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For examination of the structure-activity relationship of STy, five shorter analogs of ST lacking one to five
N-terminal amino acid residues of ST, were synthesized. The synthetic peptides were confirmed to have the
same intramolecular disulfide linkages as those in native STi. These peptides caused fluid accumulation in
the intestine of suckling mice at almost the same molar levels as that of native STx. The toxicities of these
peptides were also neutralized by antisera raised against native ST These results indicated that the toxic and
antigenic sites of ST are both located in the amino acid sequence between the Cys residue at the 5th posi-
tion from the N-terminus and the C-terminal Tyr residue.

Heat-stable enterotoxins (named ST: and ST;) have
been isolated from various strains of enterotoxigenic
Escherichia coli and their amino acid sequences of 19
and 18 residues, respectively, have been determined!-?
to be as shown in Fig. 1. These toxins are very similar
in primary structure and have the same amino acid
sequence from the Tyr residue near the N-terminus to
the Tyr residue at the C-terminus, except at position 4
from the C-terminus. Six half-cystine residues are con-
served in the same relative positions and are linked
intramolecularly by disulfide bonds. These facts sug-
gest that the common sequence is important for the
toxicity and heat-stability of the toxins. However, it is
difficult to obtain a large amount of the toxin from the
culture supernatant of the bacteria, and so apart from
these suggestion from the primary structures, little is
known about the biological properties of the toxin,
except that it seems to act on the guanylate cyclase-
cyclic GMP system.8-10 In the preceding paper,!? we
reported a method for chemical synthesis of ST in large
quantity. This made it possible to investigate the bio-
chemical and biological properties of the toxin and its
analogs.

As part of an investigation of the structure-activity
relationship of STy, in this work, we synthesized several
shorter analogs of STh. We also found that a sequence
lacking the five N-terminal amino acid residues of ST,
which is identical to that of ST, except for the 4th
residue from the C-terminus, has the same biological
properties as those of native STh.

Experimental

The general experimental and analytical methods used

were described in the preceding paper.}? The abbreviations
used in this paper are those recommended by the IUPAC-
IUB [J. Biol. Chem., 247, 977 (1972)]. Additional abbrevia-
tions are: MBzl, p-methylbenzyl; TFA, trifluoroacetic acid;
DMF, N,N-dimethylformamide; TEA, triethylamine;
DMSO, dimethyl sulfoxide.

Z-Ser-Ser-OMe (la). Z-Ser-N2H3 (12.7 g, 50.0 mmol)
was dissolved in DMF (200 ml) and cooled below —20 °C.
The solution was mixed with 4.39M HCI (1M=1 mol dm™3)
in dioxane (34.2 ml) and isopentyl nitrite (7.40 ml), stirred at
the same temperature for 30 min, and then mixed with H-
Ser-OMe-HCI (8.6 g, 55 mmol) and N-methylmorpholine
(16.5 ml). The mixture was stirred at 3 °C for 24 h in a refri-
gerator. The precipitate formed was removed by filtration
and the filtrate was concentrated to dryness under reduced
pressure. The residue was triturated and recrystallized from
AcOE¢; wt 13.6 g (79.9%), mp 142—142.5°C, [a]® +10.1° (¢
1.1, DMF).

Found: C, 52.94; H, 5.89; N, 8.28%. Calcd for C1sH2007N2:
C, 52.94; H, 5.92; N, 8.23%.

Z-Ser-Ser-N2H3(1b). Compound la (5.1 g, 15 mmol)
was dissolved with 100% hydrazine hydrate (7.50 ml) in
MeOH. The solution was stirred at room temperature over-
night, and the precipitate formed was collected and boiled in
hot MeOH. The mixture was cooled and the precipitate was
collected by filtration; wt 3.6 g (70.5%), mp 205 °C (dec), [«]®
+16.0° (¢ 0.9, DMF).

Found: C, 48.99; H, 5.90; N, 16.40%. Calcd for CisHz2o-
OsN4: C, 59.41; H, 5.92; N, 16.46%.

Z-Ser-Ser-Asn-Tyr-OEt (Ic). Z-Asn-Tyr-OEu? (5.95
g, 13.0 mmol) was dissolved in MeOH (100 ml) and hydro-
genated over 5% palladium-charcoal at atmospheric pres-
sure. The catalyst was filtered off and the filtrate was
concentrated to a solid under reduced pressure. The solid
was collected with ether. Meanwhile, compound Ib (3.40 g,
10.0 mmol) was dissolved in DMF (80 ml) and cooled below
—20°C. The solution was mixed with 4.39M HCI in

1 5 10 15
STh A;n-Ser-Ser-Asn-T;/r-Cys-Cys-G'l u-Leu-Cys-Cys-Asn-Pro-Al a-C)'ls-Thr-G'Iy-Cys-Tyr
STp Asn-Thr-Phe-Tyr-Cys-Cys-Glu-Leu-Cys-Cys-Asn-Pro-Ala-Cys-Ala-Gly-Cys-Tyr

Fig. 1.

