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The Primary Structure of the Toxin Laticauda semifasciata III, a Weak
and Reversibly Acting Neurotoxin from the Venom of a Sea Snake,

Laticauda semifasciata

By NOBUYO MAEDA and NOBUO TAMIYA
Department ofChemistry, Tohoku University, Sendai, Japan

(Received 21 December 1973)

A weak and reversibly acting neurotoxic protein of Laticauda semifasciata venom,
Laticauda seniifasciata III (component LsIII), was sequenced. Component LsIII consists
of 66 amino acid residues and has five disulphide bridges, one of which was located
between residues 26 and 30. The weak and reversible neurotoxicity of component LsIII
is discussed in relation to its structure, which falls between those of the neuro- and cardio-
toxins of sea snakes and Elapidae snakes isolated and sequenced so far.

Erabutoxins a, b and c are the neurotoxic proteins
from the venom of a sea snake, Laticauda semi-
fasciata. Each of them consists of 62 amino acid
residues and their amino acid sequences have been
elucidated (Tamiya & Arai, 1966; Sato & Tamiya,
1971; Endo et al., 1971; Tamiya & Abe, 1972). The
venom also contains a weak and easily reversible
neurotoxic component named Laticauda semi-
fasciata III (component LsIII), the isolation and
properties of which have been reported by Maeda
et al. (1974). It is noteworthy that the neurotoxicity
of component LsIII is about one-eighth that of era-
butoxins and that component LsIII has no cardio-
toxicity. The amino acid composition of component
LsIII is quite different from those of erabutoxins.

All the neurotoxins for which amino acid sequences
have been determined, are classified into two groups,
namely the short-chain toxins, containing 60-62
amino acid residues with four disulphide bridges and
the long-chain toxins, containing 71-74 amino acid
residues with five disulphide bridges (Strydom, 1973).
Component LsIII is a new type of venom protein
consisting of 66 amino acid residues with five
disulphide bridges.
Thepresent paper describes the amino acid sequence

and the position of the additional disulphide bridge
of component LsIII.

Experimental
Laticauda semifasciata III

Component LsIII was prepared as described by
Maeda et al. (1974).

Proteinases
Trypsin (twice crystallized, containing 50% of

MgCI2), pepsin (twice crystallized), and a-chymo-
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trypsin (three times crystallized) were the products
of Worthington Biochemical Corp., Freehold, N.J.,
U.S.A. CarboxypeptidaseA (treated with di-isopropyl
phosphofluoridate; from bovine pancreas) and
leucine aminopeptidase (from hog kidney) were
purchased from Sigma Chemical Co., St. Louis,
Mo., U.S.A. Pronase E was from Kaken Kagaku,
Tokyo, Japan.

Reagents

Phenyl isothiocyanate, heptafluorobutyric acid and
1-chlorobutane for the sequence analyser were the
'sequenal' grade of Wako Pure Chemical Industries
Ltd., Osaka, Japan. Dimethylallylamine was syn-
thesized from allyl chloride and dimethylamide
(Ahlroth, 1965).

Monoiodoacetic acid was recrystallized from
chloroform; 2-mercaptoethanol was redistilled under
reduced pressure before use; benzene and ethyl
acetate were redistilled and other solvents and
reagents were used without further purification.

Preparation of reduced and S-carboxymethylated
component LsIII

The reduction and S-carboxymethylation of com-
ponent LsIII were performed as described by
Crestfield et al. (1963). Urea and excess of reagents
were removed by gel filtration on a column
(1.8cmx65cm) of Sephadex G-25 (coarse grade)
in 0.1 M-pyridine. The reduced and S-carboxy-
methylatedcomponent LsIlI eluted at the void volume
was freeze-dried. From 106mg of component LsIII
about 115mg of reduced and S-carboxymethylated
component LsIII was obtained.
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Citraconylation and tryptic digestion of reduced and
S-carboxymethylated component LsIII

Citraconylation was carried out as described by
Gibbons & Perham (1970), with slight modifi-
cations. To reduced and S-carboxymethylated
component LsIII (102mg, 14.2jumol) in 2.0% (w/v)
NaHCO3 (4.Oml) was added dropwise 1.OM-methyl-
maleic anhydride in dioxan (1.Oml). The pH of the
reaction mixture was kept at 8-9 with IM-NaOH
under continuous stirring at 4°C. After 2h at 25°C,
trypsin solution (1mg of enzyme in 0.05 M-Tris-
HCI buffer, pH8.2; 0.1 ml) was added to the mixture,
which was left at 37°C for 16h.
The digestion was stopped by adjusting the pH

to 2.2 with IM-HCI and the mixture incubated at
25°C for 24h to remove the citraconyl groups.
The peptides were separated by Sephadex G-50
(fine grade) column (1.6cm x 74cm) chromatography.

Further enzymic digestion ofpeptides

Digestion with trypsin and a-chymotrypsin was
performed in 0.1M-NH4HCO3 buffer, pH7.8, and
with pepsin in 0.01 M-HCI, for 16h at 37°C with a
substrate concentration of about 5mg/mi. The
enzyme/substrate ratio was 1: 50-100 (w/w).

