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Abstract: In the synthesis of large peptides or proteins, highly homogeneous segments are indispensable for
a convergent strategy either on a solid-phase resin or in solution. Employing Boc/Bzl chemistry to prepare
fully protected segments with a free «-carboxyl group from the solid support, base-labile linkers are
profitable for practical peptide synthesis since they require no special equipment. For this purpose, an
N-[9-(hydroxymethyl)-2-fluorenyl]succinamic acid (HMFS) linker was adopted. Consequently, there must be
high compatibility between the protecting groups of the segment and the anchoring group which is cleavable
by treatment with morpholine or piperidine in DMF. Instead of using the 2-bromobenzyloxycarbonyl (BrZ)
group for the Tyr residue and the formyl (For) group for the Trp residue, both of which are the most
susceptible protecting groups under these base-catalysed conditions, the base-resistant 3-pentyl (Pen) and
cyclohexyloxycarbonyl (Hoc) groups were introduced to the respective side-chain functional groups. By
applying the present strategy, the authors were able to rapidly synthesize homogeneous protected segments
for use in the subsequent segment coupling in solution. In the present paper, the utility of the combined
solid-phase and solution approach is demonstrated by synthesizing muscarinic toxin 1 (MTX1) which binds
to the muscarinic acetylcholine receptors. Copyright © 2000 European Peptide Society and John Wiley &
Sons, Ltd.
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INTRODUCTION volving the preparation and coupling of protected
peptide segments is one of the most advantageous
Today, the chemical synthesis of proteins is of great approaches for synthesizing large peptides or

interest to the peptide chemist, and several tech- proteins. However, the problem of insolubility of the
niques using solid phase and solution methods are protected peptide intermediates in organic solvents
available. Among them, convergent synthesis in- commonly used in the peptide synthesis is always

Abbreviations: Acm, acetamidomethyl; BrZ, 2-bromobenzyloxycarbonyl; Bzl, benzyl; CHL, chloroform; cHx, cyclohexyl; CIZ, 2-chlorobenzyl-
oxycarbonyl; CZE, capillary zone electrophoresis; DCM, dichloromethane; DMF, N,N-dimethylformamide; DMSO, dimethyl sulfoxide; EDTA,
ethylenediaminetetraacetic acid; ESI MS, electrospray ionization mass spectrometry; For, formyl; HATU, N-[(dimethylamino)-1H-1,2,3-tri-
azolo[4,5-b]pyridin-1-ylmethylene]-N-methylmethanaminium hexafluorophosphate N-oxide; HBTU, N-[(1H-benzotriazol-1-yl)(dimethyl-
amino)methylene]-N-methylmethanaminium hexafluorophosphate N-oxide; HFIP, hexafluoroisopropanol; HMFS, N-[9-(hydroxymethyl)-
2-fluorenyl]succinamic acid; HOBt, 1-hydroxybenzotriazole; Hoc, cyclohexyloxycarbonyl; HOOBt, 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzo-
triazine; IEX-HPLC, ion exchange high-performance liquid chromatography; NMP, N-methylpyrrolidone; mAChRs, muscarinic acetylcholine
receptors; MALDI-TOF MS, matrix assisted laser desorption ionization mass spectrometry; MTX1, muscarinic toxin 1; Pac, phenacyl; Pen,
3-pentyl; RP-HPLC, reversed phase high-performance liquid chromatography; TFE, 2,2,2-trifluoroethanol; Tos, p-toluensulfonyl; Trt,
triphenylmethyl; TFA, trifluoroacetic acid; WSCI, water-soluble carbodiimide, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide; Xan, 9H-xan-
then-9-yl.
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encountered during the elongation and condensa-
tion of segments either by the solution or solid-
phase strategy.

The authors recently demonstrated the useful-
ness of a powerful solvent system, a mixture of
chloroform (CHL) and TFE [1], for the solution syn-
thesis of complex peptides by synthesizing human
midkine, a 121-residue protein [2], and human
pleiotrophin, a 136-residue protein [3]. The proce-
dure is based on performing the segment condensa-
tion method in solution employing a maximum
protection strategy with Boc/Bzl chemistry. To fur-
ther refine the strategy in solution synthesis, the
authors introduced a standard solid phase method
on an N-[9-(hydroxymethyl)-2-fluorenyl]succinamic
acid (HMFS) linker developed by Rabanal et al. [4]
for synthesizing protected peptide segments (based
on the Boc/Bzl or cHx type), which is known as the
time-determining step. The HMFS linker belongs to
the 9-hydroxymethyfluorene type protecting groups
that are designed to be cleaved by nucleophiles,
such as piperidine and morpholine, through a /-
elimination reaction.

