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Two peptides with the two primary structures of 18 amino acid residues proposed for a heat-stable
enterotoxin from enterotoxigenic Escherichia coli strain 18D were synthesized by solution methods and their
physicochemical and biological properties were compared with those of native toxin. One of these peptides
(Asn-Thr-Phe-Tyr-Cys-Cys-Glu-Leu-Cys-Cys-Asn-Pro-Ala-Cys-Ala-Gly-Cys-Tyr) showed the same heat-
stabilityand 'H-NMR spectrum as those of the native toxin and evoked fluid secretion in suckling mice at a dose of
1.5—2.0ng, which is similar to the effective dose of native toxin. Moreover, its toxicity was neutralized by antisera
against the native toxin. The other peptide (Asn-Thr-Phe-Tyr-Cys-Cys-Glu-Leu-Cys-Cys-Tyr-Pro-Ala-Cys-
Ala-Gly-Cys-Asn) showed different physicochemical and biological behaviors from those of the native toxin
and exhibited toxicactivity at a dose of 50—80 ng, which is about thirty times the effective dose of the native toxin.
Moreover, its toxicity was not neutralized by antisera against the native toxin. These observations indicate that
the former peptide is identical to native toxin but that the latter peptide differs in properties from the native toxin.

Enterotoxigenic Escherichia coli (ETEC) produces
two types of enterotoxin, singly or together, which
cause acute diarrhea in man and various domestic
animals: a high-molecular-weight, heat-labile entero-
toxin (LT) and a low-molecular-weight, heat-stable
enterotoxin (ST).” There are several reports®>® that LT
shows similar immunological properties to those of
cholera toxin and exerts its effect by stimulating adeny-
late cyclase in the epithelial cells of the small intestine.
However, little is known about ST, except that it may
affect the guanylate cyclase-cyclic GMP system.*” This
absence of information is mainly because the large
quantities of pure ST necessary for biological studies
cannot be obtained from a natural source.

In 1981, Chan and Giannella® reported that the
amino acid sequence of an ST isolated from the culture
supernatant of ETEC strain 18D was as illustrated in
Fig. 1. Slightly before their report, So and McCarthy®
determined the nucleotide sequence of DNA encoding
an ST produced by a bovine strain of ETEC and hence
deduced the amino acid sequence of the ST. The amino
acid sequence reported by Chan and Giannella® was
very similar to that of the C-terminal 18 residues in the
amino acid sequence deduced from the nucleotide
sequence by So and McCarthy,” but differed in two
residues at positions 11 and 18 from the N-terminus. To
examine this difference in the two sequences, we'® rein-
vestigated the amino acid sequence of an ST (named
STy in this paper) produced by the strain of ETEC used
by Chan and Giannella.® We found that the sequence
of ST, was different from that proposed by Chan and
Giannella,® but identical to that deduced from the
nucleotide sequence of DNA by So and McCarthy,? as
illustrated in Fig. 1. Recently, Lazure et al.'? purified
an ST produced by a porcine strain F11 (P155) of ETEC
and reported the amino acid sequence (Fig. 1). Their
sequence was identical to that for ST}, determined by us.
Thus, the amino acid sequence of ST, produced by
ETEC strain 18D was established. However, it seemed
interesting to confirm the structure of ST, by chemical
synthesis and also to study the effect of amino acid
substitution in the sequence of ST}, on its biological

properties. Since it is difficult to obtain much toxin by
cultivation of bacteria, chemical synthesis of ST also
seemed useful in providing a way to obtain the large
amounts of toxin necessary for biological studies.

In this paper, we describe the chemical syntheses of
two peptides with the amino acid sequences proposed
by Chan and Giannella® (designated as ST[Tyr,!!
Asn'®)) and by us'® (designated as ST}) for an ST iso-
lated from strain 18D of ETEC. We also report some
physicochemical and biological properties of the syn-
thetic peptides.

Experimental

All chemicals used for preparative experiments were of
reagent grade. Chemicals used for analysis were of special
grade and solvents were redistilled before use. All amino acids
used were of the L-configuration except glycine. DEAE-
Sephadex ion-exchanger was purchased from Pharmacia
Japan. LiChrosorb RP-8 was obtained from Merck Japan.
Melting points were measured by the capillary method and
are given as uncorrected values. Optical rotations were
determined with a Perkin-Elmer Model 241 polarimeter.
Peptide samples were hydrolyzed in 6 M HCI in evacuated
sealed tubes at 105°C for 24 or 48 h, and amino acids in the
hydrolysates were analyzed in a Hitachi KLA-5 analyzer.
Proton NMR spectra were recorded with a JEOL GX-500
spectrometer. Samples were dissolved in 0.3 ml of dimethyl-ds
sulfoxide containing 15% acetonitrile-ds at a concentration of
1—3 mM and measurements were made at 10 °C after addi-
tion of 33 ul of D2O. Chemical shifts were measured from
tetramethylsilane added as an internal standard. A large peak
caused by remaining HzO was saturated by the 'H-homo
gated decoupling method. Fast atom bombardment (FAB)
mass spectra were recorded with a JEOL double-focusing
mass spectrometer JMS-HX100 equipped with an FAB ion
source, as described previously.!® Native ST, was isolated
from the culture supernatant of ETEC strain 18D and
purified by high-performance liquid chromatography, as
described previously.!® The abbreviations used in this
paper are those recommended by the IUPAC-IUB: J. Biol.
Chem., 247, 977 (1972). Additional abbrevitions: MBzl,
p-methylbenzyl; TFA, trifluoroacetic acid; TEA, triethyl-
amine; DMF, N,N-dimethylformamide; DMSO, dimethyl

 1M=1mol dm>,
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sulfoxide.

Boc-Cys(MBzl)}-Asn-OBzl (Ia-1). Boc-Asn-OBz1'? (322 g,
0.1 mol) was dissolved in TFA (150 ml) and stirred at room
temperature for 30 min. The solution was concentrated under
reduced pressure to a syrup, which was mixed with dioxane
containing 1 equiv of HCl. The mixture was treated with
ether and the resulting precipitate was redissolved with TEA
(14.0ml, 0.1mol) in DMF (200ml) and mixed with Boc-
Cys(MBz1)-ONSu (46.5 g, 0.11 mol) in DMF (100 ml). The
solution was stirred at room temperature for 1d and then
concentrated to a syrup under reduced pressure. The syrup
was dissolved in AcOEt and washed successively with 0.1 M
HCI, 5% aq NaHCOs and water. The washed solution was
dried over anhydrous Na;SO4and concentrated under reduced
pressure to a solid, which was crystallized from a mixture of
AcOE¢, ether and hexane; wt 50.8 g (96.0 %), mp 124—125°C,
[a]E —28.0° (¢ 1.0, DMF).