Paper electrophoresis

The paper electrophoresis was carried out on no. 50
filter paper (Toyo Roshi Co., Tokyo, Japan) with
pyridine-acetic acid-water (8:5.5:986.5, by vol.,
for pH4.8; 25:1:225, by vol., for pH6.5). A voltage
gradient of 40V/cm was applied for 90min. Peptides
were located on the paper by spraying with 0.2%
ninhydrin in acetone, Ehrlich reagent (Smith, 1953),
Pauli reagent (Mann & Leone, 1953) and Sakaguchi
reagent (Jepson & Smith, 1953).
For preparative electrophoresis, the paper was

dried in air and the parts carrying peptides were cut
out by the aid of guide strips, which were sprayed
with ninhydrin. The peptides were eluted from the
paper with 0.2M-pyridine or with 0.2M-acetic acid.

Amino acid analysis

The peptides were hydrolysed with 6M-HCl at
105°C for 20h in evacuated sealed glass tubes.
The hydrolysates were analysed with an automatic
amino acid analyser (type JLC-5AH, Japan Electron
Optics Ltd., Tokyo, Japan).

Amino acid sequence analysis

Edman degradation. The amino acid sequences
of small peptides were determined by the direct
phenylthiohydantoin method ofIwanaga et al. (1969).

The concentration of phenylthiohydantoin-amino
acid in the organic phase was estimated from the
absorbance at 269nm. To identify the ethyl acetate-
soluble phenylthiohydantoin derivatives by means
of t.l.c., solvent systems II and V were used
(Jeppsson & Sjoquist, 1967). Phenylthiohydantoin-
arginine and phenylthiohydantoin-histidine in the
water phase were detected by spot test on filter paper
with Sagaguchi reagent or Pauli reagent respec-
tively. In some cases the amino acid released was
identified subtractively by amino acid analysis of a
portion of the peptide remaining after a round of
Edman degradation.

Automatic sequence analysis. The N-terminal
sequences of the reduced and S-carboxymethylated
component LsIlI and other relatively large peptide
fragments were analysed by Edman degradation by
using a sequence analyser (type JAS 47K, Japan
Electron Optics Laboratory Co., Tokyo, Japan) by
the method described in the manual (cf. Table 1).

Carboxypeptidase A or leucine aminopeptidase
digestion. The digestion with carboxypeptidase A
was carried out in 0.05M-TriS-HCI buffer, pH8.0,
or in 0.1 M-NH4HCO3, pH7.8, at 37°C for 16h.
Leucine aminopeptidase digestion was carried out in
0.05M-Tris-HCl buffer containing 0.0025M-MgCI2.
The substrate concentration was about 1 mg/ml.
Enzymes were used at the enzyme/substrate ratio
1: 20-50 (w/w). The digests were applied direct to
the amino acid analyser. Asparagine and glutamine
appeared superimposed on serine and threonine
respectively.

Table 1. Programmefor sequence analyser

Reagent (R) or
Operation solvent (S)

Coupling RI Phenyl isothio-
cyanate (5% in
heptane)

R2 0.4M-Dimethyl-
allylamine buffer

R2 0.4M-Dimethyl-
allylamine buffer

N2 drying
Vacuum drying
Washing SI Benzene

S2 Ethyl acetate*
N2 drying
Vacuum drying
Cleavage R3 Heptafluoro-

butyric acid
Vacuum drying
Extraction S3 I-Chlorobutane
N2 drying
Vacuum drying

Volume
(ml)
0.4

1.0

1.0

Operation
time (min)

3

25

2
10

16 15
21 14

2
10

1.4 4

17
12 12

3
10

* This step was added for longer-chain peptides.
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Results

N-Terminal sequence of reduced and S-carboxy-
methylated component LsIII

The N-terminal sequence of reduced and S-
carboxymethylated component LsIII was deter-
mined by Edman degradation by the sequence
analyser. The programme shown in Table 1 was
used.
The phenylthiohydantoin-amino acids identified

by the t.l.c. patterns are given by the one-letter
IUPAC codes,* underlined by the solid arrows.
The amino acids in parentheses were identified after
further fragmentation as described below.

Fig. 1 shows, as an example, the yields of phenyl-
thiohydantoin-amino acids in the ethyl acetate layer,
calculated from the extinction at 269nm and the
t.l.c. patterns developed with solvent V.

Further fragmewtation and amino acid sequence of
peptide A

The tryptic digest of peptide A (20mg) was
chromatographed on a column (1.2cmx 14cm) of
DEAE-cellulose, which has been equilibrated to
0.02M-NH4HCO3 buffer, pH7.8. After the first
peak (A-1) had been eluted with the buffer (50ml),
a linear gradient was applied with 0.02M-NH4HCO3

R E C Y L N (P) H D T (Q) T (C P S) G (Q E) I-

Fragmentation of component LsIII

To make good use of the sequence analyser, it is
desirable to obtain relatively large fragments, which
may be digested further when necessary. The whole
scheme of fragmentation is summarized in Scheme 1.
The tryptic digest of citraconylated reduced and

S-carboxymethylated component LsIII (see the
Experimental section) was desalted in a Diaflo
apparatus with UM-2 filter (Amicon Corp., Lexing-
ton, Mass., U.S.A.) in 0.1 M-acetic acid, and applied
to a column (1.6cm x 74cm) of Sephadex G-50
(fine grade) and eluted with 0.1 M-acetic acid. Two
peptides, A and B, were detected by extinction at
280nm at the elution volumes of 110 and 120ml
respectively. Each peptide was rechromatographed
on the same column with O.1M-ammonium acetate
buffer, pH7.8, and freeze-dried. The peptides A
and B accounted for the total amino acid com-
position of component LsIII (Table 2).