However, several problems needed to be solved in
order to synthesize homogeneous segments for use
in the subsequent segment coupling reaction in
solution. One of the serious side reactions is the
dehydration of the side chain amide of the Asn
residue to the corresponding nitrile during step-
wise elongation of the protected peptide segments
on a solid support. This side reaction can be
avoided by temporary protection using the 9H-
xanthen-9-yl (Xan) group on the Asn residues,
which is quantitatively removable by a single treat-
ment with TFA [5]. The partial or complete cleavage
of the side-chain protecting groups, such as the
formyl (For) group on the Trp residue and the 2-
bromobenzyloxycarbonyl (BrZ) group on the Tyr
residue during detachment of the segments from
the HMFS resin by treatment with 20% morpholine
in DMF, could also be avoided by using the cyclo-
hexyloxycarbonyl (Hoc) group [6] and the 3-pentyl
(Pen) group [7]. Under these conditions, it was pos-
sible to rapidly synthesize homogeneous protected
peptide segments for use in the subsequent seg-
ment coupling reaction in solution.

In order to demonstrate the utility of the com-
bined solid-phase and solution approach, the
present strategy was applied to the synthesis of
muscarinic toxin 1 (MTX1) [8]. Muscarinic toxins
isolated from the venom of snakes belonging to the
Dendroaspis genus are the only proteins known to
bind to the muscarinic acetylcholine receptors
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(mAChRs) [9]. Among them, MTX1 isolated from the
venom of the eastern green mamba, D. angusticeps,
is of great interest in designing drugs that selec-
tively stimulate M; subtype of mAChRs, which
might be effective in the treatment of diseases asso-
ciated with dysfunction of the central or peripheral
cholinergic system [10]. It consists of 66 amino acid
residues having four intramolecular disulfide
bonds, whose pairing has been suggested to be the
same as those of short snake toxins [11]. MTX1 was
synthesized according to the reported structure by
the present procedure in solution and this was
compared with the natural product based on HPLC
and CZE.

RESULTS AND DISCUSSION

Preparation of Protected Peptide Segments on HMFS
Resin

The HMFS linker was prepared as reported previ-
ously [4]. Loading of the resin with the first Boc-
amino acid was performed either by coupling of the
preformed linker-amino acid building block onto the
resin (method A, Figure 1) or by coupling of the
Boc-amino acid onto the linker-functionalized resin
(method B). While method B has the advantage of
great flexibility regarding the substrate coupled
onto the resin, method A allows exact determination
of the degree of amino acid substitution. Further-
more, by using method A, the risk of epimerization
with the first amino acid resulting from the use of
N,N-dimethyl-4-aminopyridine (DMAP) during the
loading reaction could be effectively excluded by
recrystallization of the linker-amino acid building
blocks (data not shown). When HBTU or HATU is

NH)OK/\COOPac NH)O‘\/\CONH
o) HO

Boc-AA-
Boc-AA+-HMFS-OPac HMFS-resin

1) Z0/ACOH
) ZnvAc (Boc-AA;)20

DMAP B

(S Do

Boc-AM-0” Boc-AA;-HMFS-resin

Figure 1 Loading of the resin with the first amino acid.
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Table 1 Dehydration of the Asn Residue during the Coupling Reaction with
X-Phe-Leu Gly-HMFS resin (X = Gly or Pro)

X Formation of Boc-Ala(CN)-peptide (%)*

HATU HBTU/HOBt DCC/HOBt DCC/HOOBt
Gly 5 4 0.7 <0.1
Pro 65 58 11 2

2 Determined by HPLC after detachment of Boc-peptide from the HMFS resin by treatment

with 20% morpholine/DMF.

» Boc-Asn/DCC/HOBt or HOOBL (4/4/4 equivalents), Boc-Asn/HATU/DIEA (4/4/6 equivalents)
or Boc-Asn/HBTU/HOBt/DIEA (4/4/4/6 equivalents).

used as a coupling reagent to achieve a high degree
of coupling efficiency, the major side reaction dur-
ing the step-wise elongation of the protected peptide
segments on a solid support is dehydration of the
side chain amide of the Asn residue [12]. The dehy-
dration occurred even in the case of the DCC-
mediated coupling reaction, involving the use of
HOBt active esters generated in situ by the inclu-
sion of HOBt in the activation reaction (Table 1).
Thus far, not much attention had been paid to this
side reaction in Boc chemistry because the Asn
residue can be regenerated from the corresponding
nitrile in the final HF treatment of the peptide resin
[13]. However, in this strategy, highly homogeneous
segments prepared by using HATU or HBTU are
indispensable for the subsequent segment conden-
sation in solution. Therefore, the triphenylmethyl
(Trt) or Xan group on the Asn residue was employed
as a temporary protecting group to suppress this
side reaction. While the resistance of the Trt group
to the TFA treatment resulted in part of the Trt
group remaining even after several coupling cycles,
the Xan group could be quantitatively removed by a
single TFA treatment.

Cleavage of Protected Peptide Segments from the
HMFS Resin

The protected peptide segments from the HMFS
resin were detached by treatment with 10% pipe-
ridine or 20% morpholine in DMF for 20-30 min.
Under these conditions, the formation of aspar-
timide peptides was examined by evaluating their
purities on HPLC using the model tetrapeptide, Boc-
Ala-Asp(OcHx)-X-Ala (X = Gly, Phe or Asn); X repre-
sents the most susceptible amino acids to
base-catalysed conditions (e.g. piperidine and mor-
pholine) through dehydration, transpeptidation and
epimerization. In all cases, the extent of the forma-
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tion of aspartimide peptides was more than 20%
when treated with 10% piperidine in DMF for 1 h,
but was less than 0.2% when treated with 20%
morpholine in DMF for 1 h. However, the aspar-
timide peptide formation was found to be negligible
if 20% morpholine in DMF was used within 30 min.