Found: C, 60.99; H, 6.74; N, 7.82; S, 5.98%. Calcd for
C27H3506NsS: G, 61.23; H, 6.66; N, 7.93; S, 6.04%.

Boc-Gly-Cys(MBzl)-Asn-OB:zl (Ia-2). Compound Ia-1
(42.4 g, 80 mmol) was treated with TFA (150 ml) at room tempera-
ture for 30 min. The solution was concentrated to dryness
under reduced pressure and the residue was mixed with
dioxane containing 1 equiv of HCl. The mixture was
concentrated under reduced pressure to a syrup, which was
solidified in ether. The solid was dissolved in DMF (200 ml)
and mixed with TEA (11.2 ml) and Boc-Gly-ONSu (24.0 g, 88
mmol). After 1'd at room temperature, the solution was
concentrated to a syrup under reduced pressure. The syrup
was dissolved in AcOEt, washed successively with 0.1 M HCI,
5% aq NaHCOj3 and water, and dried over anhydrous NazSOs.
The dried solution was concentrated under reduced pressure
to a solid, which was recrystallized from a mixture of AcOEt,
ether and hexane; wt 40.5g (86.4%), mp 119.5—120.5°C,
[«]8 —26.8° (¢ 1.0, DMF). Found: C,59.17; H, 6.48; N, 9.38:
S, 5.38%. Calcd for CasHssO7N4S: C, 59.37; H,6.53; N, 9.55; S,
5.45%.

Boc-Ala-Gly-Cys(MBzl)-Asn-OBzl (Ia-3). Com-
pound Ia-2 (38.1 g, 65 mmol) was treated with TFA (150 m1) at
room temperature for 25 min and then concentrated to dry-
ness under reduced pressure. The residue was dissolved with
dioxane containing 1 equiv of HCI and precipitated by
adding ether. The precipitate was redissolved in DMF (150
ml), mixed with TEA (9.1 ml) and Boc-Ala-ONSu (20.0 g, 70
mmol) and stirred at room temperature for 1 d. The solu-
tion was concentrated to dryness under reduced pressure,
redissoved in AcOEt, and then washed with 0.1 M HCI, 5% aq
NaHCOs3 and water. The washed solution was dried over
anhydrous Na;SO4 and then concentrated under reduced pres-
sure to a solid, which was recrystallized from AcOEt, ether
and hexane; wt 41.5 g (97.0%), mp 148—149°C, [a]Z —33.8°
(c 1.0, DMF).

Found: C, 57.84; H, 6.59; N, 10.65; S, 4.75%. Calcd for
CazH4308NsS+0.5H20: C, 57.65; H, 6.65; N, 10.51; S, 4.80%.

Boc-Ala-Gly-Cys(MBzl)-Tyr-OBzl (Ib-3). Boc-Gly-
Cys(MBzl)-Tyr-OBzI'® (41.3 g, 65 mmol) was dissolved in
TFA (160 ml) and stirred at room temperature for 35 min. The
solution was concentrated under reduced pressure to a syrup,
which was treated with 1 equiv of HCI in dioxane and then
with ether. The precipitate formed was dissolved in DMF (100
ml) and mixed with TEA (9.1 ml) and Boc-Ala-ONSu (21.0g,
72 mmol). The solution was stirred at room temperature for 2
h and then concentrated to a syrup under reduced pressure.
The syrup was redissolved in AcOEt and washed successively
with 0.2M HCI, 5% aq NaHCOj3 and water. The washed
solution was dried over anhydrous Na;SO4 and then concen-
trated under reduced pressure to a semisolid material, which
was recrystallized from AcOEt and ether; wt 84.5 g (75.2%),
mp 126—128°C, [«]F —81.8° (¢ 1.0, DMF).
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Found: C, 62.04; H, 6.53; N, 791; S, 4.39%. Calcd for
C37H460sN4S+0.5H20: C, 62.08; H, 6.62; N, 7.83; S, 4.47%.

Boc-Cys(MBzl)-Ala-Gly-Cys(MBzl)-Asn-OBzl (Ia).
Compound Ia-3 (30.0 g, 45 mmol) was dissolved in TFA (150 ml),
stirred at room temperature for 20 min, and concentrated to a
syrup under reduced pressure. The syrup was treated with
dioxane containing 1 equiv of HCl and material was
precipitated with ether. The precipitate was dissolved in
DMF (150 ml) and mixed with TEA (6.3 ml) and Boc-
Cys(MBz1)-ONSu (21.2 g, 50 mmol). The solution was
stirred at room temperature for 1 d and then concentrated to
dryness under reduced pressure. The residue was dissolved in
AcOEt, washed with 0.1 M HCI, 5% aq NaHCOs and water,
and then dried over anhydrous NasSO4. The dried solution
was concentrated under reduced pressure to a gelatinous
solid, which was recrystallized from a mixture of MeOH and
ether; wt 82.5 g (83.6 %), mp 187—188°C, [a]% —24.6° (¢ 1.0,
DMF).

Found: C, 59.32; H, 6.56; N, 9.42; S, 7.29%. Calcd for
CisHs609N6S2+0.5H,0: C, 59.09; H, 6.57; N, 9.62; S, 7.32%.

Boc-Cys(MBzl)-Ala-Gly-Cys(MBzl)-Tyr-OBzl (Ib).
Compound Ib-3 (31.8g, 45mmol) was dissolved in TFA
(100 ml) and stirred at room temperature for 40 min. The
solution was concentrated under reduced pressure to a syrup,
which was solidified in ether. The solid was dissolved with
TEA (6.3 ml) and Boc-Cys(MBz]1)-ONSu (21.1 g, 50 mmol) in
DMF (200 ml) and stirred at room temperature for 1 d. The
solution was concentrated under reduced pressure to a syrup,
which was redissolved in AcOEt and washed with 0.3M
HC], 5% aq NaHCOs and water. The washed solution
was dried over anhydrous NazSO4 and concentrated to a syrup
under reduced pressure. The material was crystallized from
CHCI; and ether; wt 39.0 g (94.9 %), mp 89—91 °C (decomp),
[a]b' —19.6° (c 1.0, DMF).

