
INFECTION AND IMMUNITY, Mar. 1983, p. 1128-1135
0019-9567/83/031128-08$02.O0/O
Copyright © 1983, American Society for Microbiology

Vol. 39, No. 3

Purification and Some Properties of a Non-O1 Vibrio cholerae
Enterotoxin That Is Identical to Cholera Enterotoxin

KOICHIRO YAMAMOTO,'* YOSHIFUMI TAKEDA,1 TOSHIO MIWATANI,1 AND JOHN P. CRAIG2

Department of Bacteriology and Serology, Research Institute for Microbial Diseases, Osaka University,
Osaka 565, Japan,1 and Department of Microbiology and Immunology, Downstate Medical Center, State

University ofNew York, Brooklyn, New York 112032

Received 6 August 1982/Accepted 20 December 1982

Cholera-like enterotoxin was isolated and purified from the culture supernatant
of a non-O1 strain of Vibrio cholerae, E8498, isolated from the environment.
Enterotoxin was purified by aluminum hydroxide absorption and elution and
successive gel filtrations on Sephadex G-100, Bio-Gel A-5m, and Sephadex G-75.
Purified enterotoxin gave a single stained band on polyacrylamide gel disc
electrophoresis, and the mobility was the same as that of cholera enterotoxin. The
specific biological activity of the purified enterotoxin was almost the same as that
of cholera enterotoxin in the Chinese hamster ovary cell assay, fluid accumulation
in mouse ligated intestine, increase in vascular permeability in rabbit skin, and
passive immune hemolysis. Sodium dodecyl sulfate-polyacrylamide slab gel
electrophoresis showed that the purified enterotoxin consisted of subunits A and
B, identical to those of cholera enterotoxin, and Ouchterlony double gel diffusion
tests indicated that the two toxins were immunologically identical. Enterotoxins
prepared from several non-O1 strains isolated from human patients were also
immunologically identical to cholera enterotoxin.

Cholera enterotoxin (CT) produced by Vibrio
cholerae, serovar 01, has been recognized as
the mediator of cholera diarrhea (11, 32). CT has
been purified by several workers, and the bio-
logical and biochemical properties of the toxin
have been extensively studied (13, 18, 30). In
addition, a number of cases of cholera-like diar-
rhea in humans associated with non-O1 V. chol-
erae have been reported, and the production of
CT-like enterotoxin by non-O1 vibrios has been
suggested (1, 2, 15, 22, 27, 29, 33, 40). Recently,
we reported that a non-O1 strain of V. cholerae
isolated from fresh water in Louisiana produced
an enterotoxin which is immunologically and
biologically indistinguishable from CT (7). To
further confirm this, we purified this enterotoxin
and compared its physicochemical, biological,
and immunological properties with those of CT.

MATERIALS AND METHODS
Bacterial strains. Strains of non-O1 V. cholerae used

in this study were: E8498, serovar 0344, isolated from
surface water in the Dewitt Canal in Louisiana in 1978
and provided by P. Blake, Centers for Disease Con-
trol, Atlanta, Ga. (3); S7, isolated from a diarrheal
patient in Sudan and provided by Y. Zinnaka, Defence
Medical College, Tokorozawa, Saitama, Japan; 62058,
isolated from a diarrheal patient and provided by M. I.
Huq, International Center for Diarrhoeal Disease Re-
search, Bangladesh; and WBDV-101E1, isolated from
a human patient and provided by P. Echeverria,
Armed Forces Research Institute for Medical Sci-

ences, Bangkok, Thailand. A lincomycin-resistant mu-
tant of E8498 was isolated by plating the cells on an
agar plate containing 300 ,ug of lincomycin (Lincocin
injection; Japan Upjohn, Tokyo, Japan) per ml. All
strains were maintained at room temperature on slants
containing 1% Trypticase (BBL Microbiology Sys-
tems, Cockeysville, Md.), 1% NaCl, and 1.5% agar
(T1N1 agar) covered with mineral oil.