To detach protected segments from solid supports
with the protecting groups intact, there must be a
highly compatibility between the protecting groups
of the segment and the anchoring group. Thus,
base-resistant protecting groups are desirable for
our procedure involving the preparation of pro-
tected segments on HMFS resin. Among commonly
used side-chain protecting groups in Boc chemistry,
the For group for the Trp residue and the BrZ group
for the Tyr residue are the most susceptible protect-
ing groups under base-catalysed conditions. In fact,
partial or complete cleavage of the For group and
the BrZ group was observed during detachment of
the segments even by treatment with 20% morpho-
line in DMF for 30 min, which are the optimized
conditions for avoiding the formation of aspartimide
peptides as described above. These side reactions
greatly influence the homogeneity of the protected
segments for the subsequent coupling reaction in
solution. It was decided, therefore, to employ the
Hoc group and the Pen group for the side-chain
functional groups of the Trp residue and the Tyr
residue, respectively. Both protecting groups devel-
oped in the laboratory proved to be suitable for the
present strategy in terms of their stability during
elongation and detachment of the segments and
their removability in the final HF reaction. The Hoc
group can be removed by the standard HF proce-
dure without resorting to the use of thiols [6]. The
removal of the Pen group in the presence of cation
scavengers, such as anisole or p-cresol, was accom-
panied by the production of a slight amount of
alkyltyrosine side product, which was comparable
to that obtained with the BrZ group [7].

J. Peptide Sci. 6: 84-93 (2000)



Synthesis of Muscarinic Toxin 1 (MTX1)

The protected peptide was assembled in solution
from seven segments, which were synthesized with
a semi-automatic synthesizer (ACT model 90, Ad-
vanced ChemTech, Louisville, KY, USA) using the
Boc strategy on HMFS resin except for the C-termi-
nal segment, which was prepared by the solution
method. The following side-chain-protected amino
acids were employed: Asp(OcHx), Glu(OcHx), Asn-
(Xan), GIn(Xan), Arg(Tos), Lys(ClZ), His(Bom), Cys-
(Acm), Ser(Bzl), Thr(Bzl), Tyr(Pen) and Trp(Hoc).
Each protected peptide segment was detached from
the HMFS resin by treatment with 20% morpholine
in DMF for 20-30 min without any side reactions as
described above. This detachment procedure could
be effectively performed even in the case of spar-
ingly soluble segments (e.g. segment (1-11) in
Figure 2) in DMF or NMP, which could be quantita-
tively extracted with a mixture of CHL and TFE or
hexafluoroisopropanol (HFIP) (3/1). The homogene-
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ity of each segment was checked by amino acid
analysis, TLC, ESI MS and RP-HPLC. It was found
to be more than 95% pure (Figure 3). The segment
coupling reaction was carried out according to the
scheme shown in Figure 2 using WSCI in the pres-
ence of HOBt or HOOBt in DMF or NMP and/or
CHL/TFE (3/1).

The protected peptide thus obtained was treated
with HF/anisole (9/1) at — 5°C for 1 h without addi-
tion of thiol to remove all the protecting groups
except for Acm groups. The crude product (Figure
4a) was purified by RP-HPLC. The (8 Acm)-peptide
(Figure 4b) was treated with Hg(OAc), in 50% AcOH
at room temperature for 2 h to remove the remain-
ing Acm groups [14]. The Hg ions were removed by
adding f-mercaptoethanol followed by gel filtration
on Sephadex G-25. The reduced peptide (Figure 4c)
was subjected to oxidative folding reaction in 0.1 m
AcONH, buffer (pH 7.8) containing 1 M guani-
dine hydrochloride at a peptide concentration of

I: Boc-LTCVTSKSIFG-OH (1-11)

1II: Boc-ITTENCPDG-OH (12-20) ——l e c
d,a | !

11T Boc-QNLCFKKWYYIVP-OH (21-33) —— ¢, 5 [NWP
b
1V: Boc-RYSDITWG-OH (34-41) —— -OPac ——I DMF

V:Boc-CAATCPKPTNVRE-OH (42-54) _l

VI: Boc-TIRCCETDK-OH (55-63)
VIL: Boc-CNE-OBzl (64-66)

| CHUTFE

CHL/TFE

e a

T Jea NMP
__a  |pwr

Boc-(1-66)-OBzl

Figure 2 Sequence of segment condensation reactions for the synthesis of MTX1: (a) TFA; (b) Pac-Br/Cs,COg; (c)

Zn/AcOH-HFIP; (d) WSCI/HOBt; (e) WSCI/HOOBt.