Found: C, 61.72; H, 6.71; N, 7.60; S, 6.67%. Calcd for
CasHs9O9NsS2- H20: C, 61.85; H, 6.60; N, 7.52; S, 6.87%.

Boc-Tyr-Pro-Ala-OMe (Ila-1). Z-Pro-Ala-OMe'¥
(16.7 g, 50 mmol) was dissolved in MeOH (300 ml) containing
1 equiv of HCI and hydrogenated over 5% palladium-char-
coal catalyst under atmospheric pressure. The catalyst was filtered
off and the filtrate was concentrated to dryness under reduced
pressure. The residue was dissolved in DMF (20 ml).
Meanwhile, Boc-Tyr-NzH3 (16.2 g, 55 mmol) was dissolved
in DMF (100 ml), cooled below —20°C and mixed with 4.39M
HCI in dioxane (29.5 ml). The solution was stirred with
isopentyl nitrite (7.8 ml, 60 mmol) at the same temperature for
20 min and mixed with the above DMF solution and TEA
(25.2ml). The solution was stirred at 0°C for 4/d in a
refrigerator.  The precipitate formed was removed by
filtration and the filtrate was concentrated under reduced
pressure to an oil, which was redissolved in AcOEt. The
solution was washed successively with 0.5M HCI, 5% aq
NaHCOs; and water. Then it was dried over anhydrous
Na2SOq4 and concentrated under reduced pressure to a syrup,
which was crystallized from ether and hexane; wt 21.2 g
(91.4%), mp 74—76°C, [«]E —38.5° (c 1.0, DMF).

Found: C, 59.89; H, 7.66; N, 8.76%. Calcd for C2sH3307N3:
C, 59.60; H, 7.18; N, 9.07%.

Boc-Cys(MBzl)-Cys(MBzl)-Tyr-Pro-Ala-OMe (Ia-2).
Compound IIa-1 (18.5 g, 40 mmol) was treated with TFA (80
ml) at room temperature for 25min and concentrated to
dryness under reduced pressure. The residue was dis-
solved in DMF (80 ml). Meanwhile, Boc-Cys(MBzl)-Cys-
(MBz1)-N2H3!® (24.1 g, 44 mmol) was dissolved in DMF (80
ml) and cooled below —20°C. The solution was mixed with
4.39M HCl in dioxane (23.6 ml) and isopentyl nitrite (6.5 ml,
50 mmol) and stirred at —20°C for 35 min. The solution was
mixed with the above solution and TEA (20.1 ml) and then
stirred at 0°C for 3 d in a refrigerator. The precipitate formed



January, 1984]

was removed by filtration and the filtrate was concentrated to
an oil under reduced pressure. The oil was dissolved in
AcOEt and washed successively with 0.1M HCI, 5% aq
NaHCOs and water. The washed solution was dried over
anhydrous NasSO4 and then concentrated to an oil under
reduced pressure. The oil was purified by chromatography
on a column of silica gel using a mixture of AcOEt:benzene
(v/v, 1/1) as eluent. The purified material was crystallized
from AcOEt and hexane; wt 28.1 g (80.0%) mp 102—103 °C,
[a]B —52.4° (c 0.5, DMF).

Found: C, 61.38; H, 6.95; N, 7.73; S, 7.15%. Calcd for
C45H5909N552: C, 61.56; H, 6.77; N, 7.98; S, 7.29%.

Boc-Cys(MBzl)-Cys(MBzl)-Tyr-Pro-Ala-N2Hs (Ila).
Compound Ia-2 (26.3 g, 30 mmol) was dissolved in MeOH
(300 ml), mixed with 100% hydrazine hydrate (60 ml), and then
stirred at room temperature for 1 d. The solution was con-
centrated to dryness under reduced pressure and mixed
with water. The precipitate formed was collected and crystal-
lized from MeOH and ether; wt 21.3 g (81.0%), mp 122—
123°C, [«]¥ —42.8° (¢ 0.5, DMF).

Found: C, 59.06; H, 6.46; N, 10.80; S, 7.05%. Calcd for
C44H5903N752'H202 C, 58.98; H, 6.86; N, 10.94; S, 7.14%.

Boc-Cys(MBzl)-Cys{MBzl)-Tyr-Pro-Ala-Cys(MBzl)-Ala-Gly-
Cys(MBzl)-Asn-OB:l (Illa). CompoundIa(8.65¢g,10.0
mmol) was dissolved in TFA (100 ml) in an ice-bath. The
solution was stirred at room temperature for 20 min and
concentrated under reduced pressure to a syrup, which was
solidified in ether. The solid was dissolved in DMF (30 ml).
Meanwhile, compound IIa-3 (10.52g, 12.0mmol) was
dissolved in DMF (50 ml), cooled below —20°C and mixed
with 4.39M HCI in dioxane (14.7 ml) and isopentyl nitrite
(1.82 ml, 14.0 mmol). The solution was stirred below —20°C
for 30 min, and then mixed with TEA (10.4 ml) and the
solution described above. The mixture was stirred at 0°C for 2
d in a refrigerator. The precipitate formed was removed by
filtration and the filtrate was concentrated to a syrup under
reduced pressure. The syrup was dissolved in hot AcOEt and
kept at room temperature. The precipitate formed was
collected and recrystallized from MeOH DMF and ether; wt
15.1 g (93.8%), mp 178—175°C, [a]5 —57.6° (¢ 0.5, DMSO).

Found: C, 60.00; H, 6.06; N, 9.24; S, 7.86%. Calcd for
C32H103015N11S4°2H202 C, 59.79; H, 6.55; N, 9.36; S, 7.79%.

