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A peptide with the amino acid sequence proposed for a heat-stable enterotoxin (STs) produced by a human
strain SK-1 of enterotoxigenic Escherichia coli was synthesized by a conventional method. Synthetic STy
evoked fluid secretion in suckling mice at a dose of 0.8 ng, which is similar to the effective dose of native STh.
The fluid secretion was completely inhibited by antisera raised against the native toxin. Furthermore, syn-
thetic ST, showed the same 'H-NMR spectrum and heat-stability as native ST,

Recently, wel-9 isolated and purified two heat-stable
enterotoxins (named ST} and ST,) that were produced
by enterotoxigenic Escherichia coli strain SK-1 and
strain 18D, respectively, originated from human
patients with diarrhea. We determined the sequences of
the 19 and 18 amino acid residues of these enterotoxins
to be as shown in Fig. 1. Lallier et al.4:9 and Ronnberg
et al.® also isolated ST’s from the culture supernatants
of enterotoxigenic E. coli strain F11(P155) of porcine
origin and strain C57/26C2 of human origin and
determined their amino acid sequences.  These
sequences were identical to that of ST, determined by
us.® Our investigations!=3:? and those of otherst—¢.8
showed that the characteristic features of these heat-
stable enterotoxins were as follows: 1) SThand ST have
much structural similarity except in a few N-terminal
residues. 2) One-third of the amino acid residues are
half-cystine residues, which are located in identical
positions in the two toxins and are joined intramolecu-
larly by disulfide linkages. 3) The minimum effective
doses of the two toxins are similar in suckling mouse
assays. 4) The toxicities of STy and ST}, are both neu-
tralized by both anti-ST4 and anti-ST; antisera. These
findings suggested that the common amino acid
sequences of STy and STy are very important for expres-
sion of their ST toxicity. However, since itis difficult to
isolate much toxin from the culture supernatants of
bacteria, little is known about the biological and phy-
sicochemical properties or the structure-activity rela-
tionship of ST, except that it may be involved in the
guanylate cyclase-cyclic GMP system.?-12
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This study was carried out as part of a study on the
molecular conformation-activity relationship of ST to
confirm the primary structure proposed for STh and to
develop a method for synthesizing the large amounts of
STh necessary for biological studies. The following
paper!® deals with the synthesis of several shorter anal-
ogs of STx and the structure-activity relationship of
STh.

Experimental

The general experimental and analytical methods used
were described in the preceding paper.!¥ YMC-packed
column of ODS A-324 (10X300 mm) was obtained from
Yamamura Chemical Laboratory Co. Ltd. (Kyoto). LiChro-
sorb RP-8 (5 um particle size) was purchased from Merck
Japan and packed into a column (8X300 mm) in our labora-
tory. Aminopeptidase M was obtained from Protein Research
Foundation (Minoh, Osaka). Synthetic peptides were hydro-
lyzed in 4M (1 M=1 mol dm~3) methanesulfonic acid or a
mixture of 6 M HCI and propionic acid (v/v, 1/1) in evacu-
ated sealed tubes at 110 °C for 24 h, and amino acids in the
hydrolysates were analyzed in a Hitachi type-835 amino acid
analyzer. Native ST, was isolated from the culture super-
natant of enterotoxigenic E. coli strain SK-1 and finally
purified by high-performance liquid chromatography, as
described previously.? The abbreviations used in this paper
are those recommended by the IUPAC-IUB []. Biol. Chem.,
247, 977 (1972)]. Additional abbreviations are: MBzl, p-
methylbenzyl; TFA, trifluoroacetic acid; DMF, N,N-dimeth-
ylformamide; TEA, triethylamine; DMSO, dimethyl sulfox-
ide.

Boc-Cys(MBzl)-Tyr-OBzl (Ia). Boc-Cys(MBz1)-OH .
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Strain SK-1 A;n-Ser-Ser-Asn-T).lr-Cys-Cys-G]u-Leu-C;/s-Cys-Asn-Pro-Ala-C}s-Thr-Gly—Cstyr Aimoto et al.z)
Strain 18D Asn-Thr-Phe-Tyr-Cys-Cys-Glu-Leu-Cys-Cys-Asn-Pro-Ala-Cys-Ala-Gly-Cys-Tyr Takao et a1.3)
Strain 18D Asn-Thr-Phe-Tyr-Cys-Cys-Glu-Leu-Cys-Cys-Tyr-Pro-Ala-Cys-Ala-Gly-Cys-Asn Chan and Giannel]as)

Strain F11(P155)

Strain C57/26C2

Fig. 1.
of enterotoxigenic E. coli.