Culture of cells. Procedures for culture of the linco-
mycin-resistant strain of E8498 for toxin production
were as described previously (7). A loopful of orga-
nisms was inoculated into 5 ml of a broth containing
1% Trypticase (BBL) and 1% NaCl (T1N1 broth). A
1.5-ml portion of a 6-h culture at 37°C was transferred
to a 2-liter Erlenmeyer flask containing 150 ml of a
medium containing 3% Casamino acids (Difco Labora-
tories, Detroit, Mich.), 0.3% yeast extract (Difco), and
0.05% K2HPO4 (pH 7.0) (Casamino acids-yeast ex-
tract medium) and incubated without shaking at 37°C
for 18 h. Then 1.5 ml of this culture was inoculated into
1-liter Roux flasks containing 150 ml of the Casamino
acids-yeast extract medium supplemented with 0.2%
glucose and 300 ,ug of lincomycin per ml; this yielded a
surface/volume ratio of 2 cm2/ml. Lincomycin was
added to stimulate toxin production (39). Cultures
were incubated without shaking at 30°C for 48 h. These
cultural conditions were found to be optimal for the
production of maximal amounts of toxin (7). Cultures
were then centrifuged at 25,000 x g for 30 min at 4°C.
Sodium azide and sodium EDTA were added to cul-
ture supernatants at final concentrations of 0.02 and
0.05%, respectively.

Purified CT. CT from V. cholerae 569B, serovar 01,
purified by the method described by Ohtomo et al.
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FIG. 1. Sephadex G-75 gel filtration of the pooled Bio-Gel A-5m column eluate of E8498 enterotoxin. 0,

Absorbance at 280 nm; *, enterotoxin antigen content by passive immune hemolysis (absorbance at 420 nm).
Bar, fractions collected for further purification.

(30), was purchased from Sanko Junyaku Co., Tokyo,
Japan. Separation of subunits A and B was carried out
as previously described (35).

Cholera antitoxin. Rabbit antitoxin against the puri-
fied CT was prepared by subcutaneous injections of
four doses of 15 g.g of CT contained in 1 ml of
phosphate-buffered saline (pH 7.0) at 3-week intervals.
The first dose was administered with an equal volume
of complete Freund adjuvant (Difco), and the other
three were administered with incomplete Freund adju-
vant (Difco). Blood was taken 7 days after the fourth
injection.

Ganglioside. GM, ganglioside was purchased from
Supelco, Inc., Bellefonte, Pa.

Determination of protein content. Protein content
was determined by the method of Lowry et al. (26),
with crystalline bovine serum albumin as the standard.
Chromatography. Gel filtrations were carried out at

4°C with columns of Sephadex G-100 (Pharmacia Fine
Chemicals, Uppsala, Sweden), Bio-Gel A-Sm (200 to
400 mesh; Bio-Rad Laboratories, Richmond, Calif.),
and Sephadex G-75 (superfine; Pharmacia Fine Chem-
icals). The columns were equilibrated with TEAN
buffer (12), composed of 50 mM Tris, 1 mM EDTA, 3
mM NaN3, and 0.2 M NaCl (pH 7.8), and elutions
were made with the same buffer. The toxin was

monitored by passive immune hemolysis.
Passive immune hemolysis. The procedure for pas-

sive immune hemolysis was as previously described
(38). A 1-ml sample was mixed with 0.1 ml of a 2%
sheep erythrocyte suspension in 0.02 M HEPES (N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid)
buffer (pH 6.7) containing 0.9% NaCl and incubated at
37°C for 30 min. Anti-CT rabbit serum (0.1 ml),
purified by an immunoaffinity column coupled with
purified CT as previously described (20), was added,
and incubation was continued at 37°C for 30 min. Then
0.1 ml of guinea pig complement solution was added,
and incubation at 37°C was continued for 60 min. The
mixture was diluted with 1.6 ml of saline and centri-