Amino acid sequences of heat-stable enterotoxins (STp and ST,) isolated from enterotoxigenic
Escherichia coli strains SK-1 and 18D, respectively.

111 Present address: The Institute of Medical Science, The University of Tokyo, Shirokanedai 4-6-1, Minato-ku, Tokyo

108.



September, 1984]

dioxane (8.2ml) and isopentyl nitrite (1.77 ml) and then
stirred at the same temperature for 20 min. The solution
was mixed with N-methylmorpholine (3.96 ml) and the
above solution of the solid in DMF (20 ml). The solution
was stirred at 2—3 °C for 3d and concentrated to dryness
under reduced pressure. The residue was triturated in AcOEt
and the resulting precipitate was twice reprecipitated from
EtOH and AcOEt; wt 3.2 g (50.7%), mp 180.5—183 °C, [a]®
+7.1° (¢ 1.1, DMF).

Found: C, 53.31; H, 5.95; N, 10.72%. Calcd for CzHs7-
OuN;-Hz0: C, 53.62; H, 6.05; N, 10.78%.

Z-Ser-Ser-Asn-Tyr-NoH3 (Id). Compound Ic (3.5g,
5.5 mmol) was dissolved in DMF (30 ml) and mixed with
100% hydrazine hydrate (2.75 ml). The mixture was stirred
at room temperature overnight and the precipitate formed
was collected with EtOH. The precipitate was boiled in
EtOH, cooled to room temperature, and filtered; wt 3.3 g
(92.0%), mp 218 °C (dec), [a]¥ —6.5° (¢ 1.0, DMSO).

Found: C, 51.56; H, 5.71; N, 15.82%. Calcd for Cz7Hss-
010N7.1/2H:0: C, 51.75; H, 5.79; N, 15.65%.

Z-Ser-Ser-Asn- Tyr-Cys(MBzl)-Cys(MBz1l)-Glu~ Leu-Cys-
(MBzl)-Cys(MBzl)-Asn-Pro-Ala-Cys(MBzl)-Thr-Gly-Cys-
(MBzl)-Tyr-OBzI(I). Compoud V12 (1.18 g, 0.5 mmol)
was dissolved with anisole (0.2 ml) in TFA (10 ml) at 0°C
and stirred at room temperature for 2h. The solution was
concentrated to a solid under reduced pressure. Meanwhile,
compound Id (463 mg, 0.75 mmol) was suspended in DMF
(5ml) and cooled below —50°C. The suspension was
mixed with 6.72M HCI in dioxane (0.51 ml) and isopentyl
nitrite (0.11 ml) and stirred at —20 °C for 30 min. The suspen-
sion became clear during this procedure, and was then
mixed with N-methylmorpholine (1.0 ml) and a solution of
the above solid in DMF. The mixture was stirred at 0 °C for
10d and concentrated to dryness under reduced pressure.
The residue was triturated in EtOH; wt 1.23 g (88.4%), mp
193 °C (dec), [a]?’ —43.2° (¢ 1.0, DMSO). Amino acid ratio
in the acid hydrolysate: Asp, 1.80 (2); Thr, 0.95 (1); Ser,
1.35 (2); Glu, 0.96 (1); Pro, 1.03 (1); Gly, 1.00 (1); Ala, 1.01
(1); 1/2Cys, not determined; Leu, 0.97 (1); Tyr, 1.68 (2).

Found: C, 57.87; H, 6.67; N, 9.66; S, 6.80%. Calcd for Cyss-
H172030N20S6 - 4H20: C, 58.05; H, 6.35; N, 9.81; S, 6.74%.

Z-Ser-Asn-Tyr-NoH3 (Ila). Z-Ser-Asn-Tyr-OEt!?
(5.8 g, 10.7 mmol) was dissolved in DMF (30 ml) and mixed
with 100% hydrazine hydrate (10.0 ml). The mixture was
stirred at room temperature for 6 h and then concentrated
to a solid under reduced pressure. The solid was recrystallized
from DMF and EtOH; wt 5.8 g (100%), mp 241.5 °C (dec), [«]®
—11.5° (¢ 1.0, DMSO).

Found: C, 52.60; H, 5.72; N, 15.60%. Calcd for Ca4Hso-
0sNg-H20: C, 52.55; H, 5.88; N, 15.32%.