Asn-Thr-Phe-Tyr-Cys-Cys-Glu-Leu-Cys-Cys-Asn-Pro-Ala-Cys-Ala-Gly-Cys-Tyr

Asn-Thr-Phe-Tyr-Cys-Cys-Glu-Leu-Cys-Cys-Asn-Pro-Ala-Cys-Ala-Gly-Cys-Tyr
Amino acid sequences of heat-stable enterotoxins (ST) isolated from various strains

Lazure et a1.4'5)

Ronnberg et a].s)
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DCHA (48.1g, 95.0 mmol) was dissolved with H-Tyr-
OBzl.- TosOH (54.7g, 124 mmol) and TEA (4.00ml) in
CHCIs (1 1) and cooled below —10 °C. The solution was mixed
with DCC(21.6 g, 104.5 mmol) and stirred at the same temper-
ature for 1 h and then at room temperature overnight. The
precipitate formed was filtered off and the filtrate was concen-
trated to a syrup under reduced pressure, dissolved in AcOEt
and washed successively with 0.1 M HCI, 5% aq NaHCOs,
and water. The washed solution was dried over anhydrous
NazSO4 and concentrated under reduced pressure to a syrup,
which was crystallized from AcOEt and hexane; wt 39.4g
(71.7%), mp 136—138°C, [a]Z —28.1° (¢ 1.0, DMF).

Found: C, 66.83; H, 6.69; N, 4.89; S, 5.47%. Calcd for
Ca2H3s06N2S: C, 66.41; H, 6.62; N, 4.84; S, 5.54%.

Boc-Gly-Cys(MBzl)-Tyr-OBzl (Ib). Compound Ia
(39.4g, 68.0 mmol) was dissolved in a mixture of CH2Cl;
(60 ml) and TFA (60 ml). The solution was stirred at room
temperature for 40 min and concentrated to dryness under
reduced pressure. The residue was repeatedly flushed with
CH2Clz under reduced pressure to give a crystalline material,
which was dissolved in DMF (500 ml). The solution was
stirred with Boc-Gly-ONSu (21.3g, 78.2mmol) and N-
methylmorpholine (15.0 ml) at 2—3 °C overnight. Then it
was concentrated under reduced pressure to a syrup, which
was dissolved in AcOEt and washed successively with 0.1 M
HC], 5% aq NaHCOs3 and water. The washed solution was
dried over anhydrous Naz2SOs and then concentrated to a
syrup under reduced pressure. The syrup was twice crystal-
lized from AcOEt, ether and hexane; wt 37.4 g (86.5%), mp
79.5—81 °C, [a]Z —21.2° (¢ 1.0, DMF).

Found: C, 63.31; H, 6.58; N, 6.32; S, 5.13%. Calcd for
CasH4O7NsS - 1/2H:0: C, 63.33; H, 6.57; N, 6.52; S, 4.97%.

Boc-Cys(MBz1l)-Thr-N:H3 (Ic). Boc-Cys(MBzl)-OH -
DCHA (52.8 g, 104 mmol) was dissolved with H-Thr-OEt.
HCI (24.8¢g, 135 mmol) and TEA (4.3 ml) in CHCIs (11).
The solution was cooled below —10°C, mixed with DCC
(23.6 g, 114 mmol) and then stirred at the same temperature
for 1 h and at room temperature overnight. The precipi-
tate formed was filtered off and the filtrate was concentrated
to a syrup under reduced pressure. The syrup was dissolved
in AcOEt and washed successively with 0.1 M HCI, 5%
aq NaHCOgs, and water. The washed solution was dried
over anhydrous NazSO4 and concentrated to a syrup under
reduced pressure. The syrup was dissolved in EtOH (500
ml), mixed with 100% hydrazine hydrate (25.2 ml), and stir-
red at room temperature overnight. The gelatinous solid
formed was collected with ether and reprecipitated twice
from MeOH and ether; wt 37.5 g (81.9%), mp 125—127 °C,
[@]2 —19.7° (c 1.0, DMF).

Found: C, 54.12; H, 7.54; N, 12.70; S, 7.15%. Calcd for
C20H3205N,4S: C, 54.53; H, 7.32; N, 12.72; S, 7.28%.

Boc-Cys(MBz1l)-Thr-Gly-Cys(MBzl)-Tyr-OBzl (1).
Compound Ib (35.0g, 55.0 mmol) was dissolved in TFA
(100 ml) and stirred at room temperature for 1 h. The solu-
tion was concentrated to a solid under reduced pressure.
Meanwhile, compound Ic (29.1 g, 66.0 mmol) was dissolved
in DMF (150 ml) and cooled to —40——>50 °C. The solution
was mixed with 4.39 M HCI in dioxane (45.1 ml) and iso-
pentyl nitrite (9.7 ml) and stirred at —20 °C for 30 min. Then
it was mixed with N-methylmorpholine (21.8 ml) and a
solution of the above solid in DMF. The mixture was stirred
at 0—2 °C overnight in a refrigerator and then concentrated
to dryness under reduced pressure. The residue was dissolved
in AcOEt and washed with 0.1 M HCI, 5% aq NaHCOs,
and water. The precipitate formed during the washing was
collected and dissolved in hot EtOH and insoluble mate-
rial was filtered off. The solution was concentrated under
reduced pressure to a gelatinous solid, which was crystal-
lized from EtOH; wt 38.3 g (73.7%), mp 157.5—159 °C, [a]¥
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—29.0° (¢ 1.0, DMF).

