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System for the Synthesis of Cystine-Containing Peptides®’
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Disulfide bonds of peptides were effectively established between S-protected cysteine residues as well as free cysteine
residues by the action of dimethylsulfoxide in trifluoroacetic acid. Oxytocin and «-human calcitonin gene-related peptide
were synthesized using this oxidation system. The feasibility of this method for the formation of two disulfide bridges

of apamin was also examined.
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To date, many kinds of cystine-containing peptides
have been isolated from various natural sources and char-
acterized, e.g., oxytocin, calcitonin, endothelins, and
growth factors. Their disulfide bridges play important roles
in the expression of their biological activities by stabiliz-
ing their three-dimensional structures. In the synthesis of
cystine-containing peptides, the disulfide bond-forming
reaction is one of the most important steps. Therefore our
research interest has been focused on methodological
improvements in the chemical synthesis of cystine-con-
taining peptides.

For disulfide bond-formation, conventional air oxida-
tion? or K, Fe(CN)¢¥ oxidation in aqueous media is
generally employed. In terms of efficient and unambiguous
synthesis, however, these methods are still less than
satisfactory. In the case of basic or hydrophobic peptides,
we often encounter problems of solubility of the peptide in
aqueous media, even if the peptide backbone has been
successfully constructed and deprotection/cleavage has
been well conducted. To solve this problem, we have
developed two disulfide bond-forming systems; one utilizes
thallium(IIl) oxidation® and the other relies on an
acid-catalyzed reaction involving S-protected cysteine
sulfoxides.” Both methods can be conducted in TFA,
which freely dissolves most peptides, even protected pep-
tides, and both were successfully applied to the synthesis
of several biologically active cystine-containing peptides.
By the combination of these two systems in TFA, regioselec-
tive disulfide bond-formation of two disulfide bridges of
apamin has been accomplished.®

In a recent preliminary report,” we have demonstrated
another disulfide bond-forming reaction which proceeded
in TFA, using DMSO as an oxidant. By employing this
system, cysteine and some S-protected cysteine derivatives
[Cys(Trt), Cys(MBzl), Cys(Dbs), and Cys(Bzh)] have been
shown to be effectively converted to cystine. In this paper,
we wish to report further investigations and experimental
details of the DMSO-TFA oxidation system for the
synthesis of several cystine-containing peptides. We also
with to discuss the character of TFA as a solvent for
disulfide bond-forming reactions.

Results and Discussion

Disulfide Bond Formation between Unprotected Cysteine
Residues In order to evaluate the efficiency of the
DMSO-TFA oxidation for intra-chain disulfide bond-

formation between free cysteine residues of peptides, two
model peptides were synthesized.

The first attempt was made using a small cystine-
containing peptide amide, oxytocin; H-Cys-Tyr—Ile—
GIn-Asn—Cys—Pro-Leu-Gly—NH, (disulfide bond between
Cys' and Cys®). The peptidyl resin for oxytocin was
synthesized by an Fmoc-based solid-phase method® on a
PAL™-resin. For the protection of the two sulfhydryl
groups of the Cys residues, the MBzl group® was employed.
After deprotection of all protective groups and simultaneous
cleavage of the peptide from the resin by using the 1M
TMSBr-m-cresol-thioanisole-EDT-TFA system, ' the re-
sulting SH-peptide was submitted to 10% (v/v) DMSO-
TFA oxidation. The disulfide bond-forming reaction was
complete within 1h at room temperature, and the desired
disulfide product was efficiently generated. No significant
side products were detected by HPLC analysis (Fig. 1).

Next, the larger peptide, a-human calcitonin gene-related
peptide («-hCGRP) was synthesized using this cyclization
method. The protected 37-residue peptide amide con-
structed by solution-phase methods'? was treated with the
1M TMSOTf-m-cresol-thioanisole-EDT-TFA system'?
to remove all protective groups (Ad from Cys, Mts from
Arg, Bzl from Ser, and Z from Lys). The resulting SH-
peptide was then treated with 10% (v/v) DMSO-TFA at
room temperature for 1 h. The crude product was purified
by HPLC to give homogeneous oxidized a-hCGRP in 17%
yield based on the protected peptide (Chart 1, Fig. 2).

