
Primary Structure of Cholera Toxin ,-Chain: 

A Glycoprotein Hormone Analog? 

Abstract. The completed sequence of the /f-chain of cholera toxin (103 amino acid 
residues) was compared to the /3-chains of chorionic gonadotropin, thyrotropin, lute- 
inizing, and follicle stimulating hormones. The overall chemical similarity of the tox- 
in /-chain to the hormones was not statistically different from random; however, a 
comparison of the first 40 residues of the toxin f3-chain to the glycoprotein hormones 
revealed a segment of the hormones which was significantly chemically similar. The 
probability was < .003 that the similarity was due to chance. 

Cholera toxin (enterotoxin) is a pro- 
tein of molecular weight 84,000 which is 
secreted by Vibrio cholerae and is re- 
sponsible for the clinical manifestations 
of cholera (1). The toxin molecule is 
composed of three unique polypeptide 
chains whose molecular weights are 
a = 24,000, y = 9,700, and /3 = 11,590 
(2). The a- and y-chains are covalently 
linked by a disulfide bridge and associate 
noncovalently with an aggregate of f- 
chains to give a molecular formula of 
ay/fn (where n = 4, 5, or 6) (3, 4). The a- 
and y-chains are designated subunit A, 
and the aggregate of /-chains is designat- 
ed subunit B (5). The B subunit contains 
the binding site, or sites, for attachment 
to cell membranes, but does not itself 
cause any fluid outpouring comparable 
to intact cholera toxin when applied to in- 
testinal mucosa. During purification of 
cholera toxin, a component (cholerage- 
noid) of lower molecular weight is also 
isolated which cross-reacts immuno- 
logically with the toxin but is devoid of 
toxicity (6). Chemical and physico- 
chemical studies revealed that cholera 
toxin and choleragenoid, although immu- 
nologically related, differed with regard 
to molecular weight, amino acid compo- 
sition, and isoelectric point (7). Acrylam- 
ide gel electrophoretic studies and amino 
acid sequence analysis of the native pro- 
teins revealed that choleragenoid is com- 
prised solely of an aggregate of /-chains 
(2) and may in fact be dissociated subunit 
B. This view is supported by the fact that 
cholera toxin is readily dissociated by 
mechanical agitation (6). 

Interest in cholera toxin was aroused 
when it was shown that the toxin stimu- 
lated adenylate cyclase (E.C. 4.6.1.1) 
and increased the concentration of 
adenosine 3',5'-monophosphate (cyclic 
AMP) in intestinal mucosa as well as in a 
wide variety of tissues (8). Cholerage- 
noid also bound to cell membranes and 
inhibited binding of cholera toxin but did 
not stimulate adenylate cyclase. Consid- 
erable evidence has accumulated to 
show that cholera toxin and cholerage- 
noid bind to the GM1 ganglioside of the 
cell membrane (9). Experiments with 
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erythrocyte cell lysates and membrane 
preparations strongly indicate that the 

adenylate cyclase activity of cholera tox- 
in occurs on the a-chain of the A subunit 
(10). 

The effect of cholera toxin on adenyl- 
ate cyclase activity led many investiga- 
tors to study the interaction of the toxin 
with hormone receptors (11). That chol- 
era toxin may represent an ancestral hor- 
mone was suggested by Hirschhorn and 
Greenough several years ago (12). Re- 
cent findings (13) revealed that, like the 
toxin receptor, ganglioside or a ganglio- 
side-like structure is a component of the 

thyrotropin membrane receptor. Com- 
parison of 42 residues of the NH2-termi- 
nal region of the /-chain of cholera toxin 
to /3-chain portions of human chorionic 
gonadotropin (CG), bovine thyrotropin 
(TSH), sheep luteinizing hormone (LH), 
and human follicle-stimulating hormone 
(FSH) revealed some preliminary se- 
quence similarities and raised the ques- 
tion of possible structural relatedness 
(13, 14). The molecular weight of the /3- 
chain of cholera toxin is similar to the /3- 
chains of these hormones and, more- 
over, like the hormones the action of the 

toxin on whole cells is dependent on the 
interaction of two protein subunits. In 
the case of the glycoprotein hormones 
the /3-chain confers the tissue specificity. 

