of CT produced
normal amounts of immunoreactive holotoxin which
failed to bind ganglioside GM, and were non-toxic in the
Y-1 adrenal cell assay [11].

A current strategy to develop cholera vaccines is to
delete attributes of virulence to create attenuated strains.
Recently, genetically engineered A(ctxA~, ctxB™) candi-
date vaccine strains have been claimed to be well
tolerated and immunogenic in volunteers [13]. However,
the recent discovery that CT genes are transduced by a
filamentous bacteriophage [22] has raised concerns on
the safety of live attenuated vaccine candidates. The
possibility that vaccine strains currently evaluated could
re-acquire CT genes by the above-mentioned or other
mechanisms justifies the introduction of biosafety fea-
tures in their design.

In the present work we show that overexpression of a
mutant B subunit with a G33E substitution in a wild-type
EI Tor biotype cholera vibrio significantly diminished
production of active cholera holotoxin in vitro and in
vivo. Thus, overexpression of CTBY3E can be used for
the enhancement of the biosalety of live attenuated
cholera vaccines.

Materials and Methods

Strains and media. V. cholerae strains C7258 (wild type, EI Tor,
Ogawa) [2, 5], 81, a A(cep, orfU, ace, zot, ctxA, ctxB) derivative of
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Fig. 1. Physical map of expression plasmid pAJF8. The following
abbreviations are used: ssLTB (shadowed box), LTB signal sequence;
mC1B (filled box), mature CTB; rrnBT;T, (slanted box), rmB tibo-
somal terminator; bla (dotted box), p-lactamase.

C7258[2, 5], and IBK70 A(ctxA, ctxB), EI Tor, Inaba) [12] were used in
this work. E. coli ES1301 mutS and JM109 [20] were used for
site-directed mutagenesis and plasmid construction. All strains were
grown in LB medium and conserved at —70°C in the same medium
supplemented with 20% glycerol. Antibiotics were added, when neces-
sary, at the following concentrations: ampicillin, (Amp; 100 pg/ml);
tetracycline (Tet; 10 pg/ml); and chloramphenicol (Cm; 20 pg/ml). For
determination of CT production in vitro, cholera vibrios and their
transformants were grown in AKI cultures [10].

Genetic techniques. Plasmid pJS752-3 [18] (Amp®) containing a
recombinant CTB gene as an EcoRI-HindIll fragment was digested
with Hindlll, treated with Klenow enzyme, and subsequently digested
with EcoRL The fragment encoding CTB was ligated to pALTER-Ex*
(Tet® CmS; Promega Co., Madison, WI) [18], digested with EcoRI and
Hpal. The clone pALTCTB2 (Tet® CmS) was purified and used as
template for site-directed mutagenesis following the Promega Altered
Sites II in vitro Mutagenesis System [18]. The mutagenic oligonucleo-
tide (3'-TCTCTAGCTGAAAAAAGAGAG-3') was designed to con-
tain the desired GGA (GT3) — GAA (E33) amino acid substitution in
the B subunit. After completion of the mutagenesis procedure, 12
JM109 transformants were analyzed for CTB production by urea
extraction [19], followed by GM;-ELISA and 4E1G5-ELISA. Clones
producing a CTB detectable in the 4E1GS5-ELISA but not in GM;-
ELISA were selected, and the mutation was ascertained by DNA
sequencing with the T7 Sequenase 7-deaza-dGTP sequencing kit
(Amersham, Life Science). The mutated CTB gene was exchanged for
the wild-type CTB allele in plasmid pJS752-3 [20] to produce pAJF8
(Fig. 1). Plasmids pJS752-3 and pAJF8 are identical except for the
G33E mutation in CTB. In both constructions the sequence coding for
the mature CTB polypeptide has been fused to the E. coli heat-labile
enterotoxin (LT) B subunit (LTB) secretion signal and expressed from
the strong Tac promoter (Fig. 1). Plasmids pJS752-3 and pAJF8 were
introduced in V. cholerae by electroportion [17].