Z-Ser- Asn-Tyr-Cys(MBzl)-Cys(MBzl)-Glu-Leu-Cys(MBzl)-
Cys(MBzl)- Asn-Pro-Ala-Cys(MBzl)- Thr-Gly-Cys(MBzl)-Tyr-
OB:l (Il). Compound V12 (1.18 g, 0.5 mmol) was dis-
solved with anisole (0.23 ml) in TFA (10 ml) at 0 °C and stir-
red at room temperature for 2h. The solution was concen-
trated to a solid under reduced pressure. Meanwhile, com-
pound IIa (318 mg, 0.6 mmol) was suspended in DMF (5
ml) and cooled below —50°C. The suspension was mixed
with 4.39M HCI in dioxane (0.41 ml) and isopentyl nitrite
(0.09 ml) and stirred at —20 °C for 30 min. Then the result-
ing solution was mixed with N-methylmorpholine (1.0 ml)
and a solution of the above solid in DMF (5 ml). The mix-
ture was stirred at 0°C for 2d and concentrated to dryness
under reduced pressure. The residue was triturated in
0.1 M HCI and collected. The material was boiled in hot
EtOH and filtered after cooling to room temperature; wt 1.22
g (90.5%), mp 195 °C (dec), [«]$$—46.3° (c 1.0, DMSO). Amino
acid ratio in the acid hydrolysate: Asp, 1.90 (2); Thr, 0.93
(1); Ser, 0.79 (1); Glu, 0.97 (1); Pro, 1.02 (1); Gly, 1.00 (1);
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Ala, 1.10 (1); 1/2Cys, not determined; Leu, 0.94 (1); Tyr, 1.81
(2).

Found: C, 58.82; H, 6.47; N, 9.52; S, 7.02%. Calcd for Cas-
Hi67028N10S6 - 3H20: C, 58.95; H, 6.34; N, 9.68; S, 7.00%.

Z-Asn-Tyr-N2H3 (Hla). Z-Asn-Tyr-OEu? (4.57g,
10.0 mmol) was dissolved in DMF (30 ml). The solution
was mixed with 100% hydrazine hydrate (15 ml) and stirred
at room temperature overnight. The gelatinous precipi-
tate formed was collected with ether and reprecipitated from
DMF and EtOH; wt 4.2 g (94.7%), mp 248 °C (dec), [a]®—9.5°
(c 0.5, DMSO).

Found: C, 54.91; H, 6.04; N, 15.58%. Calcd for Ca1H2506-
Ns-H20: C, 54.66; H, 5.90; N, 15.18%.

Z-Asn-Tyr-Cys(MBzl)-Cys(MBzl)-Glu-Leu-Cys(MBz1)-Cys-
(MBzl)-Asn-Pro-Ala-Cys(MBzl)}- T hr-Gly-Cys(MBzl)}-Tyr-OBzl
(). Compound V12 (1.18 g, 0.5 mmol) was dissolved
with anisole (0.23 ml) in TFA (10 ml) at 0 °C and stirred at
room temperature for 2 h. The solution was concentrated to
a solid under reduced pressure. Meanwhile, compound IIla
(266 mg, 0.60 mmol) was dissolved in DMF (5 ml) and cooled
below —50°C. The solution was mixed with 4.39M HCI in
dioxane (0.41 ml) and isopentyl nitrite (0.09 ml), stirred at
—20 °C for 30 min and then mixed with N-methylmorpholine
(1.0 ml) and a solution of the above solid in DMF (5 ml).
The mixture was stirred at 0 °C for 3 d and then evaporated
to a solid under reduced pressure. The solid was precipitated
from DMF and EtOH; wt 1.16 g (88.9%), mp 203.5 °C (dec),
[a]}¥ —46.9° (¢ 1.0, DMSO). Amino acid ratio in the acid
hydrolysate: Asp, 1.92 (2); Thr, 0.92 (1); Glu, 0.98 (1); Pro,
1.00 (1); Gly, 1.00 (1); Ala, 1.03 (1); 1/2Cys, not determined;
Leu, 0.99 (1); Tyr, 1.85 (2).

Found: C, 59.46; H, 6.56; N, 9.38; S, 7.36%. Calcd for Ciss-
Hi62026N18Ss - 3H20: C, 59.53; H, 6.36; N, 9.47; S, 7.22%.