Boc-(1-11)-OH
Wy

Boc-(12-20)-OH
am

i\

Boc-(21-33)-OH
()

Boc-(34-41)-OH
av)

|

Boc-(42-54)-OH
)]

L

Boc-(55-63)-OH
VD

e

0 10 20 (min)

0 10 20 (min)

Figure 3 HPLC profiles of protected segments. Column: YMC Pack A-302 ODS (4.6 x 150 mm). Eluent: 45-95% CH;CN in
0.1% TFA. Running conditions: 25 min gradient, 5 min holding; flow rate: 1 ml/min; temperature: 40°C. Detection: 220 nm.
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Figure 4 Deprotection and folding of MTX1: (a) crude product obtained after HF treatment; (b) purified (8 Acm)-peptide; (c)
(8 SH)-peptide; (d) after folding reaction; (e) purified product. Column: YMC Pack A-302 ODS (4.6 x 150 mm). Eluent:
10-60% CH4CN in 0.1% TFA. Running conditions: 25 min gradient, 5 min holding; flow rate: 1 ml/min; temperature: 40°C.

Detection: 220 nm.

6.6 x 10~ ¢ M in the presence of reduced and oxi-
dized glutathione (GSH/GSSG) at room tempera-
ture for 3 days (Figure 4d). The molar ratio of
peptide/GSH/GSSG was 1/100/10. The product
was isolated by RP-HPLC using aqueous CH3;CN
containing 0.1% TFA, and then purified by RP-
HPLC using aqueous CH;CN containing 0.1 M
phosphate buffer (pH 7.0) followed by 0.1% TFA in
38% yield calculated from the reduced peptide
(Figure 4e). Amino acid analysis of the final
product gave values which agreed well with the
theoretical values. The molecular weight of the
product (7510.74: [M + H] *), measured by MALDI-
TOF MS agreed well with the theoretical value
(7510.56: (M +H]*) for the peptide which is in-
tramolecularly linked. The synthetic peptide was
then compared with the natural peptide on RP-
HPLC, IEX-HPLC and CZE systems, and was
found to be identical with the natural peptide, as
shown in Figure 5.

CONCLUSION

The present study clearly demonstrates that the
combination of solid-phase and solution ap-
proaches can be successfully applied to the rapid
synthesis of large peptides of sufficiently good
quality. In particular, the Hoc and Pen protecting
groups for the Trp and Tyr residues, respectively,

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.

proved to be indispensable for preparing protected
peptide segments on base-labile linkers using the
Boc/Bzl strategy for the convergent synthesis.

a) b)

I II

I III

_ e

0 8 16 (min) 0 10 20 (min)
Figure 5 Comparison of the synthetic peptide with natu-
ral MTX1: I, synthetic peptide; II, natural product; III,
coinjection of the synthetic product and natural MTX1. (a)
CZE: column, uncoated fused silica capillary (50 pm x 72
cm); buffer, 20 mm sodium citrate (pH 2.5); voltage, 25 kV;
detection, 200 nm; temperature, 30°C. (b) RP-HPLC:
column, YMC Pack A-302 ODS (4.6 x 150 mm); eluent,
20-40% CH4CN in 0.1% TFA; running conditions, 25 min
gradient, 5 min holding; flow rate: 1 ml/min; temperature:
40°C; detection: 220 nm.
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MATERIALS AND METHODS

Boc-amino acids and other reagents for peptide
synthesis were obtained from Peptide Institute Inc.
(Osaka, Japan). Boc-Trp(Hoc) and Boc-Tyr(Pen)
were synthesized as described [6,7]. Natural MTX1
was purchased from Wako Pure Chemical Indus-
tries (Osaka, Japan). TLC was performed on Merck
(Darmstadt, Germany) Kieselgel 60F-254 precoated
plates. The compounds were visualized with UV
light (254 nm) and/or a ninhydrin reagent using
the following solvent systems: (1) CHL/MeOH/
AcOH, 85/10/5; (2) CHL/MeOH/AcOH, 85/15/5; (3)
CHL/80% AcOH/TFE, 6/1/1. HPLC analysis was
performed on Shimadzu liquid chromatography
model LC-10A or LC-8A (Kyoto, Japan). Capillary
zone electrophoresis (CZE) was performed on
model 270A apparatus (Applied Biosystems, Foster
City, CA, USA). Amino acid analysis was carried
out on a JEOL amino acid analyser model JLC-
300 (Tokyo, Japan), after hydrolysis of the peptide
with 6 m HCI in the presence or absence of 4%
thioglycolic acid at 110°C for 22 h. Molecular
weights were measured with an ESI MS (HP 1100
LC/MSD, Palo Alto, CA, USA) and a MALDI-TOF
MS (JMEX Elite-DE, Tokyo, Japan).

Phenacyl Ester of N-(9-(hydroxymethyl)-2-fluorenyl)-
succinamic Acid (HMFS-OPac)

TEA (9.9 ml, 70 mmol) was added to a stirred
solution of HMFS (20 g, 64.2 mmol) and phenacyl
bromide (14.0 g, 70 mmol) in DMF (100 ml) at
room temperature. After 3 h, the reaction mixture
was partitioned between EtOAc (300 ml) and water
(2 1), and the organic layer was washed succes-
sively with 1 N HCIl (100 ml) and water (3 x 100
ml), and then with brine (100 ml) and dried over
anhydrous MgSO,. The dried solution was concen-
trated to a residue, which was purified by recrys-
tallization from EtOAc and n-hexane to yield 26.5
g (96%). Anal. Calc. for C,qH,5NO5: C 72.71, H
5.40, N 3.26. Found: C 72.55, H 5.52, N 3.23.