Boc-Cys(MBzl)-Cys(MBzl)}-Asn-Pro-Ala-Cys(MBzl)-Ala-
Gly-Cys(MBz1l)-Tyr-OBzl (IIIb). Boc-Cys(MBzl)-Cys-
(MBzl)-Asn-Pro-Ala-N2H3'® (14.1 g, 17 mmol) was dissolved
in DMF (50 ml), cooled below —20°C and mixed with 4.39M
HCI in dioxane (14.7 ml) and then with isopentyl nitrite (2.5
ml, 19 mmol). The solution was stirred at —20°C for 30 min.
Meanwhile, compound Ib (13.7 g, 15 mmol) was dissolved in
TFA (100 ml), stirred at room temperature for 40 min and then
concentrated under reduced pressure to a syrup, which was
solidified in ether. The solidand TEA (11.2 ml) were added to
the azide solution described above and stirred at 0°C for 1 d in
a refrigerator. The precipitate was removed by filtration and
the filtrate was concentrated to an oil under reduced pressure.
The oil was solidified in a mixture of AcOEt and ether and
recrystallized repeatedly from EtOH; wt 19.0 g (78.5%), mp
213—214°C, [a]} —41.6° (¢ 0.5, DMSO)

Found: C, 61.18; H, 6.66; N, 9.78; S, 8.09%. Calcd for
C32H103015N1154: C, 61.14; H, 6.45; N, 9.57; S, 7.95%.

Boc-Cys(Mle)-Cys(Mle)fGlu(OBu')-Leu—Cys(Mle)—
Cys(MBzl)-Tyr-Pro-Ala-Cys(MBzl)}-Ala-Gly-Cys(MBzl)- Asn-
OBzl (IVa). Compound Illa (6.44 g, 4.00 mmol) was
dissolved with anisole (2.5 ml) in TFA (75 ml) and stirred at
room temperature for 60 min. The solution was concentrated
under reduced pressure to a syrup, which was solidified in
ether. The solid was dissolved in DMF (50 ml). Meanwhile,
Boc-Cys(MBzl)-Cys(MBzl)-Glu(OBu')-Len-NzHs!® (4.06 g,
4.80 mmol) was dissolved in DMF (50 ml), cooled below
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—20°C, and mixed with 4.39M HCI in dioxane (5.5 ml) and
isopentyl nitrite (0.62 g, 5.28 mmol). The solution was stirred
at —20— —30°C for 30 min and mixed with TEA (4.0 ml) and
the solution described above. The mixture was stirred at 2—
3°C for 3 d in a refrigerator. The precipitate formed was
collected with MeOH, boiled repeatedly in hot EtOH and
collected; wt 7.60 g (81.7%), mp 225—227°C, [a]5 —39.2° (¢
0.5, DMF).

Found: C, 60.69; H, 6.82; N, 8.69; S, 8.26%. Calcd for
C119H155021N1556'3H201 C, 60.61 5 H, 6.88; N, 8.91 ; S, 8.16%.

Boc-Cys(MBzl)-Cys(MBzl)- Glu(OBu')- Leu-Cys(MBzl)-
Cys(MBzl)-Asn-Pro-Ala-Cys(MBzl )} Ala-Gly-Cys(MBzl)-Tyr-
OBzl (IVb). Compound IIIb (8.05 g, 5.0 mmol) was
dissolved in TFA (100 ml). The solution was stirred at room
temperature for 30 min and concentrated under reduced -
pressure to a syrup, which was solidified in ether. The
solid was dissolved in DMSO (40ml). Meanwhile, Boc-
Cys(MBzl)-Cys(MBzl)-Glu(OBu‘)-Leu-N.H3'® (5.07 g, 6
mmol) was dissolved in DMF (30 ml), cooled below —20°C,
and mixed with 4.39M HCI in dioxane (8.85 ml) and
isopentyl nitrite (0.91 ml, 7 mmol). The solution was stirred
at —20——30°C for 35 min and mixed with the solution
described above and TEA (6.2 ml). The mixture was stirred at
0°C for 2 d in a refrigerator. The precipitate formed was
removed by filtration and the filtrate was concentrated to a
syrup. The syrup was mixed with 0.2M HCI and the
precipitate formed was collected and recrystalllzed from
EtOH; wt 11.0 g (94.8%), mp 236°C (decomp), [l —51.3°(c
0.32, DMSO).

Found: C, 61.01; H, 6.89; N, 8.90; S, 8.28%. Calcd for
C119H155021N1556'H20: C, 61.04; H, 6.76; N, 8.97; S, 8.20%.

Z(OMe)-Phe-Tyr-OEt (V-1). H-Tyr-OEt-HCI (8.1
g, 33 mmol) was dissolved with TEA (4.6 ml) in DMF (70 ml)
and mixed with Z(OMe)-Phe-ONp (13.5 g, 30 mmol) in DMF
(80 ml). The solution was stirred at room temperature for 6 d
and concentrated to dryness under reduced pressure. The
residue was dissolved in AcOEt and washed successively with
5% aq NaHCOs, 0.5M HCI and water. The washed solution
was dried over anhydrous Na;SO4 and then concentrated
under reduced pressure to a syrup, which was crystallized
from AcOEg, ElOH and hexane; wt 15.5 g(99.4%), mp 139.5—
140.5°C, [a]5 —9.0° (¢ 1.0, DMF).

Found: C, 66.36; H, 6.24; N, 5.32%. Calcd for C2gH3207N2:
C, 66.91; H, 6.20; N, 5.38%.

Boc-Asn-Thr-OEt (V-2). H-Thr-OEt-HC1 (7.34
g, 40lmmol) was dissolved with TEA (5.6 ml) and Boc-
Asn-ONp (12.4 g, 35 mmol) in DMF (30 ml). The solution
was stirred at room temperature for 1d and concen-
trated to dryness under reduced pressure. The residue was
dissolved in 1l-butanol and washed with 5% aq NaHCOs,
0.1M HCI and water. The washed solution was dried over
anhydrous Naz2SOj and concentrated to a syrup under reduced
pressure. The syrup was crystallized from AcOEt, hexane and
ether: wt 8.70 g (69.0%), mp 150—151°C, [«]E —15.6°(c 1.0,
DMF).

Found: C, 49.85;H,7.68; N, 11.57%. Calcd for C1sH2707N3:
C, 49.85; H, 7.53; N, 11.63%.

Boc-Asn-Thr-N2Hs (V-3). Compound V-2 (8.67 g,
24.0 mmol) was dissolved in MeOH (100 ml) and mixed with
100% hydrazine hydrate (30 ml). The solution was stirred at
room temperature for 1 d and then concentrated to an oil
under reduced pressure. The oil was crystallized from MeOH
and ether; wt 7.90 g (94.8%), mp 186—188°C (decomp),
[a]E—25.2° (c 1.0, DMF).