Z-Tyr-Cys(MB21)-Cys(MBzl)}-Glu-Leu-OEt (IVa). Boc-
Cys(MBzl)-Cys(MBzl)-Glu(OBu!)-Leu-OEt?2 (4.28g, 5.0
mmol) was dissolved in CH2Clz (60 ml) and TFA (12.0 ml)
was added to the solution. The solution was stirred at
room temperature for 40 min and concentrated to a solid
under reduced pressure. Meanwhile, Z-Tyr-NzH3(1.98 g, 6.0
mmol) was dissolved in DMF (15.0 ml), cooled below —50
°C and mixed with 4.39M HCI in dioxane (4.1 ml) and iso-
pentyl nitrite (0.88 ml). The solution was stirred at —20 °C
for 30 min and then mixed with N-methylmorpholine (1.98
ml) and a solution of the above solid in DMF (10 ml). The
mixture was stirred at 0—2 °C for 24 h and then concentrated
to dryness under reduced pressure. The gelatinous residue
was collected with AcOEt and reprecipitated from EtOH; wt
3.8 g (76.0%), mp 186.5—189.0 °C, [«]¥—14.3° (¢ 1.0, DMSO).

Found: C, 61.67; H, 6.48; N, 6.95; S, 6.27%. Calcd for
Cs2Hes011N5S2- H20: C, 61.33; H, 6.63; N, 6.88; S, 6.30%.

Z-Tyr-Cys(MBz1l)-Cys(MBzl)-Glu-Leu-N2Hs (IVb).
Compound IVa (3.8 g, 3.8 mmol) was dissolved in DMF (30
ml), mixed with 100% hydrazine hydrate (3.8 ml) and stirred
at room temperature for 24h. The precipitate formed was
collected with EtOH, boiled in EtOH, cooled to room tem-
perature and filtered; wt 3.0 g (80.0%), mp 212.5 °C (dec), [a]¥
—14.7° (¢ 1.0, DMSO).

Found: C, 60.09; H, 6.69; N, 10.28 S, 6.51%. Calcd for
Cs0HesO10N7S2 - 1/2H20: C, 60.34; H, 6.48; N, 9.85; S, 6.44%.

Z-Tyr-Cys(MBzl)-Cys(MBzl)-Glu-Leu-Cys(MBzl)}-Cys(MBzl)-
Asn-Pro-Ala-Cys(MBzl)-Thr-Gly-CystMBzl)-Tyr-OBzl (IV).
Compound V2 (1.64 g, 1.0 mmol) was dissolved with anisole
(0.46 ml) in TFA (20 ml) at 0°C and stirred at room tem-
perature for 30 min. The solution was concentrated to a
solid under reduced pressure. Meanwhile, compound IVb
(1.18 g, 1.2 mmol) was dissolved in DMF (5 ml) and cooled
below —50 °C. The solution was mixed with 4.39M HCl in
dioxane (0.82 ml) and isopentyl nitrite (0.18 ml), stirred at
—20 °C for 30 min, and was then mixed with TEA (1.2 ml)
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and a solution of the above solid in DMF (7 ml). The mix-
ture was stirred at 0°C for 5d and concentrated to dryness
under reduced pressure. The residue was collected with
EtOH, boiled in EtOH, and cooled to room temperature. The
solid material was collected by filtration; wt 1.60 g (64.1%),
mp 201.0 °C (dec), [a]§ —54.4° (¢ 1.0, DMSO). Amino acid
ratio in the acid hydrolysate: Asp, 0.96 (1); Thr, 0.87 (1); Glu,
0.97 (1); Pro, 0.99 (1); Gly, 1.00 (1); Ala, 1.01 (1); 1/2Cys, not
determined; Leu, 1.02 (1); Tyr, 2.09 (2).

Found: C, 60.93; H, 6.44; N, 8.88; S, 7.69%. Calcd for Cizs-
Hi5602:N10S6- 2H20: C, 60.74; H, 6.37; N, 8.85; S, 7.60%.

Boc-Cys(MBzl)-Cys(MBzl)-Glu(OBw)-Leu-Cys(MBz1l)-Cys-
(MBzl)-Asn-Pro-Ala-Cys(MBz1)- T hr-Gly-Cys(MBzl)- Tyr-OBzl
(V). This compound was synthesized as described in
the preceding paper.’? Amino acid ratio in the acid
hydrolysate: Asp, 0.95 (1); Thr, 0.89 (1); Glu, 0.96 (1); Pro,
0.93 (1); Gly, 1.00 (1); Ala, 1.03 (1); 1/2Cys, not determined;
Leu, 0.99 (1); Tyr, 0.95 (1).