Found: C, 62.30; H, 6.72; N, 7.58; S, 6.86%. Calcd for
C4sHe1010N5S2: C, 62.33; H, 6.51; N, 7.48; S, 6.79%.

Z-Asn-Pro-Ala-OMe (Ila). Z-Pro-Ala-OMe!® (40.8
g, 122 mmol) was hydrogenated over 5% palladium-char-
coal in the presence of HCI (1 equiv) in MeOH. The catalyst
was filtered off and the filtrate was concentrated to dryness
under reduced pressure. The residue was dissolved with
Z-Asn-ONp (52.0 g, 134 mmol) and TEA (17.1 ml) in DMF
(600 ml). The solution was stirred at room temperature over-
night and then concentrated to a syrup under reduced pres-
sure. The syrup was dissolved in AcOEt and washed suc-
cessively with 0.1 M HCI, 5% aq NaHCO3 and water. Crys-
tals formed during the washing procedure were collected and
recrystallized from a mixture of AcOEt, EtOH, and ether
containing a trace amount of water; wt 39.5 g (72.2%), mp
115.5—118.5 °C, [e]% —67.8° (c 1.0, DMF).

Found: C, 55.31; H, 6.29; N, 12.11%. Calcd for Ca1Has-
07N4-1/2H:0: C, 55.13; H, 6.39; N, 12.25%.

Boc-Cys(MBzl)-Cys(MBzl)-OMe (IIb). Boc-Cys(MBzl)-
OH.DCHA (114.0g, 225 mmol) and H-Cys(MBzl)-OMe.
HCI (62.1 g, 225 mmol) were dissolved in CHCIls (1.51) and
cooled below —10°C. The solution was stirred with DCC
(51.1 g, 248 mmol) at the same temperature for 1h and at
room temperature overnight. The precipitate formed was
filtered off and the filtrate was concentrated to an oil under
reduced pressure. The oil was dissolved in AcOEtand insolu-
ble material was filtered off. The filtrate was washed succes-
sively with 0.1 M HCI, 5% aq NaHCOs, and water, and then
dried over anhydrous Na2SQ4. The dried solution was con-
centrated under reduced pressure to a syrup, which was crys-
tallized from AcOEt and ether; wt 115.3g (97.3%), mp
101—102.5°C, [«]® —52.3° (¢ 1.0, DMF).

Found: C, 61.62; H, 7.12; N, 4.94; S, 11.61%. Calcd for
C2sH3sO5N2Ss: C, 61.51; H, 7.01; N, 5.12; S, 11.73%.

Boc-Cys(MBzl)-Cys(MBzl)-N2H3 (Ilc). Compound IIb
(115.1g, 210 mmol) was dissolved in a mixture of DMF
(200 ml) and MeOH (500 ml). Then 100% hydrazine hydrate
(52.7g) was added and the mixture was stirred at room
temperature for 24 h. The precipitate formed was collected
with ether; wt 109.2 g (94.9%), mp 149.5—150.5°C, [a]8
—29.8° (¢ 1.0, DMF).

Found: C, 59.26; H, 7.06; N, 10.04; S, 11.60%. Calcd for
C27H3s04N4S2: C, 59.31; H, 7.01; N, 10.25; S, 11.73%.

Boc-Cys(MBzl)-Cys(MBzl)-Asn—-Pro-Ala-OMe (IId).
Compound IIa (39.5 g, 88.0 mmol) was hydrogenated over
5% palladium-charcoal in the presence of HCI (1 equiv)
in MeOH (400 ml). The catalyst was filtered off and the
filtrate was concentrated to a solid under reduced pressure.
Meanwhile, compound IIc (48.1 g, 88.0 mmol) was dis-
solved in DMF (500 ml) and cooled below —20 °C. The solu-
tion was stirred with 4.39 M HCI in dioxane (60.1 ml) and
isopentyl nitrite (13.0 ml) at the same temperature for 30 min.
Then, the solution was mixed with the above solid and
N-methylmorpholine (29.1 ml) and stirred at 4 °Cfor 3 d. The
solution was concentrated under reduced pressure to a
syrup, which was solidified in AcOEt. The solid was dis-
solved in CHCIs, washed with water, and then dried over
anhydrous NazSO4. The dried solution was concentrated
under reduced pressure to a syrup, which was crystallized
from a mixture of CHCIls, EtOH, and ether; wt 64.6g
(88.5%), mp 183 °C, [a]® —65.0° (¢ 1.0, DMF).