Peptide A contained no arginine and was assumed
to be the latter half of component LsIII.

N-Terminal sequence ofpeptide A

The peptide A, consisting of33 amino acid residues,
was applied to the sequence analyser. The washing
step with ethyl acetate (washing S2, Table 1) was
added to minimize the amount of by-products.

* Key to one-letter notation for amino acids:
A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid;
F, phenylalanine; G, glycine; H, histidine; I, isoleucine;
K, lysine; L, leucine; M, methionine; N, asparagine;
P, proline; Q, glutamine; R, arginine; S, serine;
T, threonine; V, valine; W, tryptophan; Y, tyrosine.

Vol. 141

buffer, pH7.8 (lOOml) in the mixing chamber and
0.2M-NH4HCO3 buffer, pH7.8 (lOOml) in the
reservoir. Two peaks, A-2 and A-3, were obtained.
Elution with an additional 50ml of the 0.2M-
buffer gave the fourth peak, A-4. The final linear
gradient elution from 0.2M- (lOOml) to 1.OM-
(lOOml) NH4HCO3 buffer, pH7.8, gave the fifth
peak, A-5, in 50ml. The flow rate was lml/min.
On paper electrophoresis at pH4.8, peaks A-1, A-2
and A-4 gave single spots, of which the latter two
were Pauli-positive. Peak A-3 gave two spots, A-3a
and A-3b, which migrated towards the anode. A-5
gave no clear spots on paper electrophoresis. The
amino acid compositions of the fragments are given
in Table 3.
The amino acid sequence of peptide A-4 was deter-

mined by the sequence analyser (Fig. 2). The direct
and subtractive manual Edman degradation of the
peptides A-2 and A-3a (Fig. 2) confirmed the results
and suggested that the peptide A-4 was partially
hydrolysed to peptides A-3a and A-2. The incomplete
tryptic digestion may be due to the acidic amino
acids at both sides of the lysine residue at the middle
of peptide A4. With proline at the C-terminus,
peptide A-4 is evidently the C-terminal part of the
peptide A or component LsIII. Peptide A-1 is the
N-terminal part of peptide A.

Peptide A-3b (6mg) was digested further with a-
chymotrypsin. The digest was subjected to DEAE-
cellulose column (1.2cmx 14cm) chromatography
with 0.01 M-NH4HCO3 buffer, pH7.8. After the
first peak, A-3b-I, had been eluted with the buffer in
25 ml, a linear gradient was applied with 0.01 M-
NH4HCO3 buffer, pH7.8 (lOOml), in the mixer and
0.1 M-NH4HCO3 buffer, pH7.8 (lOOml), in the reser-
voir. Three peaks, A-3b-II, A-3b-III, and A-3b-IV,
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Component LsIIl

~1
Reduced and S-carboxymethylated component Lslll (102nmg)

Citraconylated component LslIL

Tryptic digestion

Sephadex G-50 (fine grade) chromatography

Peptide A (85%)

Tryptic digestion

DEAE-cellulose chromatography

Peptide B (68%4)
Tryptic digestion

Sephadex G-25 (fine grade) chromatography

A-2, A-3, A-4

420/ 330'

Paper electrophoresis

I I

B-1
71%

a -Chymotryptic digestion

DEAE-cellulose chromatography

A-3b
51%/ B-i-I, B-41-II, B-1-rv,

62% 14.5%

a-Chymotryptic digestion

DEAE-cellulose chromatography

A-3b-II, A-3b-Il, A-3b-IV

16.5% 21.3%

VIlla, VIlib, VlIIc
7% 16.5% 36%

11.7%

Scheme 1. Enzymicfragmentation ofreducedand S-carboxymethylated component LsIII
The percentage values are the yields of the peptides at each digestion step. For further details of the peptides see the text.

were eluted successively in 100ml. Assuming that the
lysine residue is at the C-terminus of the tryptic
peptide A-3b, the peptide A-3b-I is presumed to be the
C-terminal fragment of peptide A-3b. The amino
acid analysis and four steps of manual Edman
degradation of peptide A-3b-I indicate a sequence of
T-G-T-E-I-K (Fig. 2). The glutamic acid residue
was confirmed also by leucine aminopeptidase diges-
tion. Peptide A-3b-II was revealed to be the N-
terminal part of peptide A-3b by its amino acid
composition (Fig. 2). Carboxypeptidase A digestion
of peptide A-3b-IV for 4h gave asparagine and valine
in a molar ratio of 1.0: 0.75. After nine steps' cleavage
of peptide A-3b by the sequence analyser (shown by
dotted arrows in Fig. 2) the remaining peptide was

washed out from the reaction cup and analysed for
the sequence manually, both directly and sub-

tractively. The amino acid sequence of the peptide A
concluded from the above results is given in Fig. 2.