Deprotection, Air-oxidation and Purification of Toxic Peptides.
Protected peptides I, II, III, IV, and V (100 pmol each) were
treated with anhydrous liquid hydrogen fluoride (10 ml)®
and spontaneously air-oxidized under similar conditions
to those used for synthesis of STy. The air-oxidized materials
were purified by ion-exchange chromatography on DEAE-
Sephadex A-25 under the conditions described previously.1¥
The peak fractions eluted were separated and assayed by the
method described below. The toxic fractions were lyophilized
and purified further by high-performance liquid chromatog-
raphy (HPLC) under the conditions used for purification
of STh, as described in the preceding paper.!? The highly
toxic fractions were isolated and lyophilized. The yields of
purified peptides, STy[2-19], ST4[3-19], STx[4-19], STx[5-19],
and STu[6-19], were about 4.8, 5.8, 4.8, 5.3, and 27.4%
on the basis of the amounts of the protected peptides I, II, III,
IV and V, respectively.

Biological Assay. ST activity was assayed in suckling
mice of 2—4d old, as described previously.?

Boc-[2-5]~N2H3 Boc-[6-9]-N2H3

Boc-[3-5]~N2H3

H. Ikemura, H. WaTANABE, S. AiMoTO, Y. SHIMONISHI, S. HARrA,
T. Takeapa, Y. TAkepA, and T. MIWATANI
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Aminopeptidase M Digestion of STh and its Analogs.
Native and synthetic STx and synthetic analogs of ST (ca.
100 pg) were digested with aminopeptidase M (5ug) in
0.1M Tris HCI buffer (100 pl) under the conditions described
in the preceding paper.!? The digested peptides were sepa-
rated by HPLC as described in the preceding paper.1?

Edman Degradation. A sample peptide (ca. 100ug)
was allowed to react with phenyl isothiocyanate (40 pl) in
50% aq pyridine (0.3 ml) adjusted to pH 9.6 with N-methyl-
morpholine at 40 °C for 60 min. The reaction mixture was
washed three times with benzene and then lyophilized.
The lyophilized material was treated with a few drops of
TFA at 40°C for 20 min and dried under a stream of ni-
trogen. The residue was dissolved in 0.5M AcOH (0.2 ml)
and washed with AcOEt. The aqueous layer was applied
directly to a YMC-packed column ODS A-324 (10X300
mm) and the adsorbed material was eluted with a linear
gradient of 10—40% acetonitrile in 0.05% TFA (pH 2.35)
at a flow rate of 3 ml/min. The peak fractions were sep-
arated and lyophilized.

Heat-treatment. Synthetic peptides were each dis-
solved in 0.01M phosphate buffer (pH 7.2) at a concentration
of 200 ug/ml. Sample solutions were sealed in capillary
tubes and placed for given periods in an electric oven con-
trolled at the required temperature. Then the tubes were
rapidly cooled in an ice-bath and part of the solution (50 ul)
was subjected to HPLC. HPLC was performed on a column
of LiChrosorb RP-8 (4.6X250 mm). The column was deve-
loped with a linear gradient of 10—35% acetonitrile in 0.01M
ammonium acetate (pH 5.7) with increase in acetonitrile of
1%/min at a flow rate of 0.5 ml/min.

Results and Discussion

Syntheses. First, protected linear peptides I to
V lacking one to five N-terminal amino acid residues of
STh, respectively, were synthesized, as shown in the

Boc-[10-19]-0Bz1 Boc-[5-9]-N2H3

Boc-[4-5]-N2H3

Azide

l Azide

Boc-[6-19]-0Bz1 Boc-[5-19]-0Bz1
(v) (1v)

1 Azide
Boc-[2-19]-0Bz1 (I)
(11)
Boc-[4-19]-0Bz1 (III)

Boc-[3-19]-08Bz1

1) HF-treatment

2) Air-oxidation

3) Ion-exchange Chromatography
4) HPLC

STh(2-19]
STh(3-19]
ST [4-19]
ST, [5-19]
ST, (6-19]

Fig. 2. Scheme for syntheses of shorter analogs of ST}.



September, 1984]

scheme in Fig. 2. Then these protected peptides I to V
were treated with anhydrous liquid hydrogen fluo-
ride!® and spontaneously air-oxidized in dilute solu-
tion (5X1075M), as described for the synthesis of ST in
the preceding paper.!? The air-oxidized solutions of
the deprotected peptides were subjected to HPLC, as
shown in Fig. 3, and each fraction was separated and

0 10 20 30 40

—— Relative absorbance at 220 nm

Retention time
o (min)

0 10 20 30 40

Fig. 3. HPLC profiles of deprotected and air-oxidized
solutions of compounds I(A), II(B), HI(C), IV(D),
and V(E).

Column: LiChrosorb RP-8 (5 pm, 4x 250 mm). The
starting solvent was 10%, CH,CN in 0.01 M AcONH,
(pH 5.7), and the flow rate was 1 ml/min.