General Procedure for Preparation of
N-(9-((N*Boc-amino)acyloxymethyl)-2-fluorenyl)-
succinamic Acid (Boc-AA-HMFS Linker Derivatives)

A solution of Boc amino acid (48 mmol) and dicy-
clohexylcarbodiimide (DCC) (4.95 g, 24 mmol) in
DCM (50 ml) was stirred for 30 min at room tem-
perature. To a solution of HMFS-OPac (8.59 g, 20
mmol) in DMF (30 ml) at 0°C was added the anhy-
dride solution through a filter to remove DC urea,
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followed by DMAP (0.24 g, 2.0 mmol). The result-
ing mixture was stirred at 4°C for 15 min and then
at room temperature for an additional 2 h, after
which it was concentrated in vacuo. The resulting
residue was partitioned between EtOAc (300 ml)
and 1 N HCl (150 ml). The organic layer was
washed successively with water (2 x 100 ml), satu-
rated NaHCO; (3 x 100 ml) and water (2 x 100 ml),
and then with brine (100 ml) and dried over anhy-
drous MgSO,. After removal of the solvent, the
solid was crystallized from EtOAc and n-hexane to
give the product. Part of the product (15 mmol)
was dissolved in AcOH (100 ml) with stirring after
addition of zinc dust (19.6 g, 20 equivalents) at
40°C for 30 min. After removal of the zinc dust by
filtration, the filtrate was evaporated to a residue,
which was triturated with 1 N HCIl, washed suc-
cessively with water, and dried. Crystallization
from EtOAc and n-hexane yielded the desired
product.

N- (9- ((N*Boc - glycyl)oxymethyl) - 2 - fluorenyl)suc-
cinamic Acid (Boc-Gly-HMFS Linker). The title
compound was obtained in 93% yield (6.54 g).
Anal. Calc. for C,5H,5N,0,: C 64.09, H 6.02, N
5.98. Found: C 64.07, H 6.01, N 5.85.

N- (9- ((N*Boc - alanyl)oxymethyl) - 2 - fluorenyl)suc-
cinamic Acid (Boc-Ala-HMFS Linker). The title
compound was obtained in 90% yield (6.51 g).
Anal. Calc. for C,¢H50N,O,: C 64.71, H 6.27, N
5.81. Found: C 64.62, H 6.36, N 5.62.

N - (9 - ((N*Boc - prolyl)oxymethyl) - 2 - fluorenyl)suc-
cinamic Acid (Boc-Pro-HMFS Linker). The title
compound was obtained in 94% yield (7.17 g).
Anal. Calc. for C,gH;,N,O,: C 66.12, H 6.34, N
5.51. Found: C 65.94, H 6.60, N 5.39.

General Procedure for Attachment of the Preformed
Boc-AA-HMFS Linker Derivatives onto Amino
Functionalized Supports

A 1% cross-linked (aminomethyl)polystyrene resin
(0.83 mmol amino function/g, 2.41 g) was washed
with NMP, 10% DIEA/NMP and NMP. To the resin
was added 1.5 equivalents of the Boc-amino acid-
HMFS linker derivative in 20 ml of NMP containing
HBTU/HOBt/DIEA (1.5/1.5/2.2 equivalents). The re-
sulting mixture was agitated for 1 h, drained and
washed with NMP. The qualitative ninhydrin test
was used to monitor the loading of the preformed
Boc-amino acid-HMFS linker derivative. If the test
was positive, the procedure was repeated.

J. Peptide Sci. 6: 84-93 (2000)
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General Procedure for the Solid-phase Assembly of
Protected Segments

Each segment was synthesized using a semi-
automatic peptide synthesizer (Model ACT-90, Ad-
vanced ChemTech, Louisville, KY, USA) on the re-
spective Boc-amino acid-HMFS resin (2 mmol). The
functional groups of the side chains were protected
using the following groups: Bzl for Ser and Thr, Hex
for Asp and Glu, Xan for Asn and Gln, Tos for Arg,
Bom for His, CIZ for Lys, Acm for Cys, Hoc for Trp
and Pen for Tyr. Solvents were used in the ratio of
15-20 ml/g resin. One cycle of the synthesis con-
sisted of the following: (a) DCM (6 x 1 min); (b) 50%
TFA/DCM (2 + 16 min); (¢c) DCM (2 x 1 min); (d) NMP
(1.5 min); (e) 10% DIEA/NMP (1 min); (f) NMP (2 x 1
min); (g) addition of Boc-amino acid/HBTU/HOBt/
DIEA (4/4/4/6 equivalents) in NMP (30 min); (h) NMP
(6 x 1 min). In the case of removal of the Xan group,
1% triisopropylsilane (TIS) was added to the reac-
tion mixture to quench the cation generated during
TFA treatment. Coupling reactions were monitored
after every cycle by the Kaiser ninhydrin test to
determine the extent of completion. Steps (g) to (h)
were repeated for coupling reactions that were de-
termined to be incomplete.