Direct Disulfide Bond Formation between Protected
Cysteine Residues Direct disulfide bond-formation be-
tween side chain-protected cysteine residues seems to be
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Fig. 1. HPLC of Crude Oxytocin

Column, Cosmosil C18-AR (0.46 x 15cm); elution, linear gradient with MeCN
(10—40% in 30 min) in 0.1% aqueous TFA at a flow rate of 1 ml/min; detection,
220 nm.
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more useful than between free cysteine residues, since free
SH-peptides are generally difficult to handle under aerobic
conditions, and particularly during the synthesis of large
peptides, the S-protected peptides are often initially purified
before disulfide bond-formation to facilitate purification
of the final product. Therefore we investigated the ap-
plicability of the DMSO-TFA oxidation to direct disulfide
bond-formation between S-protected cysteine residues
using oxytocin as a model peptide. The S-protective
MBzI® and Acm groups'® which have generally been used
in recent peptide syntheses were employed. An oxytocin
derivative containing Cys(Acm) and free cysteine residues
in the molecule was also synthesized and submitted to the
DMSO-TFA oxidation in the expectation of preferential

Boc-Ala-Cys(Ad)-Asp-Thr-Ala-Thr-Cys(Ad)-Val-Thr-His-Arg(Mts)-Leu-Ala-
Gly-Leu-Leu-Ser(Bzl)-Arg(Mts)-Ser(Bzl)-Gly-Gly-Val-Val-Lys(Z)-Asn-Asn-
Phe-Val-Pro-Thr-Asn-Val-Gly-Ser(Bzl)-Lys(Z)-Ala-Phe-NH,

protected «-hCGRP

1) 1 m TMSOTf - m-cresol - thioanisole - TFA

SH SH
| |
H----Cys 0 S —— NH,
i
2) 10% (vAv) DMSO-TFA
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|
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a-hCGRP
Chart 1. Synthetic Scheme for a-hCGRP
<
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Fig. 2. HPLC of Crude «-hCGRP

Column, yBondasphere 5;4C~18—100A (0.39 x 15cm); elution, linear gradient with
MeCN (20—50% in 30min) in 0.1% aqueous TFA at a flow rate of 1 ml/min;
detection: 220 nm.
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disulfide bond-formation between the free cysteine residues.

Three resin-bound peptides for disulfide bond-forming
reactions; [Cys(MBzl)!-®]-oxytocin, [Cys (Acm)'-®]-oxy-
tocin, and [Cys(Acm)!, Cys(SH)®]-oxytocin, were con-
structed by the Fmoc-based solid-phase method. Each
S-protected oxytocin derivative was obtained by depro-
tection/cleavage using TFA-m-cresol-thioanisole-EDT—
water (80:5:5:5:5, v/v)!¥ followed by HPLC puri-
fication. For disulfide bond-formation, each purified
S-protected oxytocin derivative was treated with 10% (v/v)
DMSO-TFA at room temperature (Chart 2), and the
progress of the reaction was monitored by analytical
HPLC. As shown in Table I, disulfide bond-formation
between Cys(MBzl) residues was completed within 2 h and
the desired oxytocin was formed in good yield without
significant side reactions. On the other hand, [Cys-
(Acm)!%]-oxytocin survived nearly intact even after a 12-h
treatment. But to our surprise, in the case of [Cys(Acm)’,
Cys(SH)®J-oxytocin, oxytocin was formed as a main
product in a much shorter reaction time (1h) than in the

TaBLE 1. Generation of Oxytocin from S-Protected Oxytocin Deriva-
tives by DMSO-TFA Oxidation

Generation of oxytocin (%)®
Starting material

lh 2h 12h
[Cys(MBzl)*-¢J-oxytocin 64 (21) 86 ( 0)
[Cys(Acm)!-]-oxytocin <503 <502 <5092
[Cys(Acm)!,Cys(SH)®]-oxytocin

69 ( 0

a) Yields are calculated from HPLC peak areas. Recovery (%) of the starting
material is shown in parentheses. b) The peak of the dimeric product of [Cys(Acm)?,
Cys®]-oxytocin was observed.