Further fragmentation and amino acid sequence of
peptide B
On tryptic digestion, peptide B (20mg) was split

into two fragments, B-1 and B-2, the former of which
was eluted at the void volume from a column
(1.4cmx58cm) of Sephadex G-25 (fine grade)
with 0.1M-acetic acid, and the latter was retarded
on the column by an adsorption effect (Porath, 1960).
The amino acid compositions ofthe peptides are given
in Table 4.

Peptide B-2 was Ehrlich-positive and was ascribed
to the C-terminal region ofpeptide B, since it contained
arginine and no lysine. Leucine aminopeptidase
digestion of peptide B-2 for 20h produced trypto-
phan, arginine, S-carboxymethylcysteine, serine

1974

A-I,
i'tO%

A-3a,
20%

B-2
68,'

4-1-V
B-1-VIII

A-3b-I,
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STRUCTURE OF SEA-SNAKE NEUROTOXIN

Table 2. Amino acid composition of tryptic peptides from
citraconylated reduced and S-carboxymethylated com-

ponent LsIII
Theresults are expressed in molar proportions ofthe amino
acids. Values in parentheses give the nearest whole
numbers.

Lysine
Histidine
Arginine
CM-cysteine*
Aspartic acid
Threonine
Serine
Glutamic acid
Proline
Glycine
Alanine
Valine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Tryptophan

Total

Reduced and
S-carboxy-
methylated

component LsHII
3.95 (4)
1.02 (1)
1.81 (2)
8.00 (10)*
6.18 (6)
5.79 (6)
5.70 (6)
6.16 (6)
3.65 (4)
4.15 (4)
3.88 (4)
2.91 (3)
1.88 (2)
1.95 (2)
2.76 (3)
0.91 (1)
2t (2)

66

Peptide
A

2.81 (3)

3.50 (5)*
3.05 (3)
3.51 (4)
1.93 (2)
2.23 (2)
1.92 (2)
3.10 (3)
2.95 (3)
2.06 (2)
0.90 (1)
0.95 (1)
0.85 (1)
0.93 (1)

33

Peptide
B

1.03 (1)
0.83 (1)
2.42 (2)
3.41 (5)*
3.01 (3)
1.82 (2)
3.37 (4)
3.67 (4)
1.23 (2)
1.17 (1)
1.05 (1)
1.16 (1)
0.83 (1)
1.04 (1)
1.68 (2)

(+)t (2)
33

* S-Carboxymethylcysteine tends to give low values.
t Estimated spectrophotometrically (Goodwin &
Morton, 1946).
4 Tryptophan was detected by spot test with Ehrlich

reagent.

100
(a)

I.- 50 * _ 5 10 150
.0~~~~~~~0 0

>1 I
a5 1O 15

G K V' L E F G C A A T(C P S)V(N)--
7 -7 -7 -7 -7 -7 -7 -7 -7

(b) *

0 5 10 15
Residue no.

Fig. 1. N-Terminal sequences ofpeptide A
The percentage yields of phenylthiohydantoin-amino
acids in each ethyl acetate layer of a 16-step Edman degra-
dation by using a sequence analyser are shown in (a).
The amino acids identified by t.l.c. patterns (b) are given by
the one-letter IUPAC code underlined by the solid
arrows shown above (b). *, Definite spot; ,, faint spot.
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plus asparagine and alanine in the molar proportions
1.65:0.54:1.87:3.49: 1.00. No aspartic acid was
detected. Manual Edman degradation of peptide
B-2 gave the sequence shown in Fig. 2.

Peptide B-1 was treated with a-chymotrypsin and
the digest subjected to chromatography on a column
(1.2cmxl4cm) of DEAE-cellulose. After the first
peak, B-1-I, had been eluted with 0.01 M-NH4HCO3
buffer, pH7.8, in 25ml, a linear gradient was applied
with 0.01 M-NH4HCO3 buffer, pH7.8 (100ml),
in the mixing chamber and 0.1 M buffer (100ml) in the
reservoir, and peptide fractions B-1-II, B-1-Ill,
B-1-IV, B-I-V and B-1-VIwere obtained. Elution with
the second linear gradient from 0.1 M (50ml) to
1.OM (50ml) buffer gave peptide fractions B-1-VII
and B-1-VIII. The flow rate was 1 ml/min.
The peptide fraction B-I-VIII was further separated

into three components B-1-VIlla, B-1-VIIIb, and
B-1-VIIIc by paper electrophoresis at pH4.8 for
90min. Table 4 shows the amino acid compositions
of the peptides, which account for that of peptide
B-1. The N-terminal sequence study of reduced and
S-carboxymethylated component LsIII described
above gives a peptide sequence of B-I-IV-B-1-III-
B-1-VIIIb-B-1-I. Peptide B-1-I was placed at the C-
terminus of peptide B-1 because it contained lysine,
which was assumed to be the C-terminal residue of
both peptides. Carboxypeptidase A digestion of pep-
tides B-1-VIIIb or B-I-VIIIc liberated tyrosine only.
The sequences of peptides B-1-III and B-1-VIIIb

