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Using computer modelling, we have identified some of the residues of the A subunit of cholera toxin (CT) and
heat-labile toxin that are involved in NAD binding, catalysis, and toxicity. Here we describe the site-directed
mutagenesis of the CT gene and the construction of CT mutants. Nine mutations of the A subunit gene were
generated. Six of them encoded proteins that were fully assembled in the AB; structure and were nontoxic;
these proteins were CT-D53 (Val-53—Asp), CT-K63 (Ser-63—Lys), CT-K97 (Val-97—Lys), CT-K104 (Tyr-
104—Lys), CT-S106 (Pro-106—Ser), and the double mutant CT-D53/K63 (Val-53—Asp, Ser-63—Lys). Two of
the mutations encoded proteins that were assembled into the AB; structure but were still toxic; these proteins
were CT-H54 (Arg-54—His) and CT-N107 (His-107—Asn). Finally, one of the mutant proteins, CT-E114
(Ser-114—Glu), was unable to assemble the A and the B subunits and produced only the B oligomer. The six
nontoxic mutants were purified from the culture supernatants of recombinant Vibrio cholerae strains and
further characterized. The CT-K63 mutant, which was the most efficient in assembly of the AB structure, was
used to immunize rabbits and was shown to be able to induce neutralizing antibodies against both the A and

B subunits. This molecule may be useful for the construction of improved vaccines against cholera.

Cholera toxin (CT), a protein secreted by Vibrio cholerae, is
responsible for the watery diarrhea characteristic of cholera,
an epidemic and severe disease causing over 150,000 deaths
each year (3, 6). Recently, the appearance of new epidemic
waves of cholera in South America, Asia, Europe, and Africa
has confirmed the importance of this ancient disease (23, 40,
42, 50-52). CT is 80% homologous in amino acid sequence to
the heat-labile toxin (LT) produced by enterotoxigenic Esche-
richia coli strains, which is responsible for travellers’ diarrhea
(38, 46). CT and LT are hexameric proteins with an ABs
structure. The determination of the three-dimensional struc-
tures of LT and of the B subunit of CT (29, 44, 45) has
increased our level of understanding of the structures and
functions of these molecules (8). Five identical B subunits, of
103 amino acids each, are assembled into a ring-like pentam-
eric structure with a central cavity that houses the carboxy-
terminal end of the A subunit. The B subunit and the B pen-
tamer contain the GM1 ganglioside receptor-binding site,
while the A subunit is an ADP-ribosyltransferase responsible
for the toxicity of the molecule. To become active, the A
subunit must be proteolytically cleaved in positions 192 to 194,
and a disulfide bond must be reduced to form the Al and A2
polypeptides. The Al fragment binds NAD and transfers the
ADP-ribose moiety of NAD to G,,, a GTP-binding protein
which controls the activity of adenylate cyclase in eukaryotic
cells (12). The modification of G, causes an increase in the
level of cyclic AMP, induction of prostaglandins, and, possibly,
a stimulation of local sensory neurons. These modifications
result in the accumulation of salts and water in the intestinal
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lumen, producing the watery diarrhea characteristic of cholera
(10).

Immunization with fully toxic or chemically detoxified CT
and LT, usually in the presence of strong adjuvants, has shown
that the toxin-neutralizing antibodies are directed almost ex-
clusively against the B subunit (11, 17, 24, 33, 39). On the basis
of these findings, recently developed live and killed cholera
vaccines are based on strains which contain only the gene
coding for the nontoxic CT B subunit (4, 5, 18, 19, 22, 43). The
A subunit was not included because it is responsible for the
toxicity and is believed to be immunologically not relevant. We
have recently readdressed the problem of the immunogenicity
of the A subunit of LT by using nontoxic derivatives of this
molecule obtained by site-directed mutagenesis of the A sub-
unit (35). Surprisingly, we have found that immunization with
a nontoxic derivative of LT, carrying a Ser-63—Lys mutation
(LT-K63), in the absence of adjuvant induced neutralizing
antibodies against both the A and the B subunits, suggesting
that nontoxic mutants of LT could be used for the construction
of vaccines against travellers’ diarrhea and that similar mutants
could be constructed for CT (36). In this paper we report the
construction of several nontoxic mutants of CT and show that
they also induce neutralizing antibodies against the A subunit.

