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SUMMARY: The B chain of cholera toxin and the 8 subunits of thyrotropin,
luteinizing hormone, human chorionic gonadotropin, and follicle-stimulating
hormone are shown to have a region of sequence analogy believed to correlate
with their ability to bind to receptors on cell membranes. A possible se-
quence analogy is also defined in the o subunits of these glycoprotein hor-
mones and a region of the cholera toxin Ay chain believed to De responsible
for adenylate cyclase activation.

The native cholera toxin molecule is reported to be a polymer of six B
chains and one A subunit; the A subunit is believed to consist of Al and A2
chains which are linked by a single disulfide bond (1-5). At present it is
believed that the B chain of cholera toxin binds specifically to a membrane

*
ganglioside, G which serves as its receptor (1-5); that the binding of

Ml)
the B chain to GMl

toxin molecule with the resultant formation of an "active" A subunit; and

causes a change in the molecular conformation of the intact

that the "active" A subunit translocates within the cell membrane and acti-

vates adenylate cyclase by direct interaction (5).

* Abbreviations: TSH, thyrotropin; LH, luteinizing hormone; HCG, human cho-
rionic gondatropin; FSH, follicle-stimulating hormone; GM3, N-acetylneuraminyl
galactosylglucosylceramide; Gyp, N-acetylgalactosaminyl-(N-acetylneuraminyl)-
galactosylglucosylceramide; Gyj, galactosyl-N-acetylgalactosaminyl-(N-acetyl-
neuraminyl)-galactosylglucosylceramide; Gpias N-acetylneuraminylgalactosyl-N-
acetylgalactosaminyl—(N—acetylneuraminyl)—galactosylglucosylceramide; GD1bs
galactosyl-N-acetylgalzhtosaminyl—(gfacetylneuraminyl)—galactosylglucosylcera—
mide; GTl,—Efacetylneuraminylgalactosyl-gfacetylgalactosaminyl-(gfacetylneura—
minyl—gfacetylneuraminyl)—galactosylglucosylceramide.
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In a recent report (6) we suggested that an analogous mechanism holds for
the glycoprotein hormone, thyrotropin (TSH). Thus, specific ganglioside-TSH
binding interactions were demonstrated and shown to correlate with conforma-
tional changes in the TSH molecule (6). These interactions were critically
affected by the number and position of the sialic acid residues on the carbo-
hydrate portion of the ganglioside structure, the efficacy of binding having

an order distinct from that exhibited by cholera toxin, <.e., >G . >G

Spib ” S71 > Gy

> GM2 = GM3 > GDla' Last, gangliosides with the chromatographic properties of

G GTl’ and GM were present in thyroid plasma membranes in higher quanti-

D1b? 1

ties than had been previously found in extraneural tissue (6).

The present report supports the hypothesis that cholera toxin and TSH are
similar in their mode of action on the membrane, by documenting a sequence
analogy between the B chain of cholera toxin and the B subunit of TSH and

between the A1 chain of cholera toxin and the o subunit of TSH. Similar anal-

ogies are demonstrated in the other glycoproteins of the TSH~LH-HCG-FSH super-
‘family (7); however, differences in the FSH sequence adjacent to the sequence
analogy on the B subunit may explain the relative absence of FSH interactions

with TSH receptors (8-12).

METHODS

The sequence of cholera toxin used included the 42 amino terminal residues
of the B chain as reported by Kurosky et al. (13)T and the A chain sequences
recently reported by Mendez et al. (14). All other sequences were from the
tapes of the Atlas of Protein Sequence and Structure (15-20) updated to Decem—
ber 5, 1975. The computer methods were those previously reported for sequence
analysis (15) and involved the use of the programs SEARCH, ALIGN, and RELATE.
The computer work was done on the IBM 360/44 computer at the National Biomedical
Research Fouundation.