were determined by manual Edman degradation
(Fig. 2). The distinction between glutamine and
glutamic acid at positions 17 and 18 was difficult
because of the overlapping of the t.l.c. spots of Ed-
man-degradation products. The position of the amide
group was determined as follows. Peptide B-1 (8mg)
was digested with pepsin and the digest chromato-
graphed on a column (1.2cmxl4cm) of DEAE-
cellulose by using a linear gradient from 0.01M-
(100ml) to 0.2M- (100ml) NH4HCO3 buffer, pH7.8,
followed by elution with 0.2M-NH4HCO3 buffer,
pH7.8. A peptide, the amino acid composition
of which corresponded to residues 1-18 of peptide
B-i, was eluted in4Oml. CarboxypeptidaseAdigestion
of the fragment 1-18 (0.5mg) at pH7.8 (see the Experi-
mental section) liberated no amino acids. The diges-
tion of the peptide at pH 6.4 at an enzyme/substrate
ratio of 1:10 (w/w) for 24h produced 0.58mol of
glutamic acid and 0.67mol of glutamine/mol of pep-
tide. Pronase E digestion followed by leucine amino-
peptidase digestion of peptide B-1-VIIIc (approx.
0.5mg) liberated threonine (with glutamine) and glu-
tamic acid at a molar ratio of 2: 1 in addition to S-car-
boxymethylcysteine, glycine, isoleucine, leucine and
tyrosine (1 mol of each). From these results, together
with the relative electrophoretic mobility of the pep-
tides, the amino acid at position 18 wasconcluded to be
glutamic acid, and that at position 17 to be glutamine.

ti
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Table 5. Amino acid sequences ofvenom

1-29, Neurotoxins; 30-38, cardiotoxins and other toxins; 1-7 and 29, Hydrophiidae; 8-28, 30-38, Elapidae. The amino acids surrounded by solid lines are
acids see the text. p.c., Personal communication.