Structure-activity Relationship of a Heat-stable Enterotoxin

Relative absorbance at 220 nm

2553

its toxicity was examined by the fluid accumulation
test in suckling mice. The peak fractions shown by
black bars had the highest toxicity. These fractions
were purified by similar methods to those used for STh,
as described in the preceding paper.1? The fractions
were confirmed to be pure by HPLC, as shown in Fig.
4, with a different buffer system as solvent from that
used for the preparative purification. The amino acid
compositions of the synthetic peptides are summarized
in Table 1.

---- CH,CN

0 10 20 30 40

Retention time
C (min)

1 s L s 1

0 10 20 30 40

Fig. 4. HPLC profiles of synthetic STy[2-19] (A),
STx[3-19] (B), STwn[4-19] (C), STy[5-19] (D), and
STy[6-19] (E) on a YMC-packed column ODS A-
324 (5 um, 10x 300 mm). The starting solvent was
10 % CH,CN in 0.05 9% TFA (pH 2.35), and the flow
rate was 2 ml/min,

TaBLE 1. AMINO ACID COMPOSITIONS OF SHORTER SYNTHETIC ANALOGS OF ST,

STy[2-19] STy[3-19] STy[4-19] ST.[5-19] STy[6-19]
Asp 1.84(2) 2.02(2) 2.00(2) 1.07(1) 1.02(1)
Thr 0.92(1) 0.99(1) 1.00(1) 1.00(1) 1.01(1)
Ser 1.81(2) 0.96(1) — — -
Glu 1.05(1) 1.02(1) 1.01(1) 1.02(1) 1.01(1)
Pro 0.99(1) 1.12(1) 1.10(1) 1.11(1) 0.99(1)
Gly 1.07(1) 1.03(1) 1.02(1) 1.04(1) 1.02(1)
Ala 1.00(1) 1.00(1) 1.00(1) 1.00(1) 1.00(1)
1/2Cys 4.82(6) 5.50(6) 5.47(6) 5.51(6) 5.39(6)
Leu 0.97(1) 1.03(1) 1.03(1) 1.03(1) 1.02(1)
Tyr 1.78(2) 1.98(2) 2.09(2) 1.98(2) 1.00(1)

Values were calculated as mol/mol of Ala; numbers in parentheses indicate nearest integer values.
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High-performance Liquid Chromatography (HPLC) of
ST, Analogs. Shorter synthetic analogs of ST
could be purified to homogeneity by HPLC under the
conditions shown in Fig. 4. However, it was necessary
to find conditions for elution of all or almost all the
synthetic analogs of ST separately on HPLC, because
all shorter synthetic analogs of ST\ except STx[6-19]
had nearly the same retention times on HPLC under
the conditions shown in Fig. 4. We tested several com-
mercially available ODS columns and buffer solu-
tions, and found that the following two procedures
were satisfactory, although they did not separate all
the STx analogs completely; i) A YMC-packed ODS
column A-324 (10X300 mm) equilibrated with 0.05%
heptafluorobutyric acid (pH 2.5) containing 10%

g

a

(=)

oN

oN

ETl

<

g &

=1 [

S oo

e}

13 o

o o

[72] (/J)

£ 1

« ds0 |

14 |

2 460

R

<

< 440

" 420
40

Retention time (min)

Fig. 5. HPLC profile of a mixture of synthetic ST,
[1-19] (a), STw[2-19] (b), STx[3-19] (c), STy [4-19]
(d), STyu[5-19] (e), and ST,[6-19] (f) on a YMC-
packed column ODS A-324 (5um, 10x 300 mm).
The starting solvent was 109, CH,CN in 0.05% TFA
(pH 2.35) and the flow rate was 3 ml/min. STy[6-
18] (g) was added as an internal standard.

H. Ixemura, H. WaTANABE, S. AiMoTO, Y. SHIMONISHI, S. HARA,
T. TAKeADA, Y. TAkeDA, and T. MiwaTant
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CH3sCN and, after sample injection, developed with a
gradient of 10% to 40% CH3CN at a flow rate of

A

[1-19]

[3-19]

g
=1
(=)
N
o
-
«
g z
g g
£ oc
% @)
[}
(%) B )
> I
=] |
=
[ 5]
~
180
“ 460
'\ 140
420
10
A/{l.l — 1 al
0 10 20 30 35

Retention time (min)

Fig. 6. HPLC profiles of digests of native STy, (A) and
synthetic STy[2-19] (B) with aminopeptidase M on
a YMC-packed column ODS A-324 (5 um, 10x 300
mm). The starting solvent was 109, CH,CN in 0.05
% heptafluorobutyric acid (pH 2.51) and the flow
rate was 3 ml/min. STy[6-18](peak denoted by*)
was added to each digest as an internal standard.