TasLE II. Treatment of H-Cys(Acm)-OH with 10% (v/v) DMSO-TFA
in the Presence or Absence of 2-ME

4 (4] : a)
Reaction time Yield (% of theoretical)

2-ME (eq)

(min) Cys(Acm)  Mixed SS»  Cystine
None 15 89 10
30 82 18
60 70 29
1 15 59 30 <2
30 0 90 8

a) Yields were estimated by amino acid analysis.
ethylthio cysteine.

b) Mixed SS, S-2-hydroxy-

1 |
H-Cys-Tyr-lle-Gin - Asn - Cys - Pro - Leu - Gly - NH,
Ry, Ry = MBzl : [Cys(MBzl)" ¢]-oxytocin
Ry, R2 = Acm : [Cys(Acm) ' %]-oxytocin
R1 = Acm, Ry= SH : [Cys(Aem)!, Cys(SH)%]-oxytocin

10% (viv) DMSO ~TFA

S S
1 I
H-Cys - Tyr-lle- GIn - Asn- Cys - Pro - Leu - Gly - NH,
oxytocin

Chart 2. Disulfide Bond Formation from S-Protected Oxytocin Derivatives
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type I : natural form
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Chart 3. Structures of Apamin and Its Disulfide Isomers

case of [Cys(Acm)!'®]-oxytocin. Here the formation of the
homodimer of [Cys(Acm)!, Cys®]J-oxytocin was also
observed.

These results revealed that Cys(MBzl) residues in the
peptide were effectively and directly converted to the
cystine residue, and that the S-Acm group, which is itself
considerably resistant to DMSO-TFA oxidation, was
readily cleaved in the presence of the accessible thiol. In
fact, in the model experiment using H-Cys(Acm)-OH, the
cleavage of the S-Acm group was promoted by addition
of 1 eq of 2-ME, and formation of the mixed disulfide,
S-2-hydroxyethylthio cysteine, was observed on amino
acid analysis (Table II).

Attempts at Disulfide Bond-Formation of Apamin Next,
in order to examine the feasibility of using this oxidation
system in the synthesis of peptides containing two or more
disulfide bridges in the molecule, disulfide bond-formation
to form apamin, an 18-residue bee venom peptide amide,
was attempted. For the disulfide bond-formation, fully
reduced apamin, obtained by the reduction of synthetic
apamin,® was submitted to the DMSO-TFA oxidation.
The crude product was then analyzed by HPLC in com-
parison with authentic samples of three types of disulfide
isomer of apamin (Chart 3). The type I (natural form), the
type II and the type III isomers, all synthesized by using
regioselective disulfide bond formation (see Experimental),
showed different retention times on analytical HPLC.
Unexpectedly, the retention time of the main product after
treatment of the fully reduced apamin with 10% (v/v)
DMSO-TFA was identical to that of the type III disulfide
isomer, which contains two disulfide bridges between Cys?
and Cys®, and between Cys'! and Cys'> (Fig. 3). This
main product was purified by HPLC and its identity was
confirmed by FAB-MS analysis.