Found: C, 44.10; H, 7.22; N, 20.33%.
OeN5+0.5H20: C, 44.18; H, 7.30; N, 19.82%.

Boc-Asn-Thr-Phe-Tyr-OEt (V-4). Compound V-1
(10.4 g, 20.0 mmol) was dissolved with anisole (5 ml) in TFA
(30 ml), stirred at room temperature for 30 min and then

Calcd for C13H25-
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concentrated to a syrup under reduced pressure. The syrup
was dissolved in DPMF (60 ml). Meanwhile, compound V-3
(7.63 g, 22.0 mmol) was dissolved in DMF (50 ml) and cooled
below —20°C. The solution was mixed with 4.39M HCI in
dioxane (14.8 ml) and isopentyl nitrite (3.25 ml, 25 mmol).
The solution was stirred below —20°C for 30 min and mixed
with the solution described above and TEA (11.9 ml). The
mixture was stirred at 0°C for 6 d in a refrigerator. The
precipitate formed was removed by filtration and the filtrate
was concentrated to a syrup under reduced pressure. The
syrup was dissolved in AcOEt and washed successively with
0.5M HCI, 5% aq NaHCO3 and water. The washed solution
was dried over anhydrous NasSO4 and concentrated to a
gelatinous solid under reduced pressure. The solid was
crystallized from EtOH and ether; wt 11.3 g (84.3%), mp
189.5—140.5°C, [a]¥ —27.5° (¢ 1.0, DMF).

Found: C, 58.03; H, 6.94; N, 10.19%. Calcd for CasHus-
O1w0N5-0.5H20: C, 58.22; H, 6.81; N, 10.29%.

Boc-Asn-Thr-Phe-Tyr-N2Hz (V). Compound V-4
(10.1g, 15.0 mmol) was dissolved in MeOH (150 ml) and
mixed with 100% hydrazine hydrate (20 ml). The solution was
stirred at room temperature for 1 d and then concentrated to a
crystalline solid under reduced pressure. The solid was
collected with water and recrystallized from DMF and ether;
wt 9.0 g (91.8%), mp 204—205°C, [a]¥ —42.3° (¢ 1.0, DMF).

Found: C, 54.80; H, 6.74; N, 14.25%. Calcd for CsHgs-
OgN7-H:0: C, 55.10; H, 6.71; N, 14.51%.

Boc-Asn-Thr-Phe-Tyr-Cys(MBzl)-Cys(MBzl)-Glu-Leu-
Cys(MBzl)-Cys(MBzl)- Tyr-Pro-Ala-Cys(MBzl)- Ala- Gly-Cys-
(MBzl)-Asn-OBzl (VIa). Compound IVa (23g, 1.0
mmol) was dissolved in TFA (20 ml) and stirred at room
temperature for 60 min. The solution was concentrated to
dryness under reduced pressure and the residue was dissolved
in DMF (10 ml). Meanwhile, compound V (0.79 g, 1.2 mmol)
was dissolved in DMF (5 ml) and cooled below —20°C. The
solution was mixed with 4.39 M HCl in dioxane (1.5 ml) and
isopentyl nitrite (0.18 ml, 1.4 mmol) and stirred below —20°C
for 30 min. The solution was mixed with the solution
described above and TEA (1.1 ml) and stirred at 0°C for 5 d in
a refrigerator. The precipitate formed was removed by
filtration and the filtrate was concentrated to an oil under
reduced pressure. The oil was mixed with 0.1M HCI and
the resulting precipitate was collected with water. The
precipitate was crystallized from DMF and ether; wt 2.50 g
(89.6%), mp 225°C (decomp), [a]B —34.7° (¢ 0.34, DMSO).
Amino acid ratio in the acid hydrolysate: Asp, 1.96 (2); Thr,
0.84 (1); Glu, 0.91 (1); Pro, 1.03 (1); Gly, 1.00(1); Ala, 2.03 (2);
Leu, 0.92 (1); Tyr, 1.75 (2); Phe, 0.93 (1).

Found: C, 60.09; H, 6.62; N, 9.77; S, 6.60%. Calcd for
Ci141H178028N20Se* H20: C, 60.24; H, 6.45; N, 9.97; S, 6.83%.

Boc-Asn-Thr-Phe-Tyr-Cys(MBzl)-Cys(MBzl)-Glu-Leu-
Cys(MBzl)-Cys(MBzl)- Asn-Pro-Ala-Cys(MBzl)-Ala-Gly-
Cys(MBzl)-Tyr-OBzl (VIb). Compound IVb (4.65 g, 2
mmol) was dissolved in TFA (100 ml) and stirred at room
temperature for 45 min. The solution was concentrated under
reduced pressure to a syrup, which was solidified in ether.
Meanwhile, compound V (1.58 g, 2.4 mmol) was dissolved in
DMF (20 ml) and cooled below —20°C. The solution was
mixed with 6.72M HCI in dioxane (1.75 ml) and isopentyl
nitrite (0.37 ml) and stirred below —20°C for 35 min. Then,
the mixture was stirred at 0°C for 4 d in a refrigerator with
TEA (2.0 ml) and the solid prepared as described above and
dissolved in DMSO (5 ml). The precipitate was removed by
filtration and the filtrate was concentrated to a syrup under
reduced pressure. The syrup was precipitated from EtOH and
ether; wt 5.0 g (89.6%), mp 243 °C (decomp), [e]5 —89.4° (c
0.35, DMF). Amino acid ratio in the acid hydrolysate: Asp,
1.95(2); Thr, 0.89(1); Glu, 0.99(1); Pro, 1.02(1); Gly, 1.00(1);
Ala, 1.95 (2); Leu, 0.95 (1); Tyr, 1.85 (2); Phe, 0.97 (1).
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Found: C, 60.14; H, 6.74; N, 9.77; S, 6.99%. Calcd for
C141H178028N20Ss* H20: C, 60.24; H, 6.45; N, 9.97; S, 6.83%.