TABLE 2. AMINO ACID COMPOSITIONS OF PEPTIDES OBTAINED BY ENZYMATIC AND EDMAN DEGRADATION
OF NATIVE ST, AND ITS SYNTHETIC ANALOGS

i . Synthetic Synthetic Synthetic
;S;;tig::g Native ST ST[2.19] STu[4.19] STa[5-19]
Products  ST,[3-19] ST.[4-19] ST,[3-19] STy, [4-19) ST,[5-19] ST,[6-19]
Asp 2.00(2) 2.01(2) 2.00(2) 1.98(2) 1.07(1) 1.08(1)
Thr 0.96(1) 1.00(1) 0.96(1) 1.00(1) 1.05(1) 1.03(1)
Ser 0.97(1) — 0.96(1) — — —

Glu 1.00(1) 1.04(1) 1.01(1) 1.00(1) 1.04(1) 1.02(1)
Pro 1.07(1) 1.11(1) 1.12(1) 1.02(1) 0.99(1) 1.11(1)
Gly 1.03(1) 1.04(1) 1.03(1) 1.04(1) 1.02(1) 1.00(1)
Ala 1.00(1) 1.00(1) 1.00(1) 1.00(1) 1.00(1) 1.00(1)
1/2Cys 5.34(6) 5.36(6) 5.48(6) 5.38(6) 5.58(6) 5.21(6)
Leu 1.05(1) 1.06(1) 1.05(1) 1.06(1) 1.05(1) 1.06(1)
Try 2.00(2) 1.99(2) 2.01(2) 2.00(2) 2.04(2) 1.00(1)

Values were calculated as mol/mol of Ala; numbers in parentheses indicate nearest integer values,
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3 ml/min; ii) The same column developed under the
same conditions as for i) but with 0.05% TFA instead
of 0.05% heptafluorobutyric acid as the aqueous phase.
The elution profile of a mixture of shorter synthetic
analogs by the latter procedure is shown in Fig. 5.
With this procedure, synthetic STy[1-19] and STw[3-19]
could not be completely separated from STx[5-19] and
STh[4-19], respectively.

Aminopeptidase M Digestion of Native STy and Iden-
tification of the Resulting Peptides with Synthetic Analogs.
To confirm that shorter synthetic analogs of STh
had inwamolecular disulfide bonds at the same
positions as those in native STh, we treated native
ST, with aminopeptidase M, isolated the resulting
peptides and compared them with the synthetic anal-

o
---- CH,.CN (%)

N S

‘ 01020 50 35L
c Retention time (min)

—— Relative absorbance at 220 nm

I

01020

30 35

Fig. 7. HPLC profiles of mixtures of equal amounts
of ST, analogs on a YMC-packed column ODS A-
324 (5um, 10x 300 mm). The starting solvent was
109% CH,CN in 0.05% TFA (pH 2.35), and the
flow rate was 3 ml/min. (A) STy[2-19] enzymati-
cally derived from native ST, and synthetic ST,[2-
19]; (B) STyu[3-19] enzymatically derived from native
ST, and synthetic STy[3-19]; (C) STy[4-19] en-
zymatically derived from native ST, and synthetic
STu[4-19]; (D) ST,[5-19] prepared from synthetic
STu[4-19] by Edman degradation and synthetic ST,
[5-19]; (E) STy[6-19] derived from synthetic STy
[5-19] by Edman degradation and synthetic ST,
[6-19].
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ogs of ST» by HPLC. The HPLC profile of the digest
of native ST, showed two major and one minor peak
with a peak of undigested peptide, as illustrated in Fig.
6A. The materials in these fractions were separated
and submitted to measurement of their molecular
weights by fast atom bombardment mass spectrometry
(data not shown) and amino acid analysis (Table 2).

The two major fractions were identified as those of
STx[3-19] and STu[4-19], which lacked two and three
N-terminal amino acid residues, respectively, of STh.
The minor peak fraction eluted between undigested
STh and STw[3-19] was identified as that of a peptide
STx[2-19] lacking the N-terminal Asn residue of STh,
by comparison of its HPLC profile with that of native
STh digested with aminopeptidase M (Fig. 6B). The
shorter ST, peptides lacking one to three amino acid
residues (STx[2-19], STx[3-19], and STw[4-19]) thus pre-
pared by digestion of native STy with aminopeptidase
M were each mixed with an equal amount of the cor-
responding synthetic peptide and chromatographed
on a reversed-phase column, as shown in Figs. 7A—
7C. Each gave a single peak. Thus, synthetic STi[2-
19], STx[3-19), and STi[4-19] were confirmed to have
disulfide linkages in the same positions as those in
native STh. The digestion of native ST, with amino-
peptidase M stopped with release of the three N-
terminal amino acid residues and did not proceed
further even when the ratio of the enzyme to STy was
raised to 1/10 (w/w). Therefore, Edman degradation
was carried out for further removal of the fourth and
fifth amino acid residues of STy from the N-terminus,
as described below.