In order to clarify the reason why exclusive formation of
the unnatural type III isomer occurred upon DMSO-TFA
treatment, the fully reduced apamin was exposed to various
additional oxidation systems including T1(TFA),-TFA
oxidation,” 10% (v/v) DMSO-water oxidation,'® and air
oxidation at pH 8. After each treatment, the ratio of
individual disulfide isomers was estimated by measuring
peak areas on analytical HPLC. The results are summarized
in Table III. The TI(TFA);~TFA oxidation gave the same
result as the DMSO-TFA oxidation. On the other hand,
the air oxidation produced only the natural disulfide isomer

Cys NH,

type III

(
(

d)

L _—

T T T T L
0 20 40 min
Fig. 3. HPLC of Apamin Isomers and Crude Product after DMSO-TFA
Oxidation
Column, Cosmosil C18-AR (0.46 x 15¢m); elution, linear gradient with MeCN
(10—20% in 30min) in 0.1% aqueous TFA at a flow rate of | ml/min; detection,

220nm. a) type I; b) type IT; c) type III; d) crude product after DMSO-TFA treat-
ment.

TasLE III.
Systems

Disulfide Bond Formation of Apamin by Various Oxidation

Relative peak areas of the three

1 H 0
Oxidation system disulfide isomers (%)

Type 1 Type 11 Type 111
10% (v/v) DMSO-TFA 0 0 100
Tl (TFA); (Seq)-TFA 0 0 100
10% (v/v) DMSO-water 58 33 9
Air oxidation (pH 8) 100 0 0

(type I). When DMSO in water was used, all three disulfide
isomers were formed. From these results, it was concluded
that the exclusive formation of the type III disulfide isomer
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by DMSO-TFA oxidation was not due to the character of
the oxidant, but rather to conformational differences of the
peptide in the different solvents. One of the most important
factors influencing the conformation of peptides is thought
to be the solvent polarity. At 20 °C, values of the dielectric
constants of water, DMSO, and TFA are 80.1, 48.9, and
8.55, respectively. It is reasonable to consider that in a much
less polar solvent such as TFA, the peptide chain would
take nearly unfolded structures, which could be account for
the exclusive formation of the type III disulfide isomer in
this solvent. The formation of the type Il and III isomers
in the 10% (v/v) DMSO-water system could also be
explained by conformational effects resulting from the
decreased solvent polarity due to addition of DMSO.

Conclusion

In this study, we have shown the usefulness of the
DMSO-TFA oxidation system for the practical synthesis
of cystine-containing peptides. By using this method,
disulfide bridges of peptides are effectively established not
only between free cysteine residues but also between
Cys(MBazl) residues in short reaction times without serious
side reactions. We also found that the S-Acm group,
which is itself fairly stable to DMSO-TFA oxidation, was
readily cleaved in the presence of the free sulfhydryl group,
leading to the formation of the disulfide bond. In recent
papers,'® direct disulfide bond-formtion in TFA between
various S-protected cysteine residues, including Cys(Acm),
was reported using combinations of sulfoxides and silyl
compounds. These methods, which utilize the oxidizing
ability of sulfoxides, do not require the use of hazardous
heavy metals such as mercury!®!” and thallium.* The use
of TFA as a solvent also eliminates problems of peptide
solubility. Here it should be noted that in the synthesis of
tryptophan and/or methionine-containing peptides, sup-
pression of the oxidative modification of these residues” is
a problem remaining to be solved. In addition, results
obtained from the experiments using apamin provided
information about the properties of TFA as a solvent for
disulfide bond-forming reactions, and reconfirmed the
importance of peptide conformation for the correct pairing
of disulfide bridges. We consider that the present oxidation
method, combined with other disulfide bond-forming
techniques, represents a useful advance in the stepwise and
regioselective disulfide bond-forming technology for the
synthesis of multi cystine-containing peptides.

Experimental

General HPLC was performed on a Waters single pump system
equipped with a 600E system controller, a 484 tunable absorbance detector
and a Hitachi D-2500 chromato-integrator. The solvents for HPLC were
water and MeCN, both containing 0.1% (v/v) TFA, and both were
degassed before use. For analytical HPLC, Cosmosil C18-AR (0.46 x 15
cm) or uBondasphere 5uC18-100 A (0.39 x 15cm) was used at a flow rate
of 1 ml/min. Preparative HPL.C was performed on a YMC Pack D-ODS-5
S-5 100A at a flow rate of 8 ml/min or a puBondasphere 5uC18-100 A
(1.9 x [5¢cm) at a flow rate of 17 ml/min. SIMS spectra were obtained with
a Hitachi M-90 mass spectrometer. FAB-mass spectra were recorded on
a VG Analytical ZAB-SE instrument. Acid hydrolysis of peptides was
performed with 6N HCI containing 1% (v/v) phenol at 110°C for 20h.
Amino acid analysis was performed with a Hitachi 835 amino acid analyzer.