Found: C, 57.89; H, 6.84; N, 9.98; S, 7.60%. Calcd for
Ca0Hs609NeS2: C, 57.95; H, 6.81; N, 10.14; S, 7.74%.

Boc-Cys(MBz1l)-Cys(MBzl)-Asn-Pro-Ala-N2H3 (II).
Compound IId (45.6 g, 55.0 mmol) was dissolved in DMF
(500 ml). The solution was mixed with 100% hydrazine hy-
drate (55 ml) and stirred at room temperature overnight. The
solution was concentrated under reduced pressure to a
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syrup, which was triturated in ether. The solid formed was
reprecipitated from hot EtOH and ether; wt 42.7 g (93.6%),
mp 188.5—191 °C, [a]® —54.6° (c 1.0, DMF).

Found: C, 55.56; H, 6.96; N, 13.23; S, 7.50%. Calcd for
Cs3sHs608NsS2- H20: C, 55.30; H, 6.90; N, 13.23; S, 7.59%.

Boc-Cys{MBzl)-Cys(MBzl)-Asn-Pro-Ala-Cys(MBzl)-Thr-Gly-
Cys(MBzl)-Tyr-OBz| (HI). Compound I (18.9g, 20.0
mmol) was dissolved in TFA (40 ml) and stirred at room
temperature for 40 min. The solution was concentrated to a
solid under reduced pressure. Meanwhile, compound II
(19.9 g, 24.0 mmol) was suspended in DMF (80 ml), cooled
below —20 °C, and mixed with 4.39 M HCI in dioxane (16.4
ml) and isopentyl nitrite (3.4 ml). The suspension gradually
became clear, and was stirred at —20 °C for 60 min. Then
it was mixed with N-methylmorpholine (7.92 ml) and a solu-
tion of the above solid in DMF (80 ml). The mixture was
stirred at 0—2°C for 4d and then concentrated to dryness
under reduced pressure. The residue was washed with a mix-
ture of AcOEt and water and then reprecipitated from hot
EtOH and ether; wt 27.9¢g (85.0%), mp 199 °C (dec), [a]}
—51.2° (¢ 1.0, DMSO).

Found: C, 60.15; H, 6.66; N, 9.33; S, 7.96%. Calcd for
CasH105016N1:1S4- H20: C, 60.09; H, 6.50; N, 9.29; S, 7.73%.

Boc-Cys(MBzl)-Cys(MBzl)-Glu(OBut)-Leu-OEt (IVa).
Z-Glu(OBuw')-OH-DCHA (51.9g, 100 mmol) was dissolved
with H-Leu-OEt-HCI (23.5 g, 120 mmol) and TEA (2.80 ml)
in CHClIs (11) and cooled below —10°C. The solution was
mixed with DCC (22.7g, 110 mmol) and stirred at the
same temperature for 1h and then at room temperature
overnight. The precipitate formed was filtered off and the
filtrate was concentrated to an oil under reduced pressure.
The oil was dissolved in AcOEt and washed successively
with 0.1 M HCI, 5% aqg NaHCOs, and water. The washed
solution was dried over anhydrous Na2SO4 and concen-
trated to a syrup under reduced pressure. The syrup was
dissolved in MeOH (500 ml) and hydrogenated over 5%
palladium-charcoal in the presence of HCI (1 equiv). The
catalyst was filtered off and the filtrate was concentrated to
a solid under reduced pressure. Meanwhile, compound Ilc
(49.2g, 90.0 mmol) was dissolved in DMF (400 ml) and
cooled below —20°C. The solution was stirred with 4.39
M HCI in dioxane (60 ml) and isopentyl nitrite (13.3 ml)
at the same temperature for 30 min and then mixed with
N-methylmorpholine (29.0 ml) and the above solid. The
mixture was stirred at 4°C for 24h in a refrigerator.
The precipitate formed was filtered off and the filtrate
was concentrated to a syrup under reduced pressure.
The syrup was solidified in water and the solid was twice
recrystallized from EtOH and water and from AcOEt and
hexane; wt 64.1 g (82.9%), mp 149—152°C, [a]® —26.7° (c
1.2, DMF).

Found: C, 61.32; H, 7.87; N, 6.52; S, 7.29%.
for C44aHesO9N4S2: C, 61.51; H, 7.74; N, 6.52; S, 7.47%.

Boc-Cys(MBzl)-Cys(MBz1)-Glu(OBu')-Leu-N2Hs (IV).
Compound IVa (25.7g, 30.0mmol) was dissolved in
MeOH (400 ml) and mixed with 100% hydrazine hydrate
(30 ml). The solution was stirred at room temperature for
2d and mixed with water. The resulting precipitate was
collected by filtration and reprecipitated from EtOH and
ether; wt 19.9g (78.5%), mp 204°C (dec), [«]® —19.8° (¢
1.0, DMF).