fuged at 1,500 x g for 5 min. Hemolysis was measured
by absorbance of the supernatant at 420 nm.
PF assay. Vascular permeability factor (PF) assays

were carried out essentially as described previously (6,
7). The hair was clipped from the backs of Japanese
white rabbits, and 0.1-ml volumes of threefold dilu-
tions of samples in borate-gelatin buffer (50 mM
H3BO3, 120 mM NaCl, and 0.1% gelatin [pH 7.5])
were injected intracutaneously into partially random-
ized sites in duplicate on the backs of two rabbits.
Twenty-four hours later, the animals were inoculated
intravenously with 1 ml of 5% diphenyl brilliant blue
FF supra (Ciba Geigy, Greensboro, N.C.) in 0.45%
NaCl solution per kg of body weight. One hour later,
the diameters of the blue lesions in the skin were
measured to the nearest 0.5 mm. Mean diameters were
plotted against the logarithm of the dilution of the test
sample, and the toxic potency of each preparation was
expressed in 4 mm blueing dose (BD4). One BD4 was
defined as the amount of toxin producing a mean
lesion diameter of4 mm. The limit of blueing (Lb) dose
of toxin was determined as previously described (7).
The antitoxin units of the cholera antitoxin prepared as
described above were determined by simultaneous Lb
titration against U.S. standard cholera antitoxin (NIH
lot 001).
CHO cell assay. The Chinese hamster ovary (CHO)

cell assay was carried out as described previously (19).
Eagle minimal essential medium was used in place of
the F12 medium originally described by Guerrant et al.
(16) because it decreased the amount of nonspecific
elongation of CHO cells seen in the absence of toxin.

Intestinal loop test in mice. The intestinal loop test in
mice was carried out essentially as described previous-
ly (36). Male ddY mice weighing 20 to 25 g were used
without starvation. The mice were anesthetized by
intravenous injection (0.1 mg/g of body weight) of
sodium pentobarbital, and one loop (7 to 14 cm long) of
thejejunum was ligated. Then 0.2 ml of the sample was
injected into the loop, the abdominal wall was sutured,
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TABLE 1. Purification of E8498 enterotoxin

Volume Total protein Total PF Sp act Relative Yield (Fraction (ml) (mg) ~~~activity (BDS/mg) activity YilFraction (ml) (mg) ~~~~~(BD4)
Crude toxin 26 385 5.6 x 108 1.5 x 106 1 100
Sephadex G-100 column eluate 9.3 47 1.2 x 108 2.6 x 106 1.7 21
Bio-Gel A-5m column.eluate 2.0 4.0 1.0 x 108 2.5 x 107 17 18
First Sephadex G-75 column eluate 1.0 2.8 9.9 x 107 3.5 x 107 23 18
Second Sephadex G-75 column eluate 1.2 0.68 6.4 x 107 9.4 x 107 63 11

and 6 h later the loop was removed. The weights of the
loop with (A) and without (B) fluid were measured, and
the weight of fluid (A - B) was calculated. Toxic
activity was expressed as the ratio of the weight (W) of
fluid in milligrams to the length (L) of the loop in
centimeters (WIL ratio).

Polyacrylamide gel electrophoresis. Polyacrylamide
gel disc electrophoresis was carried out as described
by Davis (9) with a 7% polyacrylamide gel (pH 9.5) and
a tray buffer of pH 8.3. Sodium dodecyl sulfate-
polyacrylamide gel slab (0.2 by 13.5 by 12.0 cm)
electrophoresis in 0.1% sodium dodecyl sulfate was
carried out as described by Laemmli (25) with 15%
acrylamide. Before electrophoresis, samples with and
without 40 mM dithiothreitol were treated at 100°C for
3 min. Gels were stained with Coomassie brilliant blue
and destained.
Double gel diffusion test. The double gel diffusion

test was carried out as described by Ouchterlony (31)
with 1% Noble agar (Difco) in phosphate-buffered
saline containing 0.01% NaN3. After the samples were
applied, the plates were placed in a humidified incuba-
tor at 37°C for 16 to 24 h-and then washed extensively
with a solution containing 0.4% NaCl and 0.4%
Na2B407. Then they were dried, stained with 0.5%
Coomassie brilliant blue in 50% methanol-10% acetic
acid, and destained in a solution containing 50%o
methanol and 10%6 acetic acid.