HF-treatment and Air-oxidation: Compound VIa or VIb
(69.8 mg, 25 umol) was treated in the presence of anisole (0.1
ml) with anhydrous liquid hydrogen fluoride (3 ml) at 0°C for
60 min. The HF-reagent was evaporated under reduced
pressure. The residue was dissolved in 99% formic acid (1 ml)
and washed three times with hexane. The solution was
diluted to 5X10° M with distilled water and rapidly adjusted
to pH 8.0 with aqueous ammonia. The solution was kept at
room temperature for 4 d with occasional stirring. Free thiol
became undetectable during this period. The solution was
freeze-dried to a powder. The powder was dissolved in a small
amount of water, applied to a column (2X90 cm) of Sephadex
G-25, and eluted with 0.01 M NH4HCOs. The toxic fractions
were collected and lyophilized. The lyophilized material was
dissolved in water, applied to a column (2X3%3 cm or 1.6 X25
cm) of DEAE-Sephadex A-25 (acetate form), and washed
sufficiently with water. The adsorbed material was eluted
with a linear-gradient of 0 to 0.5M acetic acid. The toxic
fractions were collected, lyophilized and purified on a
reversed-phase column of HPLC, as described below.

High-performance Liquid Chromatography (HPLC):
HPLC was performed on LiChrosorb RP-8 (Merck, 5 pm).
Two columns (8 X300 mm and 4X250 mm) were packed in
our laboratory for semipreparative separation and for analysis,
respectively. Both columns were equilibrated with 0.01 M
ammonium acetate (pH 5.7) containing 10% acetonitrile and
the sample solution was injected onto one of these columns.
The column was developed at a flow rate of 1 ml/min with a
linear-gradient of 10—30% acetonitrile in 0.01 M ammonium
acetate (pH 5.7) with increase in the acetonitrile concen-
tration at a rate of 1%/min.

Biological Assay: ST activity was assayed in suckling
mice of 2—4 d old, as described previously.'® The fluid
accumulation ratio of each animal was calculated as the ratio
of the weight of the entire intestine to that of the rest of
the body. The minimal amount of ST giving a fluid
accumulation ratio of over 0.09 was designated as 1 mouse
unit, as described previously.!®

Results and Discussion

Isolation of Biologically Active Synthetic Peptides.
We recently determined the amino acid sequence
of an ST (named ST4 in this paper) isolated from a
human strain SK-1 of ETEC.®®!” The sequence was iden-
tical with that of ST}, except for the N-terminal three re-
sidues and the fourth residue from the C-terminus,
as shown in Fig. 1. Interestingly, six half-cystine re-
sidues were found at common positions and joined
intramolecularly. The disruption of the disulfide bonds
in STy by reduction destroyed the biological activity
of ST.® Furthermore, we found that native ST, and
SThw have the same potency in a fluid accumula-
tion test using suckling mice'®!” and their toxicity is
neutralized by homologous and heterologous anti-ST,
and anti-STh antisera.”” These findings suggested
that STy and ST, have the similar secondary structures
including disulfide linkages, which play an important
part for expression of the toxicity of ST, although
the mode of disulfide bond formation has not yet been
determined. Moreover, we recently prepared the pro-
tected peptide with the amino acid sequence of ST, and
deprotected all the protecting groups from the peptide
followed by air-oxidation. We found that the crude air-
oxidized product is highly toxic and that the purified
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8)

1 5 10 15

(a) Asn-Thr-Phe-Tyr-Cys-Cys-Glu-Leu-Cys-Cys-Tyr-Pro-Ala-Cys-Ala-Gly-Cys-Asn Chan and Giannella
(b) ---ACC-ACA-TTT-TAC-TGC-TGT-GAA-CTT-TGT-TGT-AAT-CCT-GCC-TGT-GCT-GAA-TGT-TAT So and McCar‘thyg)

-Asn-Thr-Phe-Tyr-Cys-Cys-Glu-Leu-Cys-Cys-Asn-Pro-Ala-Cys-Ala-Gly-Cys-Tyr
(c) Asn-Thr-Phe-Tyr-Cys-Cys-Glu-Leu-Cys-Cys-Asn-Pro-Ala-Cys-Ala-Gly-Cys-Tyr Takao et al. 10)
(d) Asn-Thr-Phe-Tyr-Cys-Cys-Glu-Leu-Cys-Cys-Asn-Pro-Ala-Cys-Ala-Gly-Cys-Tyr Lazure et al. m
(e)  Asn-Ser-Ser-Asn-Tyr-Cys-Cys-Glu-Leu-Cys-Cys-Asn-Pro-Ala-Cys-Thr-Gly-Cys-Tyr Aimoto et az.)7)
Fig.1. Comparison of amino acid sequences proposed for ST': (a) Data reported for an ST isolated from ETEC strain

18D in Ref. 8; (b) deduced from the nucleotide sequence encoding an ST of bovine origin;% (c) data proposed foran
ST (=ST,) isolated from ETEC strain 18D by us;'? (d) data proposed for an ST isolated from a porcine strain
F11(P155) of ETEC in Ref. 11; (e) data proposed for an ST (=ST%) isolated from a human strain SK-1 of ETEC by
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us.!?

peptide shows the same biological and physicochemi-
cal properties as native STy.!® Hence, we considered
that two peptides with the amino acid sequences
proposed for STp, which have similar amino acid se-
quences to that of STy, can be synthesized by a similar
method to that used for synthesis of STh. The sequences
were first divided into four segments and the protected
derivatives of these fragments were prepared separately
by conventional solution methods. Then, the segments
were coupled sequentially from the C-terminus to the

N-terminus by an azide method!® to reduce undesir-
able racemization, as illustrated in Fig. 2. The protected
fragments Boc-Cys(MBzl)-Cys(MBzl)-Glu(OBu’)-
Leu-NzH3'® and V were used for the syntheses of both the
two protected peptides VIa and VIb.