Found: C, 59.40; H, 7.69; N, 9.74; S, 7.53%. Calcd
for Cs2HesOsNeS2: C, 59.69; H, 7.63; N, 9.94; S, 7.59%.

Boc-Cys(MBzl)-Cys(MBzl)-Glu(OBw)-Leu-Cys(MBzl)-Cys-
(MBzl)}-Asn-Pro-Ala-Cys(MBzl)- T hr-Gly-Cys(MBzl)-Tyr-OBzl
(V). Compound III (16.4g, 10 mmol) was dissolved
in TFA (35 ml) and stirred at room temperature for 80 min.
The solution was concentrated to a solid under reduced
pressure. Meanwhile, compound IVa (10.1 g, 12.0 mmol)
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was suspended in DMF (45 ml) and cooled below —20 °C.
The suspension was mixed with 4.39 M HCI in dioxane (8.2
ml) and isopentyl nitrite (1.77 ml) and stirred at the same tem-
perature for 60 min, when it gradually became clear. The
resulting solution was mixed with N-methylmorpholine
(4.0 ml) and a solution of the above solid in DMF (40 ml).
The mixture was stirred at 0°C for 4d in a refrigerator
and then concentrated to dryness under reduced pressure.
The residue was collected with AcOE¢, boiled in hot EtOH,
cooled to room temperature, and filtered; wt 20.1 g (85.4%),
mp 220 °C (dec), [a]}¥ —47.7° (c 1.0, DMSO).

Found: C, 60.95; H, 6.64; N, 8.75; S, 8.19%. Calcd for
Ci20H157022N15S6: C, 61.23; H, 6.72; N, 8.92; S, 8.17%.

Z-Asn-Tyr-OFEt (Vla). Z-Asn-OH (20.0 g, 75.0 mmol)
was dissolved with H-Tyr-OEt-HCI (20.3 g, 82.5 mmol) and
TEA (11.6 ml) in DMF (200 ml). The solution was cooled
below —10°C and mixed with HOBt (11.1 g, 82.5 mmol)
and DCC (14.7g, 71.3 mmol). The mixture was stirred at
the same temperature for 1h and at room temperature
overnight. The precipitate formed was filtered off and the
filtrate was concentrated to dryness under reduced pres-
sure. The residue was washed successively with 0.1 M HCI
and water and then reprecipitated from DMF and water; wt
31.6 g (96.9%), mp 170.5—172.5 °C, [a]® +12.0° (c 1.0, DMSO).

Found: C, 60.45; H, 5.94; N, 9.05%. Calcd for CasHar-
O7N3s: C, 60.39; H, 5.95; N, 9.19%.

Z-Ser-Asn-Tyr-OEt (VIb). Compound VIa (9.15¢g,
20.0 mmol) was dissolved in MeOH (150 ml) and hydrogen-
ated over 5% palladium-charcoal at atmospheric pressure in
the presence of HCI (1 equiv). The catalyst was filtered off
and the filtrate was concentrated to a solid under reduced
pressure. Meanwhile, Z-Ser-NzHj3 (5.60 g, 20.0 mmol) was
dissolved in DMF (80 ml) and cooled below —20°C. The
solution was mixed with 4.39 M HCI in dioxane (13.7 ml)
and isopentyl nitrite (2.95 ml) and stirred at the same tem-
perature for 30 min. Then, the solution was mixed with N-
methylmorpholine (6.60 ml) and the above solid, and stir-
red at 0—2°C for 2d. The precipitate formed was filtered
off and the filtrate was concentrated to dryness under re-
duced pressure. The residue was crystallized from AcOEt
and recrystallized from hot EtOH and AcOEty; wt 8.70g
(80.0%), mp 194—196 °C, [a]& +6.2° (¢ 0.9, DMF).

Found: C, 57.22; H, 5.84; N, 10.21%. Calcd for Cas-
H3:09N4: C, 57.35; H, 5.92; N, 10.29%.

Z-Asn-Ser-OMe (VIc). Z-Asn-OH (13.3 g, 50.0 mmol)
was dissolved with H-Ser-OMe-HCI (8.60 g, 55.0 mmol)and
N-methylmorpholine (6.05ml) in DMF (150ml). The
solution was cooled below —10°C and mixed with HOBt
(7.4 g, 55 mmol) and DCC (9.8g, 47.5 mmol). The mixture
was stirred at the same temperature for 1 h and at room
temperature overnight. The precipitate formed was fil-
tered off and the filtrate was concentrated to crystalline
material under reduced pressure. The material was re-
crystallized from AcOEt; wt 16.1 g (88.0%), mp 197—199 °C,
[a]® +8.4° (¢ 1.0, DMSO).

Found: C, 52.33; H, 5.68; N, 11.46%. Calcd for CieHai-
O7Ns: C, 52.31; H, 5.76; N, 11.44%.