The program SEARCH compares a given peptide sequence with every possible
peptide of similar length in the data library, and prints out those sequences
having the greatest similarities. This is used as a first approximation of
possible relationships and to highlight significant analogies for more detailed
analysis. The program ALIGN, based on the algorithm of Needleman and Wunsch

* We are also indebted to Dr. R. A. Finkelstein, University of Texas South-

western Medical School, Dallas, Texas 75235, for providing us with his current-
ly available sequence data for the A and B components of cholera toxin and for
his helpful advice during the course of our initial observations in this area.
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(21), determines the highest possible score for any alignment (including gaps)
of two sequences based either on a unit matrix (identity comparison) or muta-
tion data matrix (mutational probability). This score is then compared with
the highest possible scores obtained by aligning pairs of randomized sequences
having the same amino acid composition as the two real sequences. The scores
of the randomized sequences form a normal distribution from which the mean and
standard deviation are computed. The probability that the score for the real
sequence is derived from this normal (random) distribution can then be obtained
and expressed as the number of standard deviations of the real score from the
mean random score,

The fragment comparison program RELATE compares all fragments of a given
length from one sequence with all possible fragments of the same length from
the second sequence. A score is computed for each trial based either on the
number of absolute identities (unit matrix) or relative mutational identities
(mutation data matrix). If the proteins are related, there will be two popula-
tions of scores: a large population from trials between unrelated fragments of
the molecules, and a smaller population from related sequences. The average of
the latter scores represents the score of the whole molecule comparison. An
identical analysis is performed on randomized sequences having the same amino
acid composition and, as with the program ALIGN, the probability that the score
for the real sequences is derived from the normal (random) distribution is com-
puted. The results are expressed as the number of standard deviations of the
real score from the mean random score.

RESULTS AND DISCUSSION

Only the first 42 amino acid residues from the amino terminal end of the
B chain of cholera toxin have been sequenced (13). An initial screening was
performed for sequences with any possible similarity to this portion of the
cholera toxin B chain using the program SEARCH and the data banks of the Atlas
of Protein Sequence and Structure (15~20). The results of this evaluation
showed that the CAEY region of cholera toxin B chain (residues 9-12) was analo-
gous to a CAGY region of the B subunits of the glycoprotein superfamily (TsH
residues 27-30, LH residues 34-37, HCG residues 34-37, and FSH residues 32-35).
An alignment of peptides based on the superposition of these regions (Fig. 1,
top) gives a qualitative first approximation of the analogy of this region.

A quantitative measure of the significance of the analogy was computed
using the fragment comparison program RELATE to compare residues 1 to 42 of the
cholera toxin B chain with residues 19-60, 26-67, 26-67, and 24~65, respective-
ly of the B subunits of TSH, LH, HCG, and FSH. The results confirm the signi-
ficance of the analogies between cholera toxin, TSH, LH, and HCG (Table I) but

did not indicate any significant analogy between cholera toxin and FSH.
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Position Positian

. —/ 1
CHOLERA TOXIN {partial fragment} lTPQNI'TlDLCAEY HNTQIHTLNDK|I|FSVTESLAGKREMAIQTF 42
TSH g CHAIN {bovine) 19 CLTINGT T|VICAGY CMTRBVBGKLF|L|PKVALSQDVCTYRDFMVK 60
LH B CHAIN (bovine) 26 CITFTITISII|JCAGY|[CP|S|MKRVLPVIILIPPMPERVCTYHELRFASY 67
HCG g CHAIN (human) 26 CITVN'TITICAGV CPITIMTRVLQGVILIPALPZLYVCNYRDVRFESTI 67