General Procedure for the Detachment of Protected
Segments from the Resin

The peptide resin derivatives (2.0 mmol) in a 200-ml
cylindrical vessel with a sintered glass bottom were
treated with 80 ml of 20% morpholine in DMF for 30
min. In the case of the segments which were insolu-
ble or sparingly soluble in DMF, they were extracted
with a mixture of hexafluoroisopropanol (HFIP) and
DCM (1/4, 80 ml) after the morpholine solution was
drained. After filtration, DMF solution or HFIP/DCM
solution was evaporated to dryness with the aid of a
vacuum pump at room temperature. The resultant
residue was triturated with 1 N HCI, washed suc-
cessively with water, and dried. Each segment was
purified by recrystallization, reprecipitation or
silica-gel chromatography using appropriate sol-
vents. The homogeneity of each segment was con-
firmed by amino acid analysis, TLC, ESI MS or
RP-HPLC. The Rf values on TLC, retention time (R,)
on RP-HPLC, mass spectral data on ESI MS and
amino acid composition as well as yields are given
in Table 2.

Protected Boc-(55-66)-OBzl

Segment VII (0.71 g, 1.0 mmol) was dissolved in
TFA (5 ml) at — 10°C, and then allowed to react for

Table 2 Analytical Data for Segments Synthesized by HMFS Resin

Segment R 2 RpP Yield® Amino acid analysis ESI MSs¢
(min) (%) (calculated)
I(1-11) 0.52 (3) 20.8 82 Thr 1.47 (2), Ser 1.75 (2), Gly 0.98 (1), 1/2(Cys), 1855.1
0.72 (1), Val 0.99 (1), Ile 1.01 (1), Leu 0.97 (1), Phe (1855.6)

1.00 (1), Lys 1.12 (1)

II (12-20) 0.42 (2) 15.7 76 Asp 2.00 (2), Thr 1.69 (2), Glu 1.06 (1), Gly 0.94 (1), 1465.7
1/2(Cys), 0.84 (1), Ile 0.99 (1), Pro 0.99 (1) (1464.7)

III (21-33) 0.56 (2) 21.8 64 Asp 0.96 (1), Glu 0.97 (1), 1/2(Cys), 0.78 (1), Val 2476.4
0.87 (1), Ile 0.86 (1), Leu 0.98 (1), Tyr 1.91 (2), Phe (2476.8)
1.00 (1), Lys 1.97 (2), Trp 0.37 (1), Pro 0.88 (1)

IV (34-41) 0.58 (1) 22.1 83 Asp 1.00 (1), Thr 0.91 (1), Ser 0.92 (1), Gly 1.01 (1), 1709.7
Ile 0.92 (1), Tyr 0.97 (1), Trp 0.45 (1), Arg 0.94 (1) (1710.0)

V (42-54) 0.33 (2) 11.6 92 Asp 1.00 (1), Thr 1.50 (2), Glu 1.06 (1), Ala 1.98 (2), 2216.4
1/2(Cys), 1.53 (2), Val 0.98 (1), Lys 1.06 (1), Arg (2217.0)
0.96 (1), Pro 2.05 (2)

VI (55-63) 0.43 (3) 17.3 66 Asp 1.00 (1), Thr 1.90 (2), Glu 1.02 (1), 1/2(Cys), 1977.2
1.40 (2), Ile 0.93 (1), Lys 1.08 (1), Arg 0.99 (1) (1977.8)

2TLC: See ‘Materials and Methods’ for the solvent.
P RP-HPLC: Conditions are the same as in Figure 3.
¢ Yield: overall yield from resin.

dESI MS: mass spectra of all peptide segments were observed with a Hewlett Packard 1100 LC/MSD; observed masses
were derived from the experimental m/z values for all observed protonation states of a molecular species, using the
program ChemStation (HP). The calculated masses were based on the average isotope composition.
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40 min at room temperature. After removal of ex-
cess TFA in vacuo, the residue was triturated with
4.1 N HCI solution in dioxane (0.3 ml, 1.2 mmol) to
convert the TFA salt to the HCI salt, the product
was precipitated with ether and dried over NaOH in
vacuo. The dried product and segment VI (2.07 g,
1.05 mmol) were dissolved in DMF (20 ml). To the
solution, HOOBt (0.18 g, 1.1 mmol) and WSCI (0.20
ml, 1.1 mmol) were added at — 10°C, and the whole
mixture was allowed to react under stirring for 16 h
at room temperature. The product was precipitated
by adding an excess of chilled water, and the pre-
cipitates were collected by filtration, then washed
with water and ether. The product was purified by
reprecipitation from DMF and CH3CN; the yield was
2.42 g (94.5%); amino acid analysis: Asp 1.85 (2),
Thr 1.69 (2), Glu 1.97 (2), 1/2(Cys), 1.96 (3), Ile 0.92
(1), Lys 1.00 (1), Arg 1.06 (1).