Edman Degradation and Comparison of the Degraded
Peptides with Synthetic Peptides. Synthetic ST[4-
19] was confirmed to have intramolecular disulfide
linkages in the same positions as those in native STk,
as described above. Then we subjected synthetic SThy-
[4-19] to Edman degradation!® and obtained SThi[5-
19]. This shortened peptide of STy was purified by
HPLC and its amino acid composition was analyzed
(Table 2). A mixture of equal amounts of this peptide
and synthetic STi[5-19] gave a single peak on HPLC,
as shown in Fig. 7D, indicating that synthetic STy[5-
19] was linked intramolecularly by disulfide bonds at
the same positions as those in STy[4-19]. Then we
degraded synthetic STy[5-19] by a similar method to
that used for STy[4-19] and purified the degraded pep-
tide by the same procedure as used for degraded STh[4-
19]. The amino acid composition of the purified
peptide is shown in Table 2. When this peptide was
mixed with synthetic STy[6-19] and subjected to
HPLC a single peak was obtained, as shown in Fig.
7E. Thus synthetic ST4[6-19] had intramolecular dis-
ulfide linkages at the same positions as those in ST[5-
19], and synthetic STy[5-19] and STx[6-19] were both
intramolecularly linked by disulfide bonds in the same
way as native STh.

Biological Activity. The toxicities of shorter
synthetic analogs of STy, were assayed as described pre-
viously.? The minimum effective doses of shorter
synthetic analogs of ST, were 1.010.4 ng, which were
the same as that of native or synthetic ST within the
limits of experimental error, as shown in Table 3.
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These values were also almost the same as those for the
corresponding peptides derived from native STh by
digestion with aminopeptidase M or by Edman de-
gradation. Furthermore, the toxicities of all the shorter
synthetic analogs of ST, were neutralized by anti-
native STh antiserum. These results indicate that the
active site of the toxicity of ST is located in the se-
quence between the Cys residue near the N-terminus
and the C-terminal Tyr.

Heat-stability. Synthetic ST was found to have
the same stability as that of native STh on boiling
in phosphate buffer, as described in the preceding
paper.’?  We examined the heat-stability of shorter
synthetic analogs of ST by the method as described

TaBLE 3. BIOLOGICAL PROPERTIES OF SYNTHETIC
ST, ANALOGS

H. Ikemura, H. WaTtaNaBE, S. AiMoTto, Y. SHIMONISHI, S. HARA,
T. TakeapA, Y. Takepa, and T. MIwATANI

Neutralization
by anti-native
ST, antiserum

Minimum effective
dose (ng/100 wl)®

Native ST,
Synthetic ST,
Synthetic ST),[2-19]
Synthetic ST,,[3-19]
Synthetic ST [4-19]
Synthetic ST,,[5-19]
Synthetic ST,[6-19]

1.0 ng (0.5 pmol)®
0.8 ng (0.4 pmol)®
0.8 ng (0.4 pmol)
1.3 ng (0.7 pmol)
1.1 ng (0.7 pmol)
0.8 ng (0.5 pmol)
0.6 ng (0.4 pmol)

e

a) Calculated from the recovery of amino acids in acid

hydrolysates. b) Cited from Ref. 12.
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Fig. 8. HPLC profiles on a LiChrosorb RP-8 column
(5 um, 4% 250 mm) of heat-treated synthetic STy (left
column) and ST,[5-19](right column).
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previously.’®  Synthetic STu[5-19] lacking four N-
terminal amino acid residues of ST, showed the same
heat-stability as that of synthetic STh, as illustrated in
Fig. 8. Furthermore, the toxicity of STi[5-19] was
found to decrease with the duration of heat-treatment.
Shorter synthetic analogs of STy lacking one to three
the N-terminal amino acid residues of ST}, gave similar
results (data not shown). On the other hand, synthetic
STw[6-19] lacking five N-terminal amino acid residues
of STy showed higher heat-stability than synthetic or
native STy, as reported in a previous paper.’® These
results suggest that the sequence consisting of 13
amino acid residues from the Cys residue near the N-
terminus to the C-terminal Tyr residue is essential for
the heat-stability of the toxin. The enhanced structural
stability of STh[6-19] may be due to decreased perturba-
tion of the molecule on heating as a result of loss of
the five N-terminal amino acid residues.

This work was partly supported by a Grant-in-Aid
for Scientific Research (No. 58122002) for the Ministry
of Education, Science and Culture of Japan.
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