Enzyme-linked immunoassays (ELISA). Production of CT was
measured in culture supernatants with monoclonal antibodies (mAbs)
4E1GS5 and 1G10GS5 directed against CTB and CTA from V. cholerae
strain 569B (classical, Inaba) respectively [2, 5]. The concentration of
wild-type holotoxin was determined with mAb 1G10GS5 in a GM;-
ELISA assay with a standard curve constructed with purified CT from V.
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cholerae strains 569B (classical, Inaba) or 3083 (El Tor, Ogawa) kindly
provided by Richard A. Finkelstein (University of Missouri-Columbia
School of Medicine). In this assay, CT is captured by solid phase-bound
ganglioside GM; and recognized by mAb 1G10GS. In a second type of
ELISA, designated 4E1GS5-ELISA, CTB molecules were captured by
coating the plates with mAb 4E1G5 and recognized by a polyclonal
rabbit CTB antiserum. This ELISA detects both wild-type and GM;-
defective CTB oligomers. A third type of ELISA, designated 1G10GS-
ELISA, used mAb 1G10G5 to capture CT molecules and 4E1G5 to
recognize them. This assay measures the amount of oligomers contain-
ing an A subunit bound to any B subunit (total CT). ELISA plates were
developed with either anti-mouse IgG peroxidase or anti-rabbit IgG
peroxidase conjugates as required.

Rabbit ileal loops. 108 CFU of live vibrios in 0.5 ml of phosphate-
buffered saline were injected into ligated ileal segments of adult rabbits
as described in [4]. Briefly, New Zealand adult rabbit (2-2.5 kg) were
fasted for 24 h, the small intestine withdrawn, ligated approximately 10
cm from the appendix, and subsequently divided into 5- to 6-cm
segments by ligatures. After 6 h the animals were sacrificed and loop
length and fluid volume measured. Results are expressed as FA = fluid
volume (mL)/length (cm).

Results and Discussion

We constructed a G33E amino acid substitution in CTB
by site-directed mutagenesis. This mutation was previ-
ously reported to abolish binding to GM,; without affect-
ing the amount of immunoreactive holotoxin as deter-
mined by a sandwich solid phase radioimmunoassay [11].
This assay, which used affinity-purified equine anti-CT
IgG and monospecific rabbit anti-CTB as first and second
antibodies, does not provide information on the aggrega-
tion state of the A and B subunits.

We hypothesized that, if we introduce in a toxigenic
strain a gene construct directing the synthesis of an
excess of CTBC®E subunits (B*) capable of competing
with a small quantity of wild-type B molecules, the
reaction

nB* — B%+ A — AB% + (5 — n)B— AB% (D)

should be favored over reaction (I), leading to the
synthesis of an inactive holotoxin (AB¥). The above
assertion is based on the premise that the G33E mutation
specifically affects GM, binding without affecting secre-
tion to periplasm and interaction with A subunits. Conse-
quently, transformation of a toxigenic vibrio with a gene
construct directing overexpression of CTBY**E would be
expected to decrease the production of active holotoxin.
In order to test this hypothesis, we used the same
expression system as in pJS752-3 [20] to overexpress the
mutant CTB. Plasmids pJS752-3 (CTB) and pAJF8
(CTBS3E) were introduced in strain JBK70 A(cxA,
ctxB). As shown in Fig. 2, the mutant and wild-type CTB
were expressed to the same level when measured by
4E1G5-ELISA. No mutant CTB was detecled in the
GM,-ELISA assay (Fig. 2). We conclude that the G33E
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Fig. 2. Expression and secretion of wild-type CTB and mutant CTBC33E
in strain JBK70 as detected in two types of assays: GM1-ELISA and
4E1G5-ELISA. Each value is the mean of at least three independent
AKI culture supernatants.
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Fig. 3. Production of wild-type cholera holotoxin detected by GM;-
ELISA in V. cholerae strain C7258 (open bar) and C7258 transformed
with pAJF8 (shaded bar). Each value is the mean of at least four
independent AKI culture supernatants.

substitution does not affect the amount of CTB produced
when expressed from the Tac promoter and LTB secretion
signals.