Figure 1 shows the cavity that contains the NAD-binding
and catalytic sites on the A subunits of all ADP-ribosylating
toxins (8). This cavity consists of a beta-strand and an alpha-
helix, which form the floor and the ceiling of the cavity, re-
spectively. A number of amino acids located within or close to
this cavity have previously been changed by site-directed mu-
tagenesis and have been shown to cause loss of enzymatic
activity in either CT or LT (2, 13-15, 25, 30, 48, 49). The
mutated residues are Arg-7, His-44, Glu-110, Ser-61, and Glu-
112 and are shown in Fig. 1 with triangles. We have recently
described a number of different amino acid substitutions that
make LT nontoxic (35, 36). Here we describe the construction
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FIG. 1. Model of the a-carbon structure of the active site of CT. The model
was constructed by using the coordinates of the LT structure (45). The heavy
trace indicates amino acids 58 to 76, which are folded in a beta-strand followed
by an alpha-helix, which form the NAD-binding site. In heavy trace also are
shown amino acids Arg-7, His-44, Ser-61, Glu-110, and Glu-112, which are
residues essential for the catalytic activity (8). The intermediate trace indicates
the loop F region and other sequences which form the NAD-binding site. The
amino acids that have been previously shown to be important for enzymatic
activity (2, 14, 48, 49) are indicated by triangles. The positions of the amino acids
modified in this work are indicated by circles.

of several mutants of CT. Some of them, such as CT-D53
(Val-53—Asp), CT-K63 (Ser-63—Lys), CT-K97 (Val-97—
Lys), and CT-K104 (Tyr-104—Lys), contained mutations that
have been found to be optimal for LT (35). Others, such as
CT-H54 (Arg-54—His), CT-S106 (Pro-106—Ser), CT-N107
(His-107—Asn), and CT-E114 (Ser-114—Glu) contained newly
designed mutations, and one contained a combination of the
above-described mutations. The nine CT mutant proteins ob-
tained are listed in Table 1, and the corresponding mutated
amino acids are indicated by circles in Fig. 1. For mutagenesis,
the CT A and B subunit genes were amplified by PCR from the
pIM17 plasmid (31) by using the oligonucleotides 5'-GGCA
GATTCTAGACCTCCTGATGAAATAAA-3' (ctxA) and 5'-
TGAAGTTTGGCGAAGCTTCTTAATTTGCCATACTA
ATTGCG-3' (ctxB). The 1.1-kb Xbal-HindIll fragment was
then cloned into the pEMBLI19 vector (7) and used for site-
directed mutagenesis (53) with the oligonucleotides listed in
Table 2. Following mutagenesis, the mutated Xbal-HindIII
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fragments and the upstream regulatory sequences of wild-type
CT were subcloned into the high-copy-number pGEM-3 vec-
tor, generating pGEM-CT plasmids that were transformed into
E. coli or electroporated (41) into the 0395-NT strain of V.
cholerae, which carries a chromosomal deletion of the CT gene
(28). The mutant proteins were detected by immunoblotting in
the periplasmic extracts of E. coli (34) and in the culture
supernatants of V. cholerae (Fig. 2a and b, respectively). As
expected, the A subunit was present in different forms in the
two microorganisms, since E. coli was unable to proteolytically
cleave the A subunit into the Al and A2 polypeptides. In one
of the mutants, CT-E114, no A subunit was detected in either
E. coli or V. cholerae. Since efficient expression could be ob-
tained in both systems, for convenience all subsequent tests
were performed with the culture supernatant of V. cholerae.
The culture supernatant was first tested for toxicity on Y1 cells
(9). Toxicity was detected only with mutants CT-H54 and CT-
N107. CT-D53, CT-K63, CT-K97, CT-K104, CT-S106, CT-
E114, and the double mutant CT-D53/K63 were nontoxic. In
the case of CT-E114, the absence of toxicity was expected,
since this mutant does not produce the A subunit. The other
nontoxic mutants confirmed the results previously obtained
with LT (35). Mutant CT-S106 is a new nontoxic mutant de-
scribed here for the first time.