Solid-Phase Synthesis Oxytocin Derivatives All peptidyl resins for
oxytocin derivatives were constructed manually by standard Fmoc-based
solid-phase methods® on a PAL™-resin (Millipore, 0.33 mmol/g, 0.1 mmol
scale). The tert-Bu group was used for side chain protection of the Tyr
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residue. For the S-protection of two Cys residues, three different protecting
schemes were employed; resin A: MBzl groups for both Cys! and Cys®,
resin B: Acm groups for both Cys! and Cys®, resin C: an Acm group for
Cys!, and a Trt group for CysS.

Oxytocin from Its Reduced Form Resin A (23.0mg, 5.3 umol) was
treated with m-cresol (61 ul)-thioanisole (150 ul)-EDT (25 ul)-TFA
(940 ul)-TMSBr (165 ul) in an ice bath for 1 h. After removal of resulting
HBr gas by evaporation, the resin was separated by filtration. Ice-chilled
ether was then added to the filtrate, and the resulting powder of reduced
oxytocin was collected by centrifugation and washed thoroughly with
ether. The precipitate of reduced oxytocin was treated with 10% (v/v)
DMSO-TFA containing 1% anisole (2.0 ml) at room temperature. After
1 h, ice-chilled ether was added to form a powder. The crude product was
then purified by HPLC and the solvent was removed by lyophilization to
give the title compound as a white powder; yield 3.2mg (60% based on
the C-terminal amino acid). Amino acid ratios in a 6N HCI hydrolysate
(values in parentheses are theoretical): Asx 0.75 (1), Glx 0.91 (1), Pro 1.25
(1), Gly 1.05 (1), cystine N.D. (1), Ile 1.00 (1), Leu 1.06 (1), Tyr 0.89 (1).
SIMS m/z: Found 1007 (M +H)™"; Caled for C,3Hg,N,,0,,S,; 1007.44.

a-hCGRP Protected a-hCGRP'? (20.5mg, 4.05umol) was treated
with m-cresol (244 ul)-thioanisole (600 ul)-TFA (3.45ml)-TMSOTf
(970 ul) in an ice-bath for 2h, then cold ether was added to precipitate
the crude reduced a-hCGRP. The powder was treated with 10% (v/v)
DMSO-TFA containing 1% anisole (5.0ml) at room temperature for 1 h.
The crude product precipitated with ether was collected by centrifugation,
then washed thoroughly with ether and purified by HPLC; yield 2.7mg
(17% based on the protected peptide). Amino acid ratios in a 6N HCl
hydrolysate (values in parentheses are theoretical): Asx 4.08 (4), Thr 3.71
(4), Ser 2.73 (3), Pro 1.02 (1), Gly 4.07 (4), Ala 4.25 (4), cystine N.D. (1),
Val 4.45 (5), Leu 3.13 (3), Phe 2.00 (2), Lys 1.68 (2), His 0.97 (1), Arg
2.03 (2). SIMS m/z: Found 3788 (M +H)*; Caled for C,3H,65N5; 040855
3787.95.