Z-Asn-Ser-N2H3 (VId). Compound VIc (16.0g, 43.6
mmol) was dissolved in DMF (300 ml), mixed with 100%
hydrazine hydrate (22.0 ml), and stirred at room tempera-
ture overnight. The crystalline material formed was boiled
in hot EtOH and collected after cooling; wt 16.1 g (100%),
mp 209 °C (dec), [a]8 —3.9° (c 1.0, DMSO).

Found: C, 47.76; H, 5.88; N, 18.97%. Calcd for CisHaz-
OeNs-1/2H20: C, 47.87 H, 5.89; N, 18.61%.

Z-Asn-Ser-Ser-Asn-Tyr-OEt (Vle). Compound VIb
(8.70 g, 16.0 mmol) was hydrogenated over 5% palladium-
charcoal in MeOH (100 ml). The catalyst was filtered
off and the filtrate was concentrated to a solid under re-
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duced pressure. Meanwhile, compound VId (6.50g, 17.6
mmol) was suspended in DMF (100 ml) and cooled below —20
°C. The suspension was mixed with 4.39M HCI in dioxane
(12.0 ml) and isopentyl nitrite (2.60 ml). The resulting solu-
tion was stirred at the same temperature for 30 min. The
solution was mixed with N-methylmorpholine (5.80 ml)
and the above solid. The mixture was stirred at 0°C for 3d
and the precipitate formed was filtered off. The filtrate
was concentrated under reduced pressure to a gelatinous solid,
which was collected with AcOEt. Half the solid was boil-
ed in hot EtOH and collected after cooling; wt 52g
(82.9%), mp 215 °C (dec), [a]® +2.1° (¢ 1.0, DMSO).

Found: C, 52.05; H, 5.75; N, 12.81%. Calcd for CasHas-
0O13N7.1/2H20: C, 52.52; H, 5.88; N, 12.99%.

Z-Asn-Ser-Ser-Asn-Tyr-N2H3z (VI). Compound Ve
(8.7 g, 8.0 mmol) was dissolved with 100% hydrazine hydrate
(8.0ml) in DMF (80 ml) and stirred at room temperature
overnight. The resulting precipitate was collected with
EtOH. The crystalline material was boiled in hot EtOH
and filtered after cooling to room temperature; wt 5.0g
(93.9%), mp 207 °C (dec), [a]® —9.2° (¢ 1.1, DMSO).

Found: C, 49.13; H, 5.88; N, 17.09%. Calcd for CsHa-
012Ns-H:20: C, 49.66; H, 5.78; N, 16.81%.

Z-Asn-Ser-Ser-Asn-Tyr-Cys(MBzl)-Cys(MBzl)-Glu-Leu-
Cys(MBzl)-Cys(MBzl)- Asn-Pro-Ala-Cys(MBzl)-Thr-Gly-Cys-
(MBzl)-Tyr-OBzl (VII). Compound V(1.18 g, 0.5 mmol)
was dissolved with anisole (0.2ml) in TFA (10 ml) and
stirred at room temperature for 2h. The solution was con-
centrated under reduced pressure to a syrup. Meanwhile,
compound VI (549 mg, 0.75 mmol) was dissolved in a mix-
ture of DMF (5 ml) and DMSO (5 ml) and cooled below —10
°C. The solution was mixed with 4.39 M HCI in dioxane
(0.51 ml) and isopentyl nitrite (0.11 ml) and stirred at —10
°C for 60 min. Then, the solution was mixed with N-methyl-
morpholine (1.0 ml) and a solution of the above syrup in
DMF (5 ml). The mixture was stirred at 0 °C for 10d, con-
centrated under reduced pressure, and then mixed with EtOH.
The precipitate formed was collected, boiled in hot EtOH,
and collected after cooling to room temperature; wt 1.13
g (78.0%), mp 214°C (dec), [a]¥ —40.0° (¢ 1.0, DMSO).
Amino acid ratio in the acid hydrolysate: Asp, 2.93 (3); Thr,
0.97 (1); Ser, 1.61 (2); Glu, 1.03 (1); Pro, 0.98 (1); Gly, 1.00
(1); Ala, 1.04 (1); 1/2Cys, not determined; Leu, 1.05 (1); Tyr,
1.93 (2).

Boc-[1-5]-N,H,
(v1)

Boc-[6-9]-N2H3
(1v)
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Found: C, 58.11; H, 6.40; N, 10.41; S, 6.76%. Calcd for
C1i2H178032N22Se- H20: C, 58.50; H, 6.22; N, 10.57; S, 6.60%.