[N [

FSH 8 CHAIN (human) 24 NTT(N,B,L'I;)JETCAGVCYTRDLVVKDPLA_IKPRIQKYCTFKELVVETV 65
RESIDUE NO. FROM AMINO TERMINUS

1 3 4 5 6 7
1234567890123456789012345678901 2 34567 8301 2345678 9 0123456789012345678901
CHOLERA TOXIN (partial fragment, B protein} — —
-------------------------- TPONI|T|DL---|CAEY{HNTQIHT|IL|NDKIFSYTESLAGKREMAIQTTF
TSH 3 CHAIN (bovine)
------- FCIPTEYMMHVERKECAYCLTINT|T[V----|]CAGY|C--MTRBJV|BGKLFLPKYALSQDVCTYRDFM
LH g CHAIN (bovine)
SRGPLRPLCQPINATLAAEKEACPVCITFTT|S|I-~---[CAGY[CPSMKRV]LI{PVILPPMPERYCTYHELRFASY
HCG 8 CHAIN (human)
SKQPLRPRCRPINATLAVEKEGCPVCITYNT|T[TI----|CAGY[CPTMTRVIL|QGVLPALPZILVCNXRDVRFESI
FSH 8 CHAIN (human)
------ (B,S)EELTNITIAIEKEEQKFC_ISINT T(T,B,H)ETCAGVE--YTRDLVVKDPAKPRIQKTCTFKELVVE

Position Position

CHOLERA TOXIN (partial fragment) ZIPHIHAPGG{CPBIAPR
TSH 1 CHAIN (bovine) 1 FPOGEFTMZGICPZ|CKLKEYKYFSKPB 26
LK a CHAIN (bovine) 1 FPBGIZIFTMZGICPZ|CKLKIBKYFSKPB 26
HCG o CHAIN {human) 1 APBYVIB|CPZ|CTLZIBPFFSZIPG 22
FSH a CHAIN {human) 1 APONEDICPE|CTLOENPFFSQPG 22

FIG. 1. Top: Sequences of the amino terminal 41 residues of B chain of

cholera toxin and of portions of the 8 subunits of TSH, LH, and HCG defined by
positions from the amino terminal residue of each molecule. The residue sym-

bols corresponding to the standard residue abbreviations are as follows (15):

A, Ala; P, Pro; D, Asp; T, Thr; S, Ser; L, Leu; I, Ile; V, Val; E, Glu;
G, Gly; H, His; C, Cys; N, Asn; M, Met; Q, Gln; Z, Glx; B, Asx; R, Arg;
F, Phe; Y, Tyr; K, Lys; W, Trp; X, undetermined. Middle: The sequence of

the amino terminal portions of the the B chain of cholera toxin and the B sub-
units of TSH, LH, HCG, and FSH aligned to maximize homologies by the insertion
of gaps resulting from potential deletions or insertions in the course of evo-
lution. The alignment was generated by the computer program ALIGN (see "Mat-
erials and Methods"). The underlined residues show the half-cystine alignment
which results from this analysis. Bottom: The sequences of the amino terminal
portions of the o subunits of TSH, LH, HCG, and FSH aligned to show an analogy
with a fragment of the A7 chain of cholera toxin known to be responsible for
adenylate cyclase activation (25).

The program ALIGN similarly identified the significant analogies between
the amino-terminal regions of the cholera toxin B chain and the B subunits of
TSH, LH, and HCG, while failing to note any particular analogy between cholera
toxin and FSH (Table II). Fig. 1 (middle) shows the highest analogy configura-
tions determined by the program ALIGN when interhormonal analogies are also

maximized. Various other proteins were similarly compared to the cholera toxin
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TABLE I. Quantitative measure of the similarity between the B chain of
cholera toxin and the 8 subwnits of TSH, LH, HCG, and FSH using

the fragment comparison program, RELATE, and the sequences noted

in Fig. 1
(Residues) Cholera toxin TSH LH HCG FSH
Cholera toxin . . ( 1-42) n.ce. @ 220 44 4.0 0.6
TSH . . . . « . . (19-60) 2.2 n.c. 4.7 6.6 4.5
IH . . .. ... (26-67) 4.4 7 n.c. 13.8 4.4
HCG . . . . . . . (26-67) 4.0 6.6 13.8 n.c. 3.5
FSH . . . . . . . (24-65) 0.6 4.5 4.4 3.5 n.c.

a
Not compared.

b The number of standard deviations of the real score above a random score
generated from 100 random runs, using regions of TSH, LH, HCG, and FSH over-
lapping the known portion of cholera toxin, and measured with fragment lengths
of 12 residues in the mutation data matrix.