RESULTS
Preparation of crude toxin from culture super-

natant of V. cholerae E8498. The culture super-
natant of V. cholerae E8498 (about 13,800 ml)
was adjusted to pH 5.0 with 12 N HCI. Alumi-
num hydroxide powder (0.1% [wt/vol]) was add-
ed and stirred for 6 h at 4°C. After standing for
18 h, the aluminum hydroxide was collected by
centrifugation at 8,000 x g for 5 min. It was
estimated by passive immune hemolysis that
about 98% of the toxin in the culture supernatant
was adsorbed to the aluminum hydroxide. The
precipitate was then washed with about 400 ml
of 10 mM ammonium formate solution, stirred
for 20 min, and centrifuged at 8,000 x g for 5
min. This procedure was repeated five times.
The enterotoxin was eluted from the aluminum
hydroxide with 50 ml of TEAN buffer (pH 8.5)
by stirring the suspension for 1 h at 4°C. The
suspension was centrifuged at 8,000 x g for 5
min, and the supematant was collected. This
elution procedure was repeated six times, and

the supematants were pooled. The pooled eluate
(335 ml) was concentrated by adding solid am-
monium sulfate to 50% saturation. After stand-
ing for 10 h at 4°C, the resulting precipitate was
collected by centrifugation at 25,000 x g for 20
min. The precipitate was dissolved in about 26
ml ofTEAN buffer (pH 7.8). Undissolved mate-
rial was sedimented by centrifugation at 25,000
x g for 20 min, and the supernatant was used as
crude toxin.

F:2

FIG. 2. Polyacrylamide gel disc electrophoresis of
CT from strain 569B and purified E8498 enterotoxin. A
100-Rg amount of each toxin was applied. 1, CT; 2,
E8498 enterotoxin.
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Homogeneity of purified E8498 enterotoxin.

The homogeneity of the purified E8498 entero-
toxin was examined by polyacrylamide gel disc
electrophoresis. As shown in Fig. 2, the E8498
enterotoxin (lane 2) gave a single stained band
on the gel when 100 ,ug was applied. To demon-
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FIG. 4. Morphological changes in CHO cells

caused by CT and purified E8498 enterotoxin. Toxins
were added to the culture medium of CHO cells at the
final concentration indicated; the percentage of elon-
gated cells was determined by observing 200 cells after
18 h of incubation. Each value represents a mean of
eight determinations. 0, CT; *, E8498 enterotoxin;
A, control without toxin. Bars, 5O0%o elongation.
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sponding to the Al fragment was observed (Fig.
3, lane 5). The mobility of the A1 fragment of
E8498 enterotoxin was almost the same as that
of the A1 fragment of CT (Fig. 3, lane 4).
The identities of the mobilities of A and B

subunits and of Al fragments of CT and E8498
enterotoxin were demonstrated by coelectro-
phoresis of the two toxins. In this experiment,
CT and E8498 enterotoxin were mixed before
analysis. As shown in lanes 3 and 6 of Fig. 3,
coelectrophoresis of CT and E8498 enterotoxin
with and without dithiothreitol treatment, re-

spectively, resulted in a single band of A and B
subunits and of the A1 fragment.
These data indicate that the molecular struc-

tures of the two toxins are identical.
Biological activity of E8498 enterotoxin. Bio-

logical activity of the purified E8498 enterotoxin
was compared with that of CT in several assay
systems. Figure 4 compares the activities of the
two toxins in the CHO cell assay. Elongation of
50% ofCHO cells was produced by about 1.3 ng
of E8498 enterotoxin per ml and by 4.2 ng of CT
per ml.