Deprotection, Air-oxidation and Purification of Toxic Peptides.
Compound VII (290 mg, 100 pmol) was treated with anhy-
drous liquid hydrogen fluoride (10 ml) containing anisole
(0.87 ml) at 0—2 °C for 60 min. The HF-reagent was removed
under reduced pressure and the residue was dissolved in 99%
formic acid (3.0 ml). The solution was washed three times
with hexane and diluted with water to 5X10-8 M concentra-
tion of the peptide. The solution was adjusted to pH 8.0 by
adding aqueous ammonia and kept at room temperature for
4 d with occasional stirring. Then it was adjusted to pH ca.
7.0 by adding glacial acetic acid and divided into two por-
tions, which were each applied to a column (3X25 cm) of
DEAE-Sephadex A-25 (acetate form). The adsorbed material
was washed with water and eluted with 1500 ml of a linear
gradient of 0 to 0.5M AcOH. Fractions with toxicity were
collected and lyophilized. The lyophilized material was pur-
ified on a reversed-phase column (Merck, LiChrosorb RP-8
5 um, 8X300 mm) by HPLC with a linear gradient of 10% to
35% acetonitrile in 0.01 M ammonium acetate (pH 5.7).
Fractions of eluate with toxicity were collected and lyophil-
ized; wt 4.90 mg (4.8%).

Aminopeptidase M Digestion of STh. Native or syn-
thetic STh (ca. 100 pg) was dissolved in 0.1 M Tris HCI buffer
(100 pl) at pH 7.6 and digested with aminopeptidase M (5 pug)
for 30 min at 40 °C. The reaction was stopped by addition of
1 M formic acid (100 pl). The solution was directly applied
to a YMC-packed column ODS A-324 (10X300 mm) and
the adsorbed material was eluted with a linear-gradient of
10—45% acetonitrile in 0.05% hexafluorobutyric acid (pH
2.51).

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

Results and Discussion

Synthests. First the protected linear peptide
VII with the whole amino acid sequence of ST was
prepared, as shown in the scheme in Fig. 2. Then the
protecting groups of VII were removed by treatment
with anhydrous liquid hydrogen fluoride.1® The free
linear peptide thus obtained was spontaneously air-

Boc-[10-141-NjH;  Boc-[15-19]-0821
| an | m

Azide

Boc-[10-19]-08z1

| am

| Azide
Boc-[6-19]-08z1
(v)

l Azide
Boc-[1-19]-0Bz1

(vII)

1) HF-treatment

2) Air-oxidation

3) Ion-exchange Chromatography
4) HPLC

STh

Fig. 2. Scheme for synthesis of ST}.
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oxidized in dilute solution (5X10-5M) at pH 8.0 at
room temperature. The air-oxidized solution was
examined by high-performance liquid chromatog-
raphy (HPLC) and results are shown in Fig. 3. Peak
fractions were separated and toxicity of each was
examined by the fluid accumulation test in suckling
mice.? High toxicity was observed in the peak fraction
shown by a black bar. This fraction was purified by
ion-exchange chromatography followed by HPLC.
The purified fraction had the same retention time on
HPLC as native ST, under two different conditions, as
shown in Fig. 4. The yield of this fraction was 4.8% on
the basis of the amount of the protected peptide VII.
This yield was not surprisingly low, because there are
15 possible modes of formation of STh with three dis-
0 10 20 30 4o ulfide linkages from a linear peptide of ST4 and the
Retention time (min) environment for formation of disulfide linkages used

Fig. 3. HPLC profile on a LiChrosorb RP-8 column in this work might be different from that in a biologi-
(5 um, 4x250 mm) of HF-treated and air-oxidized cal system. The amino acid composition of synthetic
solution of compound VII. The peak marked by a ST agreed well with the theoretical one, as shown in

black bar showed toxicity. Table 1.

oNESS

---- CH,CN (%)

1

—— Relative Absorbance at 220 nm.

(A) (B)

-1 60

----- o’ 120

----CH,CN (%)

S ] ...".’____.-' 420

—— Relative absorbance at 220 nm

d 1 1 1 1
0 10 20 30 40 0 10 20 30 40
Retention time (min)

Fig. 4. HPLC profiles of native ST,, (upper) and synthetic. ST, (lower). (A) Column, LiChrosorb RP-8
(5um, 8x300mm); starting solvent, 109 CH,CN in 0.0l M AcONH, (pH 5.7). (B) Column,
LiChrosorb RP-8 (5 um, 4x 250 mm); starting solvent, 10%, CH,CN in 0.05% TFA (pH 2.35).