Then, all the protecting groups were removed by the
HF-method'® and free peptides were air-oxidized under
similar conditions to those described previously.® The
air-oxidized solutions of peptides were directly applied
to a reversed-phase column of HPLC, as illustrated in

MI?zl MBz1 MBz] Bz1
Boc-Cys - C&s-‘Tyrl -Pro-Ala-NyH, [1Ia] Boc-Cys-Ala-Gly- Cys Asn}-Ole [1a]
Asn [1Ib] Tyr. [1b]
MBz1 MBz1 0Bu®
Boc-Cys - Cys - Gi u-Leu-NyH,
MBz1 MBz1 MBz1 Bz1
Boc-Cys - C)’S-{Ty:} -Pro-Ala-Cys-Ala-Gly- Cys {Asn} -0Bz1 [IIIa]
As J Tyr, [IIIb]
Boc-Asn-Thr-Phe-Tyr—N2H3 [v]
MBZ] MBz1 OBu MBz'l MBZ] MB 1 M§ z1
Boc-Cys - Cys - Glu-Leu-Cys - Cys- Tyr} -Pro-Ala-Cys-Ala-Gly-Cys- {Asn) -0Bz1 [Iva]
l Tyr, [1vb]
MB 1 Bz] Mle Mle Ml}zl Ml}zl
Boc-Asn-Thr-Phe-Tyr-Cys - Cys - Glu-Leu-Cys - Cys- ‘-Pro-A]a-Cys-Ala-Gly—Cys- Asn}-Ole [VIa]
Tyr, [vIb]

ST [Tyr‘] 1

Asnw]

ST [Asn,.l Tyr18] (-ST )

Fig. 2. Scheme for syntheses of ST,[Tyr'’, Asn'®] and ST},
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Figs. 3A and 4A. Materials in the peaks obtained by
HPLC were fractionated and subjected to biological wak _
assay. Toxic materials were mainly recovered in the ) s
peaks shown by bars in Figs. 3A and 4A, respective- £ 03k 3
ly, and the materials in these peaks were compared = 1os
with native STp,'? isolated from ETEC strain 18D,¥ as 5 ol Lo
illustrated in Figs. 3B and 3C, and 4B and 4C, respec- & . 0‘3
2ot Jo.2
] g rﬁj H0.1
14 1 T
1n 0 50 150
i 10 Fraction Number
g Fig. 5. Chromatography on DEAE-Sephadex A-25 of
T HF-treated and air-oxidized solution of compound
£ VIa. The toxic fraction is shown by a horizontal bar.
£ < Column size: 2X33 cm; fractionation size: 10 ml/
§ ® tube; flow rate: 100 ml/h.
g
g
2
8
£ z
g :
0 o ] % g =
Retention time/min §
Fig. 3. HPLC profiles on a LiChrosorb RP-8 column z 1°
(5um, 4X250mm) of: (A) HF-wreated and air- s 130
oxidized solution of VIa; (B) purified native STp;1® & - q2
(C) a mixture of (A) and (B). The toxic activity was -1 410
found in the peak marked by a bar in (A). I__JJ 40
L]
1 i 1
Jeo 0 10 20
1% Retention time /min
1%
”» Fig. 6. Semipreparative HPLC of the toxic fraction
shown by a horizontal bar in Fig. 5 on a LiChrosorb
RP-8 column' (5um, 8X300 mm). The toxicity was
g observed in the peak fraction shown by a horizontal
= bar.
£
e <
g ®
3 Lol
g |
§ —_— { _
2 : e
g © £ i 2
g 05} 405
g {04
5 403
L/\ < q0.2
o qo1
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I(l)!eten!ion time /min 100 Fraction Number
Fig. 4. HPLC profiles on a LiChrosorb RP-8 column Fig. 7. Chromatography on DEAE-Sephadex A-25 of

(5um, 4X250mm) of: (A) HF-treated and air-
oxidized solution of VIb; (B) purified native STy;10 VIa. The toxic fraction shown by a horizontal bar

(C) a mixture of (A) and (B). The main toxic activity was collected. Column size: 1.6 )25 cm; fractiona-
was observed in the peak marked by a bar in (A). tion size: 5ml/tube; flow rate: 35ml/h.

HF-treated and air-oxidized solution of compound
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tively. In Fig. 3A, the toxic fraction was eluted later
than native STy ; the peak fraction eluted at the same
retention time as that of native ST, showed no toxic
activity. On the contrary, the toxic peak was eluted
with the same retention time as that of native STy,
in Fig. 4A. Furthermore, the total toxic activity of the
air-oxidized solution of compound VIa was only one-
hundredth of that of compound VIb.

The HF-treated and air-oxidized solution of Vla was
purified on DEAE-Sephadex A-25 and toxic fractions
were collected, as shown in Fig. 5. The toxic fractions
shown by a horizontal bar were collected and purified
further on a semipreparative HPLC column by the
reversed-phase mode, as illustrated in Fig. 6. The

Acetonitrile (%)

Relative Absorbance at 220nm

'_J

1 1 1
0 10 20 30
Retention time ;min

Fig. 8. HPLC profile on a LiChrosorb RP-8 (5um,
8%300mm) of the fraction shown by a horizontal bar.
The toxicity was observed in the peak fraction shown
by a horizontal bar.

(A

E
§
% 8
@
e
g
o
2
<
2
b —
&
©
0 10

2
Retention time /min

Fig. 9. HPLC profiles of two synthetic preparations
on LiChrosorb RP-8 (5um, 8X300mm); (A)
Purified synthetic STy[Tyr!!, Asni8]; (B) purified
synthetic STy; (C) a mixture of (A) and (B).
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purity of the separated fraction shown by a bar was also
confirmed by analytial HPLC, as shown in Fig. 9A.
The toxic peptide STy[Tyr", Asn'] was obtained in
about 1—2% yield from compound VIa.

The HF-treated and air-oxidized solution of com-
pound VIb was also purified on DEAE-Sephadex
A-25, as illustrated in Fig. 7. The toxic fractions shown
by a horizontal bar were combined, lyophilized and
purified further on a semipreparative column of
reversed-phase HPLC, as shown in Fig. 8. The purity
of the toxic fraction was examined by analytical HPLC,
as illustrated in Fig. 9B. The yield of purified synthetic
peptide ST, was about 13%, based on the amount
of compound VIb. As illustrated in Fig. 9C, definite
differences were observed between the retention times of
the two synthetic peptides STp[ Tyr'!, Asn’®*]and ST, on
a reversed-phase column of HPLC. The amino acid
compositions of purified synthetic ST[Tyr'!, Asn’®]
and ST, are summarized in Table 1.

TABLE 1. AMINO ACID COMPOSITIONS OF SYNTHETIC
11 18
ST Tyr', Asn'®] anp ST, [Asn'!, Tyr'®)®

Synthetic Native
STy[Tyr', Asn®]  ST,[Asn, Tyr®] ST,”

Asp 2.00 2.04 2.01 (2)
Thr 1.00 0.90 0.99 (1)
Glu 1.11 0.98 1.16 (1)
Pro 1.07 1.01 1.27 (1)
Gly 0.99 1.01 1.16 (1)
Ala 2.00 2.00 2.00 (2)
1/2-Cys 5.25 3.08 4.92 (6)
Leu 0.96 0.96 1.18 (1)
Tyr 1.86 1.87 1.92 (2)
Phe 0.98 0.90 0.99 (1)

a) Values are expressed as molar ratios to alanine.
b) Data cited from Ref. 10.