Oxytocin from Its S-Protected Derivatives Three S-protected oxytocin
derivatives, [Cys(MBzl)!*®]-oxytocin, [Cys(Acm)'-®]-oxytocin, and
[Cys(Acm)*, Cys(SH)®J-oxytocin were obtained from resins A, B, and C,
respectively, by the following procedure. Each peptidyl-resin (120 mg)
was treated with TFA-m-cresol-thioanisole-EDT-water (80:5:5:5:5,
v/v, 2.5ml) at room temperature for 1 h. After removal of the resin by
filtration, cold ether was added to give a precipitate. The crude product
was then purified by HPLC; yield [Cys(MBzl)!-¢]-oxytocin: 23 mg (67%),
[Cys(Acm)7-oxytocin: 29 mg (88%), [Cys(Acm)?, Cys(SH)®]-oxytocin:
30mg (79%). Amino acid ratios in 6N HCI hydrolysates (values in
parentheses are theoretical): [Cys(MBzl)!¢]-oxytocin: Asx 0.93 (1), Glx
1.02 (1), Pro 1.29 (1), Gly 1.08 (1), cysteine N.D. (2), Ile 1.00 (1), Leu
1.05 (1), Tyr 1.03 (1), [Cys(Acm)!-®]-oxytocin: Asx 0.95 (1), Glx 1.03 (1),
Pro 1.29 (1), Gly 1.06 (1), cysteine N.D. (2), Ile 1.00 (1), Leu 1.05 (1), Tyr
0.97 (1), [Cys(Acm)?, Cys(SH)%]-oxytocin: Asx 0.94 (1), Glx 1.03 (1), Pro
1.04 (1), Gly 1.07 (1), cysteine N.D. (2), Ile 1.00 (1), Leu 1.05 (1), Tyr
0.98 (1). SIMS, mj/z: [Cys(MBzl)!"*J-oxytocin: Found 1249 (M+H)";
Caled for CsoHgsN;,0,,4S,; 1249.57, [Cys(Acm)!®]-oxytocin: Found
1151 (M+H)*; Caled for C,oH,oN,0,,S,; 1151.53, [Cys(Acm)!,
Cys(SH)%J-oxytocin: Found 1080 (M + H)™; Calcd for C,¢H,4,N;30:3S;;
1080.49.

Each purified S-protected oxytocin derivative (5.0 umol) was treated
with 10% (v/v) DMSO-TFA containing 1% (v/v) anisole (2.0ml). The
progress of the reaction was monitored by HPLC and the yield of the
desired product and the amount of the remaining starting material were
determined by comparing the relative peak areas to those of standard
peptide solutions of known concentrations.

Dimerization of [Cys(Acm)!, Cys(SH)*]-Oxytocin [Cys(Acm)?, Cys
(SH)®J-oxytocin (2.4 mg) was dissolved in 0.05M Tris- HCI buffer (pH 8,
240 ul) and allowed to stand for 2d. Acetic acid was then added to the
reaction mixture, and the main product was purified by HPLC; yield 1.6 mg
(67%). SIMS m/z: Found 2158 (M+H)*; Caled for CgHy45N260,654;
2157.97.

S-2-Hydroxymethylthio Cysteine 2-ME (22.3ul, 0.32mmol) was
added to an ice-cold solution of S-acetamidomethyl cysteine sulfoxide
(68 mg, 0.21 mmol) in TFA (1.36 ml). The reaction mixture was stirred at
room temperature for 5h. Ice-chilled ether was added to form a precipi-
tate, which was collected by centrifugation. A portion of the crude product
was then purified by HPLC and the fraction containing the main product
was lyophilized to give a hygroscopic powder. SIMS m/z: Found 198
M +H)*; Caled for CsH,,NO;S,; 198.03.

Treatment of H-Cys(Acm)-OH with 10% (v/v) DMSO-TFA in the
Presence or Absence of 2-ME H-Cys(Acm)-OH (20 umol), with glycine
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(20 umol) as an internal standard, was treated at room temperature with
10% (v/v) DMSO-TFA in the presence or absence of 2-ME (20 umol).
At intervals, 50 ul aliquots were withdrawn from the reaction mixture and
diluted with 10ml of water, and the concentrations of H-Cys(Acm)-OH,
S-2-hydroxyethylthio cysteine, and cystine in each sample were determin-
ed by amino acid analysis. Results are shown in Table II.