TABLE 1. AMINO ACID COMPOSITIONS OF SYNTHETIC AND ENZYMATIC-DEGRADED PEPTIDES OF STh‘)

Synthetic Native
ST, ST,[3-19]»  ST,[4-19]» ST,® STy[3-19]19 ST,[4-19]®

Asp 2.96(3) 1.98(2) 2.00(2) 2.96(3) 2.00(2) 2.01(2)
Thr 0.93(1) 0.95(1) 0.99(1) 0.96(1) 0.96(1) 1.00(1)
Ser 1.85(2) 0.97(1) — 1.91(2) 0.97(1) —

Glu 0.99(1) 1.01(1) 1.01(1) 1.16(1) 1.00(1) 1.04(1)
Pro 1.14(1) 1.14(1) 1.06(1) 1.26(1) 1.07(1) 1.11(1)
Gly 1.03(1) 1.05(1) 1.05(1) 1.21(1) 1.03(1) 1.04(1)
Ala 1.00(1) 1.00(1) 1.00(1) 1.00(1) 1.00(1) 1.00(1)
1/2Cys 5.56 (6) 5.39(6) 5.50(6) 4.76(6) 5.34(6) 5.36(6)
Leu 1.03(1) 1.04(1) 1.04(1) 1.10(1) 1.05(1) 1.06(1)
Tyr 1.95(2) 2.00(2) 2.00(2) 1.92(2) 2.00(2) 1.99(2)

a) Values were calculated as mol/mol of Ala; numbers in parentheses indicate nearest integer values; b) Prepara-
tions from synthetic STy; c) Values cited from Ref. 2; d) Preparations from native ST},.
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Biological Activities. The toxicity of synthetic  synthetic and native STh. As shown in Fig. 6, the
peptide ST was examined by the fluid accumulation  proton chemical shifts of synthetic STy were superim-
test in suckling mice. The minimum effective dose of
synthetic STy was 0.8 ng/100 pl, which was almost the
same as that of native ST}, as shown in Table 2. Fur-
thermore, the toxicity of synthetic ST was neutralized
not only by homologous anti-native ST, antiserum
but also by heterologous anti-native ST} antiserum.”

Aminopeptidase M Digestion of Native and Synthetic
STh. To obtain evidence that the synthetic ST
had the same spacial structure as the native toxin, we
treated synthetic and native ST, with aminopepti-
dase M and compared the digests by HPLC, as shown
in Fig. 5. The profile of the digest of synthetic STh
was very similar to that of native STh. The peak
fractions were separated and analyzed as described in
the following paper.!® The two major fractions were
identified as ST4[3-19] and STx[4-19], in which twoand
three N-terminal amino acid residues, respectively, of
ST, were removed. The minor peak fraction between
undigested SThn and SThw[3-19] was identified as that
of peptide STi[2-19] lacking the N-terminal Asn res-
idue of STh. The same results were obtained on analysis
of native STh, providing evidence that synthetic STy
has the same structure as native STh.

Proton NMR Spectra. To confirm that syn-
thetic peptide ST, had the same tertiary structure as
native ST4, including the positions of disulfide link-
ages, we measured the 500 MHz 'H-NMR spectra of 180

4 60
Neutralization W,
|

[1-19]

(%)

{80
160
{40
H20

---- CH,CN

—— Relative Absorbance at 220 nm.

TaBLE 2. BIOLOGICAL PROPERTIES OF SYNTHETIC STj ) \A\J

-_

Minimum effective
dose (ng/100 pl)*

Lo T Heo
4 20
0
by anti-native

STy antiserum 0 1020 25 30 35

Native .ST" 1.0 + Retention time (min)
Synthetic STy, 0.8 + Fig. 5. HPLC profiles on a YMC ODS column (5 um,

* Calculated from the recovery of amino acids in acid 10 300 mm) of aminopeptidase M digests of native
hydrolysates. STy (upper) and synthetic STy, (lower).

Uy, s

W
ﬂ'/ Wk
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s
Fig. 6. 500 MHz 'H-NMR spectra of synthetic STy (upper) and native ST, (lower).
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0 min

.

0 min

|

10 min 10 min

i
-

Relative absorbance at 220 nm

30 min 30 min

l ’__{%—/L
Fig. 7. HPLC profiles on a LiChrosorb RP-8 column
(5 um, 4x250 mm) of heat-treated native ST, (left
column) and synthetic ST, (right column). The
column was developed with a linear-gradient of 10 9,
to 359 CH,CN in 0.01 M AcONH, (pH 5.7) with

increase of 1 %/min of CH,CN at a flow rate of 0.5
ml/min.

posable on those of native STh, indicating that the
synthetic peptide had the same three dimensional
structure as native toxin.

Heat-stability We examined the heat-stability
of synthetic STx by HPLC, as described previously.!?
Synthetic ST was confirmed to be stable on heating at
100 °C for 30 min like native STk, as illustrated in Fig.
7.

Thus, the synthetic STy obtained was found to be
identical to native STh with respect to its physicochem-
ical and biological properties, providing evidence that
the amino acid sequence proposed for STs a heat-
stable enterotoxin of a human strain SK-1 of entero-
toxigenic Escherichia coli, is correct. Furthermore, a

Synthesis of a Heat-stable Enterotoxin (STh)
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method was developed for obtaining much toxin. The
synthetic ST will be used for elucidating the biochem-
ical and biological properties of ST and also for detect-
ing ST-producing bacteria, which are very important
epidemiologically.

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