B chain. These included the o subunits of the glycoprotein hormones, cortico-
tropin, glucagon, insulin, prolactin, growth hormone, and parathyroid hormone.
In no case was a significant deviation above the random scores noted.

Since the CAGY region in the B8 subunit of the TSH~LH-HCG-FSH superfamily
represents an important homology which has been highly preserved through the
structural and functional differentiation of these hormones, its presence im—
plies the existence of a locus which is critical for function and resistant to
successful mutation. Because the sequence analogy exists on that portion of
both the TSH and toxin molecules (the B chain or 8 subunit) which carries the
primary determinants for receptor binding (1-5, 22) and because the 8 subunits
of the glycoprotein hormones determine their target organ specificity (23),
this region of sequence similarity as well as residues in its immediate spatial
proximity may constitute the "active site" concerned with the binding of these
molecules to receptors on the cell membrane.

The RELATE and ALIGN programs fail to detect a significant analogy between
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TABLE IL. Quantitative measure of the similarity between the B chain of
cholera toxin and the B subunits of TSH, LH, HCG, and FSH using

the alignment scores for the sequences shown in Fig. 1, middle

(Residues) Cholera toxin TSH LH HCG FSH
Cholera toxin . . ( 1-42) n.c. ¢ 3.0 30 5.0 0.4
TSH . . . . . . . (19-60) 3.7 n.c. 13.7  15.6 10.8
LH . . . . ... (26-67) 3.2 13.7 n.c. 20.3 12.2
HCG . v v v v v . (26-67) 5.0 15.6 20.3 n.c. 12.2
FSH . . . . . . . (24-65) 0.4 10.8 2.2 12.2 n.c.

a
Not compared.

The number of standard deviations of the real score above a random score
generated from 200 random runs. The mutation data matrix was used with a bias
of 1; the gap penalty was sufficiently large to preclude the insertion of gaps
additional to those which are shown in Fig. 1, middle, and which were entered
manually without penalty.

the B subunit of FSH and the B chain of cholera toxin (Tables I and 1II) despite
the fact that the B subunit of FSH exhibits a highly significant level of homol-
ogy between itself and the 8 subunits of the other members of the glycoprotein
superfamily (LH-HCG-TSH) (Tables I and II) and despite the fact that the CAGY
region is obviously present (Fig. 1, top and middle). This finding and the
best alignment derived by the ALIGN program (Fig. 1, middle) may explain why
FSH is the only member of the glycoprotein hormone superfamily which is unable
to prevent or reverse [lZSI]TSH binding to TSH receptors (8-12). The best
alignment of the B8 subunit of FSH with its sister molecules requires a four-
residue gap in the B subunits of LH, HCG, and TSH just before the CAGY se-
quence and a three-residue gap in the cholera toxin B chain. Gaps of this
size should alter spatial location of the CAGY region with regard not only

to other regions of the B subunit but also to the receptor. It is not un-
reasonable to assume that the consequence of such an alteration might be a

loss of competitive binding activity toward receptors specific for TSH, LH,
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and HCG, and that the inverse situation will be equally valid.

A comparison of a recently described peptide fragment of the A, chain of

1
cholera toxin (14) with the o subunits of TSH, LH, HCG, and FSH suggests that

the structure function analogy may extend to these subunits (Fig. 1, bottom).
Mutation matrix data analogous to those of Table II yield values between 2 and
5 standard deviations above random for the analogy between the cholera toxin
A1 chain fragment and the noted regions of the o subunits of TSH and LH. The
outlined analogy in the o subunits of TSH and LH is presumed to exist in a
highly restricted conformational state defined by intrachain disulfide bonds
involving half-cystine residues 11, 14, 35, and 36, 7.e., these disulfide links
cause the formation of a loop with the proline and glutamine residues protrud-
ing from the peptide backbone (24). Of special interest in this regard is the
evidence indicating that this fragment of the A1 chain of cholera toxin can

enhance the adenylate cyclase activity of pigeon erythrocytes (25).
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