DMSO-TFA Oxidation of Fully Reduced Apamin Fully reduced
apamin was obtained by treatment of synthetic apamin® with DTT
(50eq) in 0.05M Tris-HCI buffer (pH 8) at 37°C for 1h, followed by
purification using a Sep-Pak® (Millipore). The lyophilized, reduced
apamin (ca. 500 ug) was then treated with 10% (v/v) DMSO-TFA (500 ul)
at room temperature for 2h. Ice-chilled ether was added to the reaction
mixture to give a precipitate. The main product was purified by HPLC,
and the solvent was removed by lyophilization; FAB-MS m/z: Found
2027.26 M +H)*, Caled for C;0H,5,N3,0,,S,; 2026.89. The disulfide
array of the product was identified as type III by comparison of the product
with authentic samples of apamin and its disulfide isomers by analytical
HPLC (Fig. 3).

Apamin and Its Disulfide Isomers Using Regioselective Disulfide Bond
Formation The peptide chains of three disulfide isomers of apamin (type,
I, I, and III) were assembled on DMBHA resins'® using Fmoc-based
solid-procedures. The following protective groups were used for the side
chain protection; Boc for Lys and His, tert-Bu for Glu and Thr, and Mtr
for Arg. For the type I, Cys(Trt) was incorporated at positions 1 and 11,
and Cys(Acm) at positions 3 and 15. For the type II, Cys(Trt) was
incorporated at positions 1 and 15, and Cys(Acm) at positions 3 and 11.
For the type 1II, Cys(Trt) was incorporated at positions 1 and 3, and
Cys(Acm) at positions 11 and 15. Each resin-bound protected peptide
(50mg) was treated with m-cresol (122 ul)-thioanisole (300 ul)-EDT
(50 ul)-TFA (1.88 ml)-TMSBr (330ul) in an ice-bath for 3h, then the
resulting HBr gas was removed by evapoation, and the resin was removed
by filtration. Ice-chilled ether was added to the filtrate and the resulting
powder was collected by centrifugation. The crude product was then
applied to a column of Sephadex G-25 (3.5 x 50cm), and eluted with 1N
AcOH. The fractions containing the fastest eluting main peak were
collected and submitted to air oxidation at pH 7.5 at 4°C for 48 h (total
volume ca. 200 ml). The reaction mixture was then lyophilized and desalted
by gel filtration. Each crude Acm-peptide thus obtained was dissolved in
MeOH-water (4: 1, v/v, 10 ml), then added dropwise to MeOH-1 N HCl
(4:1 v/v, 10ml) containing iodine (46 mg). The mixture was allowed to
stand at room temperature for 30 min, then the reaction was quenched by
addition of ascorbic acid until the reaction mixture becomes colorless.
MeOH was removed by evaporation, and the residue was applied to a
column of Sephadex G-25, and eluted with 1 N AcOH. Fractions contain-
ing the main peak were collected and lyophilized to give a powder. The
crude peptide was purified by HPLC, yielding type I: 1.1 mg (6%), type II:
1.8 mg (9%), type III: 1.9mg (9% based on the C-terminal amino acid).
FAB-MS mj/z: type I: Found 2027.1, type II: Found 2026.7, type III:
2027.8 M +H)*; Caled for C,oH,3,N5,0,,S,; 2026.89.

Disulfide Bond Formation of Apamin by Various Oxidation Systems
Fully reduced apamin (ca. 300 ug) was treated with 200 ul of the following
reaction systems; i) TI(TFA); (5 eq) in TFA at 4°C for Smin, ii) 10%
(v/v) DMSO-water at room temperature for 45h, iii) 0.05M Tris-HCl
buffer (pH 8) at room temperature for 6h. Each reaction mixture was
directly analyzed by HPLC, and the ratio of the three disulfide isomers
was estimated from the corresponding peak areas on analytical HPLC.
Results are shown in Table III.
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