1. Laticauda semUfasciata R I
erabutoxin c

2. Laticauda semifasciata R I
erabutoxin b

3. Laticauda semlfasciata R I
erabutoxin a

4. Laticauda laticaudata R R
laticotoxin a

S. Laticauda laticaudata R R
laticotoxin a'

6. Enhydrina schistosa M T
toxin 5

7. Enhydrina schistosa M T
toxin 4

8. Dendroaspispolylepis R I
toxin a

9. Naja nivea toxin fi M I

10. NaJanivea toxin 6, L Q
Naja haJe toxin a

I1. Naja metanoleuca M E
toxin d

12. NaJa nigricollfs toxin a L E

13. Hemachatus haema- L E
chatustoxinII

14. Hemachatus haema- L E
chatus toxin IV

15. Nqianajaatracobro- L E
toxin

16. Bungarus multicinctus I V
a bungarotoxin

17. Dendroaspispolylepis R T
toxin r

18. Dendroaspispolylepis R T
toxin 8

19. Ophiophagus hannah T K
toxin a

20. Ophlophagus hannah T K
toxin b

21. NaJa nivea toxina I R

22. Naja melanoleuca I R
toxin b

23. NajanaJasiamensis 3 I R

24. Najanajanajatoxin4 I R

25. Na3a naJa naJa toxin 3 I R

26. Nola naja toxin A I R

27. Najanqa3toxinB I R

28. Na3anajatoxinC I R

29. Laticaudasemlfasciata R
componentLslll

30. Naja naja atra cardio- L
toxin

31. Naianajacytotoxinll L

32. Naja naja cytotoxin I L

33. Naja nigricollis L
cardiotoxin 14

34. NIa nqaa (Cambodia) L
cardiotoxin

35. Hemachatus haema- L
chatus DLF (12B)

36. Naja hale cardiotoxin L

37. Naja melanoleuca L
cardiotoxin

38. Dendroasplsangusti- T
cepstoxin FVII

5 10
F N Q H S FS5 Q

I
F N Q H S IS IQ

II
F N Q H S IS

F N H P S I IQ
F N HP SS IQ
C N Q Q S IS IQI
C N Q Q S s IQ

Y N H Q S ITIT
I I

H N Q Q S SQ

H N Q Q SISQ

H N Q Q S ISIQ

H N Q Q S ISIQ
H N Q Q S IS Q

H N Q Q S IS Q

H TTA TIl

N KITIF
I I

N KITIF
Y V1T1P

Y VITIP

F I IT |P

F I ITIP
I I

F I ITIP
F I ITP

F I ITIP

F I 'T'P
F ITI P

F I ITIP

P Q T T

P Q T T

P Q T T

P Q T N

P Q T N

P K T T

P K T T

R A T T

R P T I

P P T T

P P T T

P P T T

P P T T

T P T T

T P T T

P S S A

S D Q S

S D Q S

D V K S

D A T S

D V T S

D V T S

D I T S

D I T S

D I T S

D I T S

D I T S

D I T S
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K T rn

K T

K T

K S

K S

T N

T N

K S

K T

K T

K T

K T

K S

Q T

T G

V T

K I

K I

Q T

Q T

Q A

Q I

K D

K D

K D

K D

K D

K D

c

c

c

c

c

C

C

C

Cl

c

c

c

c

c

c

c

c
c

c

c
c
c

c

c

c
c

c
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P S G S E

P S G S E

P S G S E

PP G E N

PP G E N

A E S

A E S

E E N

P G E T

P G E T

P G E

P G E

P G D

P G E

S G G E

P P G E

PP G E

P P G E

P A G E

P D G E

P D G

A D G

P N G

P N G

P N G

P N G

P N G

P N G

S

S

S

S

S

S

S

S

N

N

T N

T N

T N

T N

T N

N L

N I

N I

N I

N I

H V

H V

H V

H V

H V

H V

H V

H V

25
C Y

C Y

C Y

C Y

C Y

C Y

C Y

C Y

C Y

C Y

C Y

C Y

C Y

C Y

C Y

C Y
C Y

c Y
C Y

C Y

C Y

c Y

C Y

C Y

C Y

C Y

C Y

-C YI

H K Q

H K Q

N K Q

N K Q

N K Q

30
W S

W S
W S

W R

W R

D
D
D

D

K K T IWIS ID

K K T

K K Y

K K R

K K R

K K Q

K K V

N K R

K K Q

K K R

R K M

T K T

T KT

T E T

T K T

T K M

T KT

T KT

T KT

T KT

T KT

T KT

T KT

w

w

'l

w

w

w
w
w
w
w
w
w
w

w
w
w
w

w
w
w
w

s

R

R

R

S

R

R

s

R

C

C

C

C

C

C

C

C

C

C

C

C

C

D

D

DJ

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D
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F

F

H

H

H

H

H

H

H

H

H

H

H

H

A F C S S

A WC S Q

AWC S Q

A WC S T

G F CS S

N F C G M

N FC A S

A FC S I

G FC S S

G FC S I

G FC S I

G FC S S

A FC S I

R

R

R

R

R

R

R

R

R

R

R

R

R

R

.R

R

R

R

R

R

R
R

L N P HD T Q TICIP S GQ E I IC YjV KSLW C NA WC S S[R

K L V P L

K L V P L

K L I P L

Q L I P P

K L I P I

K L V P F

K L V P P

K L V P I

F.Y K T

F Y K T

A Y K T

F W.K T

A S K T

L S KT

c

c

c

c

c

c

P A G K N L

P A G K N L

P A G K N L

P K G K N L

P A G K N L

P E G K N L

V WK T C P E G K N L

A H K T C P A G K N L

T TS RAI L T NLCJG PE

c Y

c Y

c Y

c Y

c Y

c Y

c Y

c Y

K MF MV A

K MY MV A

K MY MV S

K MT MR A

K MFMMS

K MT ML K

K MF MV S

Q M Y M V S

T P

T P
N K

A P

D L

M P

T S

K S

pN SIC YIR K S R R HP
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C
C
C
[C
C
C
C
C

C

C

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

EICIY

K

K

K

K

K

K

K

E

MA

c

c

c

c

c

c

c

c

C

N

N

N

N

N

H N

H

N

Y S H T
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componentsfrom Hydrophiidae andElapidae

found incommon atthe samepositionsand those surrounded by the dottedlines havesimilargoups at thesame positions. Forkey to IUPACnotationsforamino