Next, plasmid pAJF8 was introduced in the cholera-
genic vibrio C7258 and the amount of CT produced
determined by GM;-ELISA. As shown in Fig. 3, the
presence of pAJF8 significantly decreased (80%;
p < 0.05) the production of wild-type CT. In a control
assay we determined the total amount of CT produced in
C7258 and its transformant by 1G10GS-ELISA, which
measures the amount of CTA molecules bound to any
CTB (B or B*). As indicated in Fig. 4, both strains
produced similar amounts of CT in this assay, indicating
that the decrease in wild-type holotoxin detected in the
GM;-ELISA is due to the overexpression of B* and not
an unrelated plasmid effect. Antibody 4E1GS is more
reactive toward the plasmid-encoded CTB (CT-1 immu-
notype) than the chromosomally encoded subunit of CT-2
immunotype [3]. The data in Fig. 4 were corrected for
this difference by comparison of standard curves using
purified CT from strain 569B (CT-1) and 3083 (CT-2) [3].
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Tig. 4. Production of total cholera toxin detected by 1G10G5-ELISA in
V. cholerae strain C7258 (open bar) and C7258 transformed with pAJF8
(shaded bar). Each value is the mean of at least four independent AKIT
culture supernatants.
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Fig. 5. Production of active cholera holotoxin in vivo detected in the
adult rabbit ileal loop model. Strain 81, filled bar; Strain C7258, open
bar; C7258 transformed with pJS752-3, dotted bar; C7258 transformed
with pAJF8 (shaded bar). Each valuec is thc mcan of at lcast five
independent FA determinations.

The slight increase in CT produclion measured by
1G10G5-ELISA in C7258 transformed with pAJF8 could
be explained by the observation that samples of CT
produced by this strain separated by SDS-PAGE without
previous boiling or treatment with 2-mercaptoethanol
displayed a higher molecular weight in immunoblots than
predicted for an AB; holotoxin under identical conditions
(data not shown). Each CTA molecule could be bound to
a higher number of CTB subunits, enhancing the output
signal of the 1G10G5-ELISA. From these studies we
conclude that overexpressed CTB“E can act as a sink
for CTA molecules to diminish assembly of wild-
type CT.

We used the ilcal loop model to examine the
production of active CT in strain C7258 and its transfor-
mants. As indicated in Fig. 5, transformation of C7258
with expression plasmid pJS752-3 had a small effect on
the CT activity produced in vivo. This effect could be due
to competition between chromosome-encoded CT and
plasmid-encoded, wild-type pentameric CTB for receptor
sites. In striking contrast, transformation of C7258 with
pAJF8 significantly (p < 0.05) diminished active holo-
toxin production. This result indicates that the mutant
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CTB was overexpressed in vivo to diminish assembly of
active CT.

It is likely that mixed oligomers containing CTB and
CTBOG33E molecules are synthesized in C7258 trans-
formed with pAJF8. Two contiguous CTB molecules are
required to form a ganglioside GM; binding pocket [21].
However, since binding of CT to ganglioside GM;
exhibits positive cooperativity [6], mixed oligomers with
diminished binding sites would be expected to bind GM;
with much lower affinities.

The re-emergence of cholera in the Americas and the
recent outbreak of a new toxigenic vibrio, O139 [1], in
India has emphasized the necessity for a safe and
effective vaccine. Volunteer studies have shown that
orally administered live, genetically attenuated cholera
vibrios (ctxA; ctxB; or ctxA ™, ctxB™*) arc strongly immu-
nogenic and protective [16]. The discovery that CT genes
can be transduced to live vaccine strains by a filamentous
phage [22] has prompted studies directed to enhance the
biosafety of live attenuated vaccines. The CTX® phage
uses a colonization factor (toxin co-regulated pilus, TCP)
as receptor. It has not been possible to inactivate the
phage receptor domain of TCP without affecting coloniza-
tion and immunogenicity [15]. Recently, the rstR gene
product has been proposed to confer immunity to EI Tor
biotype CTX® [14]. It has not been demonstrated that
this factor confers immunity to CTX® from classical
biotype vibrios [14]. Our results provide a simple ap-
proach to increase the biosafety of live cholera vaccines.
In summary, given an A-B type toxin, overexpression of a
receptor-defective carrier (B*) can be used as a sink for a
potentially reacquired toxic A subunit.

A G33D mutation, which rendered LT incapable of
binding GM,, severely reduced its immunogenicity and
adjuvanticity [7]. Volunteer studies have demonstrated
that live attenuated cholera vaccine strains provide solid
protection in the absence of anti-toxin immunity [16].
Nevertheless, experiments are in progress to determine
immunogenicity of live cholera vaccines expressing
CTBGEBH.

Conclusions

1. We constructed a mutant CTB with a G33E
amino acid substitution that does not bind
ganglioside GM;.

2. The CTBSY*E subunit was efficiently expressed
and secreted in V. cholerae.

3. Overexpression of CTB®E in a choleragenic
vibrio diminished production of active cholera
holotoxin in vitro and in vivo.
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