The nontoxic CT mutants CT-D53, CT-K63, CT-K97, CT-
K104, and CT-S106 and the double mutant CT-D53/K63 were
precipitated from the culture supernatants of V. cholerae
strains, grown in Syncase modified medium (21), by adding 2.5
g of sodium hexametaphosphate per liter of culture superna-
tant and adjusting the pH to 4.5 with concentrated HCI (37).
The precipitate was dissolved in 0.1 M sodium phosphate (pH
8), dialyzed in 10 mM sodium phosphate (pH 7) (27), and
loaded on a CM-Sepharose column (Pharmacia LKB, Uppsala,
Sweden), which was eluted first with 20 mM sodium phosphate
buffer (pH 7.5) and then with 40 mM sodium phosphate buffer
(pH 7.5).

As shown in Fig. 3, the CT mutant proteins, which were
already present in large amounts in the precipitated material
(Fig. 3b, lane 1), were retained completely by the CM-Sepha-
rose column (Fig. 3b, lane 2). Elution of the column not only
gave a peak containing the pure CT mutant protein (Fig. 3a,
peak I; Fig. 3b, lanes 3 and 4), but also separated it from the B
oligomer, devoid of the A subunit (Fig. 3a, peak II; Fig. 3b,
lanes 5 and 6). The peak containing the B oligomer, although
different in size in the different mutants, was constant in dif-
ferent experiments for the same mutant. One example of this

TABLE 1. CT mutants and their properties

Name Mutation(s) A subunit” T%’i]cclgls,n ADP;'S?;E;LMIO“ % Holotoxin?
Wild type + +++ + 83
CT-D53 Val—Asp + - - 75
CT-H54 Arg—His + ++ ND¢ ND
CT-K63 Ser—Lys + - - 82
CT-K97 Val—Lys + - - 47
CT-K104 Tyr—Lys + - - 61
CT-S106 Pro—Ser + - ND 75
CT-N107 His—Asn + ++ ND ND
CT-E114 Ser—Glu - - ND ND
CT-D53/K63 Val—Asp, Ser—Lys + - - 79

“ Detection of the A subunit in culture medium by Western blot with rabbit anti-CT polyclonal antibodies.

b 4+ ++, toxic activity comparable with that of wild-type CT; ++, intermediate toxicity; —, absence of toxicity.

¢ ADP-ribosylation reaction was performed with 3 pg of wild-type or mutant CT and polyarginine as a substrate (20). The assay can detect 500 ng of CT.
4 Amount of holotoxin recovered at the end of the purification process.

¢ ND, not determined.
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TABLE 2. Oligonucleotides used for site-directed mutagenesis

Mutant Oligonucleotide Mutation
CT-D53 5'-ACGGGATTTGACAGGCACGAT-3" Val-53—Asp
CT-H54 5'-GGATTTGTTCATCACGATGAT-3" Arg-54—His
CT-K63  5'-GTTTCCACCAAGATTAGTTTG-3"  Ser-63—Lys
CT-K97 5'-ATGTTTAACAAGAATGATGTA-3" Val-97—Lys
CT-K104 5'-TTAGGGGCAAAAAGTCCTCAT-3" Tyr-104—Lys
CT-S106 5'-GGCATACAGTAGCCATCCAGA-3" Pro-106—Ser

CT-N107 5'-TACAGTCCTAACCCAGATGAA-3’
CT-E114 5'-CAAGAAGTTGAAGCTTTAGGT-3’

His-107—Asn
Ser-114—Glu

variation is shown in Fig. 3a, in which peak II is very small in
CT-D53 and much larger in CT-K104. The ratio between the
areas of peaks I and II was calculated for each mutant to
evaluate the percentage of assembled holotoxin (ABs) recov-
ered at the end of the purification process. The results re-
ported in Table 1 showed that the amounts of the fully assem-
bled molecules varied from as little as 41% in the case of
CT-K104 to 83% in the case of wild-type CT. Mutant CT-K63,
which was the most efficient in holotoxin assembly, was purified
in large scale and used for subsequent studies. The finding that
mutations in the A subunit affect the yield of the assembled
molecule had been obtained also for the LT mutants (35) and
is likely to reflect the stability of the A subunit and its ability to
interact with the B subunit. The results obtained here are
consistent with those obtained with LT. However, the CT mu-
tants gave a lower yield of assembled molecule; for instance,
mutations K63 and K104 gave 98 and 72%, respectively, yields
of fully assembled molecule in LT and 82 and 61%, respec-
tively, in CT.