I )
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H
—
—

r% : gL—% 5

Relative Intensity

1000 1500 2000

500 1000 1500
m/z
Fig. 10. Positive FAB mass spectra of A) synthetic
ST Tyr', Asn'®]; B) synthetic ST,; and C) purified
native ST

1
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Physicochemical Properties of Synthetic Peptides
STo[Tyr™, Asn'®]and ST,. 1) Mass Spectra: Puri-
fied synthetic peptides ST[Tyr", Asn'®] and ST, were
subjected to mass measurement by FAB mass spec-
trometry?” and the mass spectra were compared with
that of native toxin as shown in Fig. 10. Like native
ST, both ST [Tyr, Asn'] and ST, gave strong
signals at m/z=1971 (m/z means the ratio of the mass
number of an ion m to the number of charges of ion 22'
The results indicate that the two synthetic ST,[Tyr",
Asn'®] and ST, both have the same molecular weight
(M;:1970) as native ST, and are intramolecularly
linked by three disulfide bonds, although the positions
of the disulfide linkages were not determined.

17) Proton NMR Spectra: To determine whether
either of the synthetic peptides had the same steric
features as the native toxin, we compared the 'H-NMR
spectra of the two synthetic preparations (STp[Tyr",
Asn'®] and ST;) with that of the native toxin. As
illustrated in Fig. 11, proton chemical shifts of syn-
thetic ST, were superimposable on those of the
native toxin, but the spectrum of synthetic STy[Tyr",
Asnls] was different from that of the native toxin. The
results strongly indicate that synthetic ST has the same
three dimensional structure, including three disulfide
linkages, as native toxin.

Comparison of Heat-stabilities by High-perform-
ance Liquid Chromatography (HPLC).

Recently we reported a method for testing the heat-
stability of ST by HPLC.'® We found that synthetic
STh had the same heat-stability as native STy, and the
peak heights on HPLC of syntheticand native STy were
greatly decreased, although not abolished completely,
by heating the compounds at 100°C for 30 min. Using
this procedure, we compared the heat-stabilities of
synthetic ST[Tyr!1, Asn'8] and ST} with that of native

(A

(B)

(¢]

g

T T T T T 1 T T I T T
10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

8

Fig. 11. 500 MHz 'H-NMR spectra of (A) synthetic
ST[Tyr", Asn'®), (B) synthetic STy, (C) native ST,
measured under the conditions described in the text.
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STy,. Figure 12 shows HPLC profiles of synthetic and
native peptides heated at 100°C for various periods.
Both synthetic peptides showed similar heat-stability to
that of native toxin, although synthetic ST [Tyr",
Asn™®] had lower toxic activity than native ST} and its
toxicity could not be neutralized by antiserum raised
against native STy, as described below.

Biological Activities of Synthetic Peptides.
Synthetic peptides ST [Tyr', Asn'®] and ST, were
examined by the fluid accumulation test in suckling
mice.’® The minimum effective dose of synthetic
peptide ST, [Tyr", Asn'®] was 50—80 ng, which was
about 30 times that of native STp. On the other hand,
the minimum effective dose of synthetic peptide ST,
was 1.5—2 ng, which was almost the same as that of
native STp.

The immunological properties of synthetic peptides
ST,[Tyr", Asn'®] and ST, were tested by measuring
neutralization of their ST activities with antisera
against purified native STy?" and ST,.2? The toxic
activity of synthetic ST,[Tyr'’, Asn'®] was not neu-
tralized by either of these antisera, but those of na-
tive ST, and synthetic ST, were both neutralized by
these antisera.

a) d) g

e

b r'f*'\——\\ .

0 10 2 3 0 10 2 30 o 020 %
Retention time /min

Fig. 12. Comparison of heat-stabilities of synthet-
ic and native ST: (first column) synthetic
ST,[Tyr'",Asn®] a) untreated, b) after 10 min at
100°C, c) after 30 min at 100°C; (second column)
synthetic ST, d) untreated, e) after 10 min at 100°C, f)
after 30 min at 100°C; (third column) native ST, g)
untreated, h) after 10 min at 100°C, i) after 30 min at
100°C.

TABLE 2. SUMMARY OF BIOLOGICAL PROPERTIES OF SYNTHETIC
PEPTIDES ST,[Tyr',, Asn'®] anp ST,

Neutralization of ST

MED® Activity
ng anti-STh anti-STp
Antiserum®  Antiserum®
Native ST, 2.5 + +
Synthetic 50—80 - -
ST,[Tyr", Asn'™)
Synthetic ST, 1.5—2.0 + +

a) Minimum effective dose. b) Antiserum against native
STh raised in rabbits [2]1] was used. c¢) Antiserum
against native ST}, raised in rabbits [22] was used.
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The results, summarized in Table 2, strongly suggest
that ST,[Tyr', Asnm] with the amino acid sequence
proposed by Chan and Giannella® did not have the
same biological and immunological activities as those
of native ST, whereas ST, with the sequence proposed
by us'® had similar biological and immunological
properties indistinguishable from those of native toxin.
The biologial and immunological properties of these
synthetic peptides will be reported in detail elsewhere.

In this work, two peptides (STo[Tyr", Asn'®] and
ST,) with the amino acid sequences proposed in Ref. 8
and 10 for an ST produced by ETEC strain 18D were
synthesized. Analyses of these synthetic peptides gave
the following interesting results: 1) Synthetic ST,
was indistinguishable from native ST, in all
physicochemical and biological properties examined,
2) Synthetic ST,[Tyr'!, Asn'®] differed in properties
from native ST, although Klipstein et al.2¥ recently
reported that synthetic ST,[Tyr", Asn’®] had similar
properties to those of native STy, 3) In spite of its
difference from native ST, synthetic ST Tyr'?, Asnls]
had ST activity, although its toxicity was lower than
that of native ST, and could not be neutralized by
antiserum against native ST,. Using the synthetic
preparation, it will be possible to examine the structure-
activity relationship and the biological and immu-
nological properties of the toxin.

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