Fluid accumulation in mouse ligated intestinal
loops evoked by the two toxins is shown in Fig.
5. About 100 ng of both toxins produced 140
mg/cm in WIL ratio, which is about half of the
mean maximal response.

Figure 6 shows that in the PF test 1 BD4 of the
E8498 enterotoxin was 10.6 pg, and 1 BD4 ofCT
was 10.2 pg. The Lb doses of E8498 enterotoxin
and CT were 57.8 and 56.8 ng, respectively.
The inhibitory effects of GM1 ganglioside of

PF from CT and E8498 enterotoxin were also
compared. As shown in Fig. 7, PF activity of
both CT and E8498 enterotoxin was similarly
inhibited by GM1 ganglioside.

These results all indicated that the specific
activities of both toxins in the biological assays
examined were very similar. The differences
observed were considered to be due to the
experimental errors inherent in these assay sys-
tems. Moreover, the nearly identical Lb values
in the PF tests showed that both toxins were
neutralized to the same degree by cholera anti-
toxin, suggesting a very close immunological
relationship.

Immunological specificity of E8498 enterotoxin.
Immunological properties of the two toxins were
further compared in in vitro assays. Passive
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FIG. 7. Inhibition of PF activities of CT and E8498
enterotoxin by GM, ganglioside. Toxin (15 ng/ml of
each) was mixed with an equal volume of graded doses
(nanograms per milliliter of 0.89% saline) of GM,
ganglioside as indicated, and PF activity of 0.1 ml of
each mixture was tested as described in the text. 0,
CT; 0, E8498 enterotoxin.
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Immunological identity of enterotoxins pro-
duced by human isolates of non-Ol V. cholerae

o and by the environmental strain, E8498. The
results described above demonstrated that the
enterotoxin produced by E8498, an environmen-
tal strain of non-O1 V. cholerae, possessed
biological, molecular, and immunological prop-
erties in common with CT. Since there are
several reports of isolation of non-O1 V. chol-
erae from patients with diarrhea, it was of
interest to compare their enterotoxins with the
enterotoxin produced by the environmental
strain. Crude enterotoxins were prepared from

10 100 non-O1 V. cholerae strains S7, 62058, and
JOG SCALE) WBDV-101E1, all of which were isolated from
ified E8498 entero- human stool specimens. The results of Ouchter-
0, CT; 0, E8498 lony double gel diffusion tests with antiserum

against purified CT and purified E8498 entero-
toxin showed that all of these enterotoxins
shared a common antigenic determinant(s) (Fig.

,8498 enterotoxin 10).
and CT were carried out with cholera antitoxin.
As shown in Fig. 8, both toxins gave very similar
dose-response curves. The amounts of toxins
producing 50% hemolysis were 6.6 ng for E8498
enterotoxin and 9.5 ng for CT. Thus, the immu-
nological specificities of the two toxins were
also very similar.

Ouchterlony double gel diffusion tests were
carried out with cholera antitoxin and serum
prepared against purified E8498 enterotoxin. As
shown in Fig. 9, the culture supernatant of
E8498 grown in a medium without lincomycin,
purified E8498 enterotoxin prepared in the pres-
ence of lincomycin, and CT all gave a line of
identity against both cholera antitoxin (Fig. 9A)
and anti-E8498 enterotoxin prepared in the pres-
ence of lincomycin (Fig. 9B). These results
indicate that the E8498 enterotoxin is immuno-
logically identical to CT and that the toxin
produced by E8498 cultured in the presence of
lincomycin is immunologically identical to that
produced in the absence of lincomycin.

DISCUSSION
We obtained highly purified cholera-like en-

terotoxin from a strain of V. cholerae 0344,
E8498. This toxin exhibited specific activities
identical to those of CT in several biological and
immunological systems. The subunits of the
purified E8498 enterotoxin were the same A and
B subunits as those found in CT. Ouchterlony
double gel diffusion tests also showed that E8498
enterotoxin and CT had the same antigenic
specificities. From these results, we concluded
that the cholera-like enterotoxin produced by
this strain of V. cholerae 0344 is indistinguish-
able from CT produced by the 01 strain, 569B.