Protected Boc-(42-66)-OBzl

The Boc-(55-66)-OBzl obtained above (2.30 g, 0.90
mmol) was treated with TFA (10 ml) and the product
was converted to the HCI salt as described above.
The HCI salt and segment V (2.09 g, 0.94 mmol)
were dissolved in NMP (50 ml). To the solution,
HOOBt (0.16 g, 0.99 mmol) and WSCI (0.18 ml,
0.99 mmol) were added at — 10°C, and the whole
mixture was allowed to react under stirring for 5 h
at room temperature. The product was precipitated
by adding excess chilled water, and the precipitates
were collected by filtration, then washed succes-
sively with water and ether. The product was puri-
fied by reprecipitation from DMF and CH3CN to
yield 3.96 g (94.3%); amino acid analysis: Asp 2.64
(3), Thr 2.85 (4), Glu 2.84 (3), Ala 1.77 (2), 1/2(Cys),
3.41 (5), val 0.88 (1), Ile 0.87 (1), Lys 2.00 (2), Arg
1.96 (2), Pro 1.84 (2).

Protected Boc-(34-41)-OPac

Cs,CO5 (195 mg, 0.6 mmol) was added to the
stirred solution of segment IV (2.0 g, 1.2 mmol) in
DMF (20 ml). To the solution, phenacyl bromide
(0.28 g, 1.4 mmol) was added at — 10°C, and the
mixture was stirred for 3 h at room temperature.
The product was precipitated by adding an excess of
chilled water, and the precipitates were collected by
filtration, then washed with water and ether. The
product was purified by triturating with hot MeOH
and washed with ether, and dried; 2.0 g (95%);
amino acid analysis: Asp 1.00 (1), Thr 0.92 (1), Ser
0.91 (1), Gly 1.02 (1), Ile 0.94 (1), Tyr 0.97 (1), Trp
0.50 (1), Arg 0.95 (1).
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Protected Boc-(21-41)-OPac

The Boc-(34-41)-OPac obtained above (2.00 g, 1.09
mmol) was treated with TFA (15 ml) and the product
was converted to the HCI salt as described above.
The HCI salt and segment III (2.71 g, 1.09 mmol)
were dissolved in NMP/DMF (80 ml/20 ml). To the
solution, HOOBt (0.213 g, 1.30 mmol) and WSCI
(0.239 ml, 1.30 mmol) were added at — 10°C, and
the whole mixture was allowed to react under stir-
ring for 12 h at room temperature. The product was
precipitated by adding an excess of chilled water,
and the precipitates were collected by filtration,
then washed successively with water and ether. The
product was purified by triturating with CH;CN and
ether to yield 3.50 g (77.8%); amino acid analysis:
Asp 1.88 (2), Thr 0.81 (1), Ser 0.73 (1), Glu 0.97 (1),
Gly 0.89 (1), 1/2(Cys), 0.65 (1), Vla 0.85 (1), Ile 1.62
(2), Leu 0.99 (1), Tyr 2.84 (3), Phe 1.00 (1), Lys 1.98
(2), Trp 1.03 (2), Arg 0.90 (1), Pro 1.06 (1).

Protected Boc-(12-41)-OPac

Boc-(21-41)-OPac obtained above (3.30 g, 0.788
mmol) was treated with TFA (20 ml) and the product
was converted to the HCI salt as described above.
The HCI salt and segment II (1.27 g, 0.945 mmol)
were dissolved in NMP/DMF (40 ml/10 ml). To the
solution, HOOBt (0.128 g, 0.945 mmol) and WSCI
(0.173 ml, 0.945 mmol) were added at — 10°C, and
the whole mixture was allowed to react under stir-
ring for 16 h at room temperature. The product was
precipitated by adding an excess of chilled water,
and the precipitates were collected by filtration,
then washed successively with water and ether. The
product was purified by triturating with CH;CN and
ether to yield 3.82 g (87.6%); amino acid analysis:
Asp 3.61 (4), Thr 2.22 (3), Ser 0.78 (1), Glu 1.87 (2),
Gly 1.72 (2), 1/2(Cys), 1.55 (2), Val 0.83 (1), Ile 2.44
(3), Leu 0.99 (1), Tyr 2.83 (3), Phe 1.00 (1), Lys 2.00
(2), Trp 0.65 (2), Arg 0.89 (1), Pro 1.90 (2).

Protected Boc-(1-41)-OPac

The Boc-(12-41)-OPac (3.50 g, 0.633 mmol) ob-
tained above was treated with TFA (30 ml) and the
product was converted to the HCI salt as described
above. The HCI salt and segment I (1.28 g, 0.693
mmol) were dissolved in NMP/DMF (80 ml/20 ml).
To the solution, HOOBt (0.103 g, 0.756 mmol) and
WSCI (0.139 ml, 0.756 mmol) were added at
—10°C, and the whole mixture was allowed to react
under stirring for 16 h at room temperature. The
product was precipitated by adding excess chilled
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water, and the precipitates were collected by filtra-
tion, then washed successively with CH;OH and
ether. The product was purified by triturating with
hot CH;OH and washed with ether to yield 3.71 g
(81.0%); amino acid analysis: Asp 3.36 (4), Thr 3.70
(5), Ser 2.50 (3), Glu 1.89 (2), Gly 2.75 (3), 1/2(Cys),
2.53 (3), Val 1.90 (2), Ile 3.47 (4), Leu 2.02 (2), Tyr
2.79 (3), Phe 2.06 (2), Lys 3.15 (3), Trp 0.76 (2), Arg
0.88 (1), Pro 2.00 (2).