G

G

G

G

G

G

0

G

G

G

G

G

G

G

0

0

G

G

G

G

G

G

G

G

G

G

G

G

40
T I I E R

T I I E R

T I I E R

T I T E R

T I T E R

T R I E R

T R I E R

T I I E R

T I I E R

S I T E R

T I I

TI I

T I I

S R T

Y R T

K V V

K R V

KI V

K R V

K R I

K R V

K R V

K R V

K R V

K R V

K R V

K R V

K R V

E R

E R

E R

E R

E R

E L

E L

E L

D L

N L

D L

D L

D L

D L

D L

D L

D L

D L

45
G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G C

G

G

G

G

G

G

G

G

G

0

G

G

G

G

G

A A T

A A T

A A T

A A T

A A T

A A T

A A T

A A T

A A T

A A T

A A T

A A T

A A T

50
C P

C P

C P

C P

C P

C P

C P

C P

C P

ocp

C P

C P

C P

c P

C P

C P

C P

C P

c P

C P

C P

C P

C P

C P

c P
C P

T yFxip
. V rKIP
T VIKIP

T VIKIP
Q VI K, S

Q VIK S

Q V K'P
K VIKIP

I
S VI Kl K

S VIKIK

I

S VIK'K
T VIKIP
T V'KIP

T V KIP
S VlKIN
S KIKIP
K V1K'A
K ViKIA
I VIKiP
I V IKIP
K VIK IP
K V K P

T V KIP

T VIK T

T V R T

T V RIT
T VIRIT

T V,R1T
T VIKIT

K V L E FIG CIA A TIC PIS V N T

K V P V K R

K V P V K R

T V P V K R

M V P V K R

T I P V K R

KI P I KR

T V P V K R

T I P V K R

G C

O C

G C

G C

G C

G C

G C

G C

K M V L G R G C

I DV

I DV

I DV

I DV

I DV

T D A

I DV

I DV

c P

c P

c P

c P

c P

c P

c P

cP

K S S

K S S

K N S

K S S

KS N

KS S

K N S

KS S

55
0 1 NFLl1s

I
GI KjLIS
G I K LIS

G I KLIT

GI KIL,T

GI K L E

GI K1L1E

G V G0I H

i IIIG V G I IN

'I

01 NIL1K
01 K'L'K

I l

Y E EIVIT

0 V E II K

0 V EilI K

G V EII IK

G V DII 'K

G V NI 'K

G V N'IIK

G V DII IQ
0 V DIIIQ

G V DI QII
G V DE IQ
G V DIIQK
G V DII Q
O T E I IK
G T ELI_I K

L V

L V

L V

L L

L L

L L

A L

L L

L K Y

L K Y

L K Y

I K Y

V K Y

V K V

V K Y

V K Y

V

V

E

M

V

V

V

V

60
C C

C c

C C

C C

C c

C C

C c

c c

C C

C C

C C

C c

C c

C C

C C

C C

C C

C C

C C

C C

C C

C C

C C

C C

C C

CC

C C

CC

E S

E S

E S

Q S

Q S

H T

H T

Q S

K T

T T

65
E V

E V

E V

E D

D D

N E

N E

D K

D K

D K

T T DR

T T D K

TT D R

TT D R

TT D R

ST D K

ST D D

ST D N

ST D N

ST D N

SR DN

ST D N

ST D N

ST D N

ST D N

ST D D

ST D D

ST D D

C CIS A

c c

c c

c c

c c

c c

c c

c c

c c

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

N N

N N

N N

N N

N N

N N

N N

N Y

N R

N N

N N

N N

N N

N K

N N

N H

D K

N K

N P

N P

N P

N P

N P

N P

N P

D T

D T

D T

70

P P K R Q

F Q F G K

F K F G K

F P T WR

F P T WK

F P T R K

F P T R N

F P T R K

F P T R K

F P T R K

F P T R K

F P T R K

F P T R K

D KICIN T Y P

NT D R

NT D R

NT DR

NT D K

NT D R

NK D K

S T D K

NT D R

C

C

C

C

IC
C

C

C

N

N

N

N

N

N

N

N

G CPP G D D N L E V K C_CIT S P D KWC N Y

75 Total Reference
62 Tamiya &

Abe (1972)
62 Sato &

Tamiya (1971)
62 Sato &

'Tamiya(1971)
62 A. Sato, p.c.

62 A. Sato, p.c.

60 Fryklund et
al. (1972)

60 Fryklund et
al. (1972)

60 Strydom
(1972)

61 Botes (1971)

61 Botes et al.
(1971); Botes
& Strydom
(1969)

61 Botes(1972)

61 Eaker &
Porath(1967)

61 Strydom &
Botes (1971)

61 Strydom &
Botes (1971)

62 Yang etal.
(1969)

P G 74 Mebsetal.
(1972)

P R 72 Strydom
(1972)

P R 72 D. J. Strydom,
P.C.

K R P 73 Joubert(1973)

R R H 73 Joubert(1973)

R S 71 Botes (1971)

R P 71 Botes(1972)

R P 71 E. Karisson,
P.C.

R P 71 E. Karisson,
P.C.

R P 71 E. Karlsson,
P.C.

R P 71 Nakaiet al.
(1971)

R P 71 K. Hayashi,
P.C.

R P 71 K. Hayashi,
P.C.

66 Present paper

60 Narita & Lee
(1970)

60 Takechi et at.
(1972)

60 Hayashi et al.
(1971)

60 0. P. Botes,
P.C.

60 0. P. Dotes,
P.C.

61 Fryklund &
Eaker (1973)

60 0. P. Botes,
P.C.

60 0. P. Botes,
P.C.

61 Viljoen &
Botes (1973)
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Peptide B

Peptide A

B-i
5 10 15 20 25 30

R E C Y L N P HI D T Q T C P S G Q E I C Y V K S W C N A W C S S R
B-1-IV <- ~B-1-VIlIIc > --FB-2

I~~~~~~~~~~~~ ~~~~ -\ -s-s\I

( -B-1-lil > #B-1-Villb

35 40 45 50 55 60 65
G K V L E F G C A A T C P S V N T G T E I K C C S A D K' C N T Y P

I I 1- 1- v .I v v-I

IA-l A-3b >A-4^

*- A-3b-lI1-+ A-3b-IIIll A-3a A-2

Ab 1A-3b-lV-bIV A-3b-l

I 2
Fig. 2. Amino adid sequence ofcomponent LsIII

Peptides are shown by bars with names (for notation see the text). -, Amino acids detected by Edman degradation;
--I, amino acids cleaved off by the sequence analyser for the purpose of obtaining a residual peptide. y, Amino
acids detected by carboxypeptidase A digestion; 4 and 'f, indicate the bonds cleaved by trypsin and
a-chymotrypsin respectively; , * show the partial cleavage by the enzymes.