To test the immunological properties of the CT mutants, we
selected the mutant that had shown the greatest yield of as-
sembled molecule. Rabbits were immunized with 25 pg of
CT-K63, either fluid or with Freund’s adjuvant, and the sera
obtained were analyzed by Western blotting. All sera con-
tained antibodies recognizing the A and B subunits, regardless
of whether rabbits had been immunized with or without
Freund’s adjuvant (data not shown). The anti-A antibodies
contained in each serum were then separated from the anti-
bodies against the B subunit by passing the sera through a
column containing immobilized B oligomer, as we had previ-
ously done for LT (36). The different fractions were analyzed
for their specificity in a Western blot (Fig. 4). The results
showed that, as expected, the flowthrough contained antibod-
ies that recognized only the A subunit (Fig. 4, lane 2), while the
fraction eluted from the B column recognized only the B sub-
unit (Fig. 4, lane 3). To verify that the CT-K63 mutant induced
neutralizing antibodies against the A subunit, the total sera
and the anti-A fractions were analyzed for their abilities to
neutralize the toxic activity of the wild-type CT on Y1 cells.
The results (Table 3)showed that the total sera obtained by
immunizing with Freund’s adjuvant had, as expected, a high
neutralization titer of 1/16,384, while immunization without
adjuvant gave a fourfold-lower neutralizing titer of 1/4,096.
However, the toxin-neutralizing titer of the anti-A antibodies
was much higher (1/1,024) in the sera obtained by immunizing

TABLE 3. CT-neutralizing titers of anti-CT K63 antibodies.

Antibodies +Freund’s adjuvant

1/16,384
1/256 (1.5%)

—Freund’s adjuvant

1/4,096
1/1,024 (25%)

Total serum
Anti CT-A
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FIG. 2. Western blot showing the expression of CT mutants in the periplas-
mic fraction of E. coli TG1 (a) or in culture supernatants of V. cholerae (b). wt,
wild type; std, standard purified CT; NT, supernatant of 0395-NT strain of V.
cholerae, which contains a chromosomal deletion of the CT gene.

without adjuvant than in those obtained by immunizing with
adjuvant (1/256). From a quantitative point of view, the anti-A
neutralizing activity represented 25 and 1.5%, respectively, of
the total, for immunization without and with Freund’s adju-
vant. These results show that when immunization is performed
in the presence of Freund’s adjuvant, most of the neutralizing
antibodies recognize the B subunit. When the antigen is used
without adjuvant, up to 25% of the neutralizing activity is
against the A subunit. This finding is in disagreement with
most of the literature published during the last 2 decades,
which has reported that the A subunit does not induce neu-
tralizing antibodies, but it concords with our recent results for
the LT-K63 mutant (36). The effect of Freund’s adjuvant may
be explained by an interaction with the A subunit that causes
a change in conformation or dissociation from the B pentamer.

In spite of the high level of homology between CT and LT,
these two proteins are known to induce antibodies with low
cross-neutralizing titers. Since the A subunit is more conserved
in amino acid sequence than the B subunit, we expected the
anti-CT A antibodies to have an increased ability to neutralize
LT compared with the anti-CT B fraction. To test this hypoth-
esis, the anti-CT-K63 serum obtained by immunizing rabbits
with Freund’s adjuvant, which contained primarily neutralizing
anti-CT B antibodies, and the affinity-purified anti-CT A anti-
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FIG. 3. Purification of CT mutants from V. cholerae culture supernatants. (a) Chromatographic plots for two purified mutants (CT-D53 and CT-K104). Peak I,
eluted from the column with 20 mM sodium phosphate (pH 7.5), contains the holotoxin, while peak II, eluted with 40 mM sodium phosphate (pH 7.5), contains the
B pentamer. (b) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of samples derived from each purification step. Lane 1, concentrated culture supernatant;
lane 2, flowthrough material; lanes 3 and 4, peak I; lane 5, denatured (boiled) peak II; lane 6, nondenaturated peak II; lane 7, purified CT from Sigma (St. Louis, Mo.).