Protected Boc-(1-66)-OBzl

Boc-(1-41)-OPac (3.60 g, 0.495 mmol) obtained
above was dissolved in HFIP/AcOH (10 ml/40 ml).
Zinc dust (1.62 g, 24.7 mmol) was added to the
solution and the whole mixture was stirred vigor-
ously under an argon atmosphere at 45°C for 2 h.
The zinc dust was removed by filtration, the filtrate
was concentrated to a residue, which was triturated
with 1 N HCI, washed with water and CH;CN, and
dried. The product was purified by triturating with
NMP, washed with CH;CN and ether, successively,
and dried; the yield of Boc-(1-41)-OH was 3.41 g
(97.4%). Boc-(42-66)-0OBzl (1.85 g, 0.397 mmol)
was treated with TFA (20 ml), and the product was
converted to the HCI salt as described above. The
HCI salt and Boc-(1-41)-OH (3.12 g, 0.437 mmol)
were dissolved in DCM/TFE (3/1, 15 ml). HOOBt
(71.3 mg, 0.437 mmol) and WSCI (80.0 pL, 0.437
mmol) were added to the solution at — 10°C, and
the whole mixture was allowed to react under stir-
ring for 14 h at room temperature. The product was
precipitated by adding excess CH5;CN, and the pre-
cipitates were collected by filtration, then washed
with CH;CN. The product was purified by reprecipi-
tation from DCM/TFE (3/1) and CH;CN, and dried to
yield 4.62 g (98.5%); amino acid analysis: Asp 6.75
(7), Thr 6.66 (9), Ser 2.47 (3), Glu 4.95 (5), Gly 3.05
(3), Ala 1.77 (2), 1/2(Cys), 6.39 (8), Val 2.92 (3), Ile
4.62 (5), Leu 2.20 (2), Tyr 3.00 (3), Phe 2.12 (2), Lys
5.37 (5), Trp 0.65 (2), Arg 2.77 (3), Pro 4.00 (4).

Removal of the Protecting Groups from
Boc-(1-66)-OBzI

The fully protected peptide, Boc-(1-66)-OBzl (2.0 g,
0.17 mmol) was treated with TFA (10 ml) as de-
scribed above, and the N*-deprotected product was
treated by HF (42.5 ml) in the presence of p-cresol
(7.5 ml) at —5°C for 1 h. After evaporation of HF in
vacuo, the residue was triturated with ether and
collected by filtration; the yield of the crude product
was 1.30 g. The product was purified by preparative
RP-HPLC on a YMC-Pak ODS column (30 x 250
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mm) using a linear gradient (20-45% CH3CN in
0.1% TFA/H,0 for 80 min) to obtain 384 mg (28.0%)
of purified 8 Cys(Acm)-containing peptide.

Removal of Acm Groups

To a solution of 8 Acm-containing peptide obtained
above (380 mg, 0.047 mmol) in 50% AcOH (40 ml),
Hg(OAc), (132 mg, 0.414 mmol) was added and
stirring was continued under argon gas atmosphere
for 2 h at room temperature. f-Mercaptoethanol
(0.87 ml) was added to the solution and it was
stirred for 2 h at room temperature. The solution
was then applied to a Sephadex G-25 column (3.2 x
60 cm) and eluted with 1 M AcOH. The principal
fraction was collected and lyophilized to obtain 278
mg (71.0%) of 8 SH-peptide.

Oxidative Folding of 8 SH-Peptide

The 8 SH-peptide thus obtained (100 mg, 0.012
mmol) was dissolved in 2 1 of 0.1 m AcONH, buffer
(pH 7.8) containing 1 M guanidine hydrochloride,
reduced glutathione (817 mg) and oxidized glu-
tathione (163 mg). The ratio of peptide and redox
reagent was 1/100/10, and the peptide concentra-
tion was 6.6 x 10~ m. The oxidative folding was
carried out under gentle stirring in a stream of
argon for 3 days at room temperature. The mixture
was acidified to pH 2 by adding TFA, and the folded
peptide was purified by RP-HPLC on a YMC-Pak
ODS column (4.6 x 150 mm) using a linear gradient
(20-40% CH4CN in 0.1% TFA/H,O for 80 min). The
product was further purified by RP-HPLC on a
Capcell-Pak ODS column (4.6 x 150 mm) using a
linear gradient [15-35% CH3CN in 0.1 M phosphate
buffer (pH 7.0) for 80 min] followed by RP-HPLC on
a YMC-Pak ODS column as described above to ob-
tain 38 mg (38.0%) of the folded peptide; amino acid
analysis: Asp 7.17 (7), Thr 7.88 (9), Ser 2.86 (3), Glu
5.18 (5), Pro 4.41 (4), 1/2(Cys), 7.11 (8), Gly 3.05
(3), Ala 2.04 (2), Val 2.90 (3), Ile 4.63 (5), Leu 2.09
(2), Tyr 3.02 (3), Phe 2.01 (2), Lys 5.07 (5), Trp 1.63
(2), Arg 3.00 (3). The molecular weight measured by
MALDI-TOF MS was 7510.74 (IM + H] *) {theoretical
value: 7510.56 (M + H] *}.
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