Location of disulphide bridge between Cys-26 and
Cys-30
Component LsIII (2.4mg) was treated with iodo-

acetate in 8M-urea in the same manner as for
the preparation of reduced and S-carboxymethylated
component LsIII, except that the prior reduction
with 2-mercaptoethanol was not done, and gel-
filtrated on a column (1.2cmx23cm) of Sephadex
G-25 (fine grade) in 0.1M-acetic acid. No carboxy-
methylcysteine was detected in the acid hydrolysate
of the freeze-dried preparation, indicating that all
the half-cystine residues are in disulphide state.
Component LsIII (7mg) was digested with pepsin

in 0.01 M-HC1 (1.0ml) at an enzyme substrate ratio
of 1: 25 (w/w) at 37°C for 40h. Two peptides, S-3 and
S-4, were eluted later than the salts with 0.1 M-acetic
acid on application of the digest to a column
(1.4cmx 58 cm) of Sephadex G-25 (fine grade). Both
of them were Ehrlich positive, containing 2 trypto-
phan residues/molecule judged from the u.v.-absorp-
tion values. Peptides S-3 and S-4 gave 2 (1.92 and 1.81
respectively) cysteic acid residues/molecule of valine,
lysine, serine, aspartic acid and alanine and aspartic
acid and alanine respectively, in the amino acid
analyses after the performic acid oxidation of the
peptides. Their structures are therefore concluded to
be as follows:
22 23 24 25 26 27
Val-Lys-Ser-Trp-Cys-Asn\28

Ala

Cys-Trp
30 29

Peptide S-3

25 26 27
Trp-Cys-Asn 28

Ala

Cys-Trp
30 29

Peptide S-4

The isolation of these peptides suggested the
disulphide linkage between half-cystine residues
at positions 26 and 30, making an extra loop.
The positions of other disulphide bridges are

assumed to be the same as other venom components
from the sequence homology (short-chain toxins,
Endo et al., 1971; Yang et al., 1970; Takechi &
Hayashi, 1972; long-chain toxins, Botes, 1971;
Ohta & Hayashi, 1973).

Discussion

The amino acid sequence of component LsIII is
given in Fig. 2. The sequence is clearly homologous
to all the neurotoxins and cardiotoxins from
Hydrophiidae and Elapidae snakes for which amino
acid sequence analysis is available. Ten half-cystine
residues are at the same positions as in long-chain
toxins, making an additional loop between residues
26-30 (Fig. 2) or 30-34 (Table 5). Component LsIII
is the first sea-snake venom component with five
disulphide bridges.

It is of interest that component LsIII is a weak and
reversible neurotoxin and not a cardiotoxin and that
its structure lies between the two types of toxins.
Component LsIII shares tryptophan-29, arginine-37
and glycine-38 with neurotoxins in addition to eight
half-cystine residues, tyrosine-25, glycine-44 and
proline-50, which are common to all neuro- and
cardio-toxins.

Tryptophan-29 is considered to be an indispens-
able residue from chemical modification studies
(Chang & Hayashi, 1969; Seto et al., 1970; Chiche-
portiche et al., 1972; Karlsson & Eaker, 1972; Chang
&Yang, 1973).

1974

398
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Component LsIII is different, however, from other
neurotoxins, especially in five features.

(1) In component LsHII, the tail is missing compared
with a long-chain toxin. Thus component LsIII has
a total length of 66 residues, which lies between the
length of short-chain and long-chain toxins. Karlsson
et al. (1972) reported that the removal of the
C-terminal four residues from Naja naja siamensis
toxin 3 (no. 23, Table 5) decreased its toxicity to
one-half the original value. Strydom (1973) discussed
the possibility that the seven extra residues of
'nonsense' sequence at the C-terminus could easily
be added by a single base change in the original
terminating codon.

(2) Component LslII is a neutral protein with an
isoelectric point of pH7.2, whereas other neuro-
toxins are basic proteins. Component LsIIl has seven
carboxyl groups and seven amino and guanidyl
groups; the only extra charge may be due to histidine-
8. Giving the molecule a net positive charge by
modifying the carboxyl groups with a carbodi-imide
and glycine methyl ester, however, did not affect the
toxicity (H. Hori & N. Tamiya, unpublished work).

(3) Aspartic acid-31, which is common to neuro-
toxins, is missing. Chang etal. (1971) reported that the
modification of this residue in cobrotoxin (no. 15,
Table 5) did not destroy the toxicity.

(4) The usual positive charge at position 53 is
missing in component LsIII. Chang et al. (1971)
reported that the modification of the lysine at this
position of cobrotoxin (no. 15, Table 5) with tri-
nitrobenzenesulphonate destroyed the toxicity, and
Karlsson et al. (1972) reported that the acetylation
of lysine at this position of Naja naja neurotoxins
(nos. 23 and 25, Table 5) did not affect the toxicity.

(5) The usual hydroxyl group at position 9 is missing
in component LsIII.

It may be possible to explain the weak and
reversible neurotoxicity of component LsIII by one
or some of these features. It is noteworthy that this
fairly ineffective component accounts for about 10%
by weight of the venom protein. Strydom (1973)
suggested from computer analysis of the sequences
of venom components (nos. 10, 9, 14, 13, 12, 15, 3, 2,
21, 22, 11, 8, 17, 30, 16 and 26, Table 5) that
Naja naja atra cardiotoxin (no. 30, Table 5) is most
closely related to the prototype ofvenom components.
The poorly effective component LsIII, with a struc-
ture between those of neuro- and cardio-toxins, may
be a fossil component preserved in the venom.

We are grateful to Dr. D. P. Botes, Dr. K. Hayashi,
Dr. E. Karlsson, Dr. A. Sato and Dr. D. J. Strydom for
providing the amino acid sequences of the venom com-
ponents in advance of the publication. The research was
supported by grants from the Ministry of Education,
Japanese Government.
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