The complete sequence of the 103 resi- 
dues of the 8/-chain of cholera toxin is 
given in Fig. 1. This sequence gives a 
compositional molecular weight of 
11,590 which is slightly larger but within 
reasonable limits of previously reported 
acrylamide gel electrophoretic and ultra- 

centrifugation estimates (2, 15). The /t- 
chain was isolated from purified cholera 
toxin by gel filtration as previously de- 
scribed (2). The amino acid sequence of 
the polypeptide chain is relatively unre- 
markable with only a single disulfide 

bridge formed by half-cystines at oppo- 
site ends of the molecule that results in a 

large loop of 75 residues. By means of 
both manual and automated methods of 
sequencing, the sequence was estab- 
lished primarily from tryptic peptides, 
cyanogen bromide peptides, and from 
a fragment generated by cleavage of 
the single tryptophan with 2-(2-nitro- 
phenylsulfenyl)-3-methyl-3-bromoindole 
(BNPS-skatole). Our results are in com- 
plete agreement with the partial se- 
quence data reported by Mendez et al. 
(16). Preliminary partial sequences of the 
,3-chain were also presented by others (4, 
17). 

Comparison of the complete primary 
structure of cholera toxin 8/-chain to the 
,/-chain amino acid sequences of TSH, 
LH, FSH, and CG, according to the pro- 
cedures of either Fitch (18) or Needle- 
man and Wunsch (19), revealed no statis- 
tically significant similarities. However, 
a comparison of the first 40 amino acids 

1 10 20 
NH- Thr Pro Gin Asn Ile Thr Asp Leu Cys Ala Glu Tyr His Asn Thr Gin Ile His Thr Leu 

2 
" -- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ w__ 

21 30 40 
Asn Asn Lys Ile Phe Ser Tyr Thr Glu Ser Leu Ala Gly Lys Arg Glu Met Ala Ile Ile 

41 50 60 
Thr Phe Lys Asn Gly Ala Thr Phe Gin Val Glu Val Pro Gly Ser Gin His Ile Asp Ser 

61 70 80 
Gin Lys Lys Ala Ile Glu Arg Met Lys Asn Thr Leu Arg Ile Ala Tyr Leu Thr Glu Ala 

81 90 100 
Lys Val Glu Lys Leu Cys Val Trp Asn Asn Lys Thr Pro His Ala Ile Ala Ala Ile Ser 

101 Fig. 1. Complete amino acid sequence of cholera toxin 3-chain. 
Met Ala Asn-COOH Dashed lines indicate results obtained by automated sequencing; solid --- - - lines indicate tryptic peptides. The overlap of Met-68 was confirmed 

by diagonal electrophoresis (23). For abbreviations, see (24). 
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Fig. 2. Comparison of cholera toxin /-chain with glycoprotein hormones and serine proteases. Residue numberings (24) are: bovine TSH (19 to 
56); bovine LH (26 to 61); human CG (26 to 61); human FSH (20 to 55); and serine proteases (174 to 206, chymotrypsinogen A numbering). 
Residues 41 to 103 of the toxin do not compare significantly with the hormones. 

of the toxin /-chain to the hormone /3- 
chains collectively (Fig. 2) by the Fitch 
method showed significant similarity to 
an internal 40-residue segment (P 
< .003 that the similarity was due to 
chance). The similarity is particularly 
striking in the region of Cys-9 of the tox- 
in /3-chain (hCAGY in the hormones, 
where h is a hydrophobic residue). The 
disulfide arrangement of the hCAGY se- 
quence in the hormones is at present un- 
resolved (20). The similarity in the Cys-9 
region has prompted the hypothesis that 
hCAGY as well as residues in the imme- 
diate spatial proximity may function in 
the binding of these molecules to recep- 
tors on cell surfaces (14). On the other 
hand, since the various /-chains have dif- 
ferent binding specificities one might 
more readily expect differences at the 
binding site similar to sequence differ- 
ences in the binding site of other protein 
families, for example, serine proteases. 
Moreover, chemical modification of Cys- 
9 in the toxin 8/-chain by reduction and 
alkylation does not result in any loss of 
binding ability (21). Therefore, the Cys-9 
region may be only a part of the binding 
site, critically juxtapositioned with other 
residues that participate more directly 
with membrane components (ganglio- 
sides) and provide the observed specific- 
ities. Additional chemical modification 
studies will be helpful in further elucidat- 
ing the nature of the site of interaction of 
these proteins with membranes. The 
availability of a complete amino acid se- 
quence will facilitate such studies. 

It is of interest that the hCAGY se- 
quence also occurs in the serine protease 
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family of enzymes (Cys-182, chymotryp- 
sinogen numbering) (Fig. 2). However, 
comparison of the first 40 residues of 
cholera toxin with the primary structure 
of serine proteases failed to show any sta- 
tistically significant similarity. In the se- 
rine proteases CAG is in the internal por- 
tion of the molecule and is part of the 
methionyl loop (Cys-168 to Cys-182). 
This loop is common to all the serine 

proteolytic enzymes. 
An explanation for the common 

hCAGY region in hormones, cholera tox- 
in, and the serine proteases cannot now 
be provided with any certainty. In the 
case of cholera toxin and the hormones 
there is some functional biological simi- 

larity; however, the proteolytic enzymes- 
have no apparent membrane function 
analogous to the hormones except per- 
haps the platelet degranulation reaction 
by thrombin. In the case of cholera toxin 
and the hormones the similarity may be 
the result of either limited convergence 
from unlike proteins (analogy) or exten- 
sive divergence from a common ancestor 