Until now it has not been possible to deter-
mine whether cholera-like enterotoxins pro-
duced by non-O1 strains are identical to CT
produced by 01 strains because highly purified
non-O1 enterotoxin has not heretofore been
prepared. The non-O1 vibrios so far studied

A B

FIG. 9. Ouchterlony double gel diffusion test of CT and E8498 enterotoxin. 1, Crude E8498 toxin prepared in
the absence of lincomycin; 2, CT; 3, purified E8498 enterotoxin; a, cholera antitoxin prepared in the presence of
lincomycin; b, anti-purified E8498 enterotoxin prepared in the presence of lincomycin.
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FIG. 10. Ouchterlony double gel diffusion test of crude filtrates from various strains of V. cholerae non-O1. 1,
CT; 2, purified E8498 enterotoxin; 3, crude toxin from S7; 4, crude toxin from WBDV-101E1; 5, crude toxin from
62058; a, cholera antitoxin; b, anti-purified E8498 enterotoxin.

have produced relatively small amounts of en-
terotoxin in vitro. Moreover, they often produce
several biologically active substances (7, 29, 40,
41) which interfere with or mask the activity of
cholera-like enterotoxin in test systems. Zin-
naka et al. (41) prepared partially purified toxin
from one non-O1 strain and showed that when
nonspecific substances were removed, the activ-
ity of the non-O1 enterotoxin was completely
neutralized by cholera antitoxin. Their report
suggested that the non-O1 enterotoxin was very
similar to CT. In the present work, we were able
to confirm their findings and to further purify
and analyze the non-O1 enterotoxin directly,
leading us to the conclusion that the enterotox-
ins from E8498 and 569B are identical.
E8498 enterotoxin was composed of the same

subunits as 01 cholera enterotoxin. This is con-
sistent with the findings of Kaper et al. (23) that
some strains of non-O1 vibrios possess genes
which hybridize with DNA coding for the heat-
labile enterotoxin (LT) from Escherichia coli.
However, our findings indicate that E8498 en-
terotoxin is much more similar to CT than is LT.

Previously, we reported (7) a difference be-
tween GM1 ganglioside binding activities of puri-
fied CT and partially purified E8498 enterotoxin
and postulated that all cholera enterotoxins
might not be alike in their binding ratios with
GM1 ganglioside. The present study with puri-
fied CT and purified E8498 enterotoxin, howev-
er, showed that there is no difference in GM1
ganglioside binding activities between these two
toxins (Fig. 7).
Although LT and CT share some common

biological activities, immunological determi-
nants, molecular structure, and enzymatic activ-
ities (4, 10, 17, 24, 28, 35), their antigenic and
amino acid compositions are clearly distinguish-
able (4, 5, 8, 34). Moreover, immunological and

molecular heterogeneity of LTs of human and
porcine origin have recently been reported (14,
21, 37). Since we have examined only a few non-
01 strains and their enterotoxins have been
carefully compared with only one CT from an
01 strain (569B), it is quite possible that differ-
ences in molecular structure will be found to
exist between the enterotoxins produced by
different serovars of the species V. cholerae.
The fact that the enterotoxin produced by

E8498, an environmental strain, has the same
specific biological activity as CT provides evi-
dence that this organism is a potential causative
agent of diarrhea. The amount of toxin produced
in vitro by E8498 is relatively small, but it is no
less than that synthesized in vitro by many
known virulent 01 strains of V. cholerae of the
El Tor biotype (unpublished observations).
Since other factors of virulence in addition to the
enterotoxin are almost certainly required to pro-
duce diarrhea in humans, the actual entero-
pathogenic potential of this non-O1 strain can be
demonstrated only by oral challenge in volun-
teers.
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