bodies were tested in parallel for the neutralization of LT and
CT. The concentrations of anti-CT A and anti-CT B antibodies
were adjusted so that both of them neutralized 80 pg of CT at
a dilution of 1/512. Subsequently, we tested the abilities of the
sera to neutralize 80 pg of LT. The results showed that the
anti-CT B antibodies neutralized LT only up to a dilution of
1/4, while the anti-CT A antibodies neutralized LT up to a
dilution of 1/32. This confirmed that the anti-CT A antibodies
neutralized LT approximately eightfold more efficiently than
the anti-CT B antibodies.

In conclusion, we have shown that nontoxic mutants of CT
can be used for immunization and that they induce neutralizing
antibodies against the A subunit. Until recently, this finding
was unexpected because the A subunit is generally considered
to be unable to induce toxin-neutralizing antibodies. In fact,
cholera vaccines have been developed with the assumption that
the toxin-neutralizing antibodies reside entirely in the B sub-
unit and that the in vivo protection is mediated mostly by
antibacterial antibodies. The new finding reported in this pa-
per and previously reported for LT (36) suggests that nontoxic
CT derivatives may be used to improve both live and killed
vaccines. In fact, the CT-K63 mutant could be easily used
instead of the B subunit in both vaccine formulations. The
vaccines developed so far, although very effective against the
01 cholera strains, are unable to protect against strains with
different serotypes, such as the newly emerged 0139 strain, that
have different somatic antigens (26, 42). By increasing the

L -<-B

FIG. 4. Western blot of total anti-CT-K63 sera and purified antibody frac-
tions. Lane 1, total sera; lane 2, fraction of sera containing the anti-A antibodies;
lane 3, fraction of sera containing the anti-B antibodies.

protective immunity against the antigens that are common to
all strains, the efficacy of vaccines may improve. Furthermore,
this increase can provide broad protection not only against the
strains present today but also against strains of different sero-
types that may arise in the future and against diarrhea caused
by enterotoxigenic E. coli. A role of immunity against the B
subunit of CT in protection against disease has been demon-
strated in several instances. Anti-CT-B antibodies are known
to be synergistic with anti-lipopolysaccharide antibodies in in-
ducing protection against challenge with live V. cholerae (47).
In a field trial in Bangladesh, during the first 6 months, pro-
tection was much higher (85%) in the group that received the
BS-WC vaccine, containing the B subunit and bacterial cells,
than in the group that received the bacterial cells alone (58%)
(1, 4). In the same clinical trial, the BS-WC vaccine conferred
good protection against diarrhea caused by enterotoxigenic E.
coli strains producing LT, which are known to share with V.
cholerae only the toxin antigen (5). In a subsequent study of
travellers to Morocco, the antitoxin immunity induced by the
BS-WC vaccine was confirmed to protect against E. coli-in-
duced diarrhea (32).

In conclusion, there is enough evidence in the literature to
support the idea that improving immunity against CT may
improve the efficacy of cholera vaccines. This should be true
especially when short-term protection is needed, such as in the
cases of military personnel and travellers. Finally, the use of
CT-K63 instead of the B subunit in vaccines would provide the
immune system with a larger immunological target. This may
be very important, because the CT B subunit is a small
polypeptide of 103 amino acids that may have not enough
T-cell epitopes, and therefore the response to it can be genet-
ically restricted. Such a restriction has been already observed
in mice (16). The addition of the A subunit, which is a polypep-
tide of 239 amino acids, should overcome any genetic restric-
tion.
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on the manipulation and electroporation of V. cholerae strains.
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