(homology). It is not a logical necessity 
that the absence of significant similarity 
over the complete sequence requires that 
these proteins be analogous rather than 
homologous in spite of their phylogenet- 
ic disparity. Therefore the conclusion by 
Ledley et al. (14) that the /-chain of chol- 
era toxin is structurally analogous to the 
8/-chains of certain glycoprotein hor- 
mones lacks sufficient evidence. Com- 
parison of the three-dimensional struc- 
tures, when available, should reveal 
more about the ancestral relatedness of 
these proteins. 

Finally, since other bacterial entero- 
toxins also involve adenylate cyclase ac- 
tivity in their mode of action, it is likely 
that families of homologous toxins exist. 
The fact that the enterotoxins isolated 
from Escherichia coli and Salmonella 
typhimurium are inactivated by cholera 
antitoxin supports this hypothesis (22). 
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Leucine 2,3-Aminomutase: A Cobalamin-Dependent Enzyme 
Present in Bean Seedlings 

Abstract. Leucine 2,3-aminomutase has been demonstrated in extracts of bean 
seedlings. The activity of this enzyme is stimulated by coenzyme B12 and is inhibited 
by intrinsic factor. The inhibition is removed by the addition of coenzyme B12. This 
evidence is consistent with the presence of a cobalamin-dependent enzyme in higher 
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The catabolism of leucine has long 
been recognized as proceeding by way of 
transamination with the subsequent de- 
carboxylation of the resulting a-keto- 
isocaproic acid. A second catabolic path- 
way has recently been shown to function 
in microorganisms (1). In this pathway 
leucine is converted to /-leucine (3- 
amino-4-methylpentanoic acid) by leu- 
cine 2,3-aminomutase (E.C. 5.4.3.-), an 
enzyme that requires activation by coen- 
zyme B12 [adenosylcob(III)alamin]; the 
p/-leucine is deaminated, and the result- 
ing /3-ketoisocaproic acid is cleaved to 
yield acetic acid and isobutyric acid. 
Leucine 2,3-aminomutase is found in ani- 
mal livers as well as in human leuko- 
cytes. The existence of leucine 2,3-ami- 
nomutase activity has now been estab- 
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Fig. 1. Production of ninhydrin-reactive mate- 
rial from DL-,/-leucine. Reaction conditions 
were those described in Table 1. After 60 min- 
utes the reaction was stopped by the addition 
of 0.10 ml of 20 percent (weight to volume) of 
HCO14. Portions (0.05 ml) of the clear depro- 
teinized solution were taken for ninhydrin as- 
say. 
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lished in bean seedlings and this may be 
the first report of a cobalamin-catalyzed 
activity in higher plants. 

Navy beans (Phaseolus vulgaris) were 
sprouted on a bed of expanded vermicu- 
lite kept wet with distilled water and 
maintained at room temperature in the 
dark. After 5 days, the etiolated seed- 
lings were harvested. The roots were 
washed free of vermiculite with distilled 
water and the plants were drained and 
weighed. The seedlings, together weigh- 
ing 354 g, were homogenized in 250 ml of 
0.1M potassium phosphate buffer, pH 
7.0, by means of a Waring blender oper- 
ating at top speed for 1.5 minutes. The 
homogenate was centrifuged at 16,000g 
for 40 minutes in a refrigerated centri- 
fuge; 500 ml of cell-free extract was re- 
served for assay. The protein concentra- 
tion of the extract was 20.3 mg per millili- 
ter as estimated by the method of Lowry 
et al. (2). 

Leucine 2,3-aminomutase activity was 
assayed by means of the reverse reac- 
tion. The a-leucine produced from the f3- 
leucine substrate was measured by the in- 
crease in ninhydrin-reactive material or 
by gas chromatography after derivatiza- 
tion. Ninhydrin-reactive material was 
measured by the method of Rosen (3), 
and trimethylsilyl derivatives were made 
in an oil bath at 150?C, bis(trimethyl- 
silyl)trifluoroacetamide (BSTFA) in 
acetonitrile (1:1 by volume) being 
used according to the method of Gehrke 
and Leimer (4). The derivatives were 
chromatographed on a column of 10 per- 
cent (by weight) OV-11 on 100/200 mesh 
Suplecoport (1.8 m by 2 mm) at a con- 
stant temperature of 110?C for 5 minutes 
followed by a temperature increase of 
5?C per minute to a maximum temper- 
ature of 300?C. 

Figure 1 shows the significant increase 
in the production of ninhydrin-reactive 
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