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Marinostatin (MST) (1) isolated from a marine organism is a serine protease inhibitor consisting of 12
amino acids with two internal ester linkages that are formed between the b-hydroxyl and b-carboxyl
groups, Thr3-Asp9 and Ser8-Asp11. We synthesized MST by a regioselective esterification procedure
employing two sets of orthogonally removable protecting groups at the side-chains of Asp and Ser/Thr.
We optimized the esterification conditions to preferentially form the intramolecular ester linkages with-
out any significant aspartimide (Asi) formation at Asp9 and Asp11. The inhibitory potency of the synthetic
MST against subtilisin (Ki, 0.6 nM) was comparable with a reported value for native MST (1.5 nM).

� 2009 Elsevier Ltd. All rights reserved.
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Figure 1. Structure of MST (1).
MST (1), a 12-residue peptide isolated from the marine bacte-
rium Pseudoalteromonas sagamiensis, contains two ester linkages
that are formed between the b-hydroxy and b-carboxyl groups,
Thr3-Asp9 and Ser8-Asp11 (Fig. 1).1 MST (1) is a serine protease
inhibitor with a strong potency against subtilisin, chymotrypsin
and elastase at an enzyme-inhibitor ratio of 1:1, but not against
trypsin.2 Its inhibitory potential is largely attributable to the
hydrogen bond linking the backbone NH proton of Arg5 and the
carbonyl oxygen atom of the ester linkage of Thr3-Asp9, which sta-
bilizes the scissile bond of Met4 (P1)-Arg5 (P10) for proteases.3 In
general, it is known that serine protease inhibitors have a rigid
hydrophobic core derived from cross-connecting disulfide bridges
in order to be able to directly bind to the catalytic sites of prote-
ases. In the case of MST, however, the characteristic ester linkages
may take the place of disulfide bridges to make it such a small-
sized protease inhibitor for the cardinal inhibitory activity. Due
to the interesting features of MST structure and biological activity,
we tried to develop a protocol, which would allow us to synthesize
not only the natural product to confirm its reported primary struc-
ture including ester linkages, but also its analogues possessing pro-
tease specificities that are different from those of the natural
product.

The synthetic plan followed the retrosynthetic analysis shown
in Scheme 1. MST (1) can be obtained by sequential intramolecular
esterification of the linear peptide 3 followed by a final HF depro-
ll rights reserved.

: +81 72 643 4422.
tection reaction4 of the resulting diester 2. To perform regioselec-
tive esterification, two sets of orthogonally removable side-chain
protecting groups were required for Ser/Thr and Asp on 3. The
tBu group was introduced to the side-chain functional groups of
Thr3 and Asp9, and the t-butyldimethylsilyl (TBS) and 2-chlorotrityl
[Trt(2-Cl)] groups were introduced to those of Ser8 and Asp11,
respectively. The other side-chain-protecting groups and the N/C-
terminal ones must remain unchanged in peptide synthesis using
both Boc and Fmoc chemistry techniques and must be removed
by HF treatment. Considering this, the 3-pentyl (Pen) group5 was
introduced to the phenolic hydroxyl group of Tyr6, since it is com-
patible with Boc and Fmoc chemistry but is readily cleavable by the
standard HF procedure without the formation of any significant
amount of alkyltyrosine rearrangement product. The linear MST
molecule was assembled by solid-phase peptide synthesis (SPPS)
with Fmoc chemistry onto the C-terminal dipeptide 4, which was
attached to a Trt(2-Cl) resin through the b-carboxyl group of
Asp11 posterior to remove the tBu group (Scheme 2). Peptide elon-
gation was carried out with an ABI 433A peptide synthesizer using
FastMoc� protocols of coupling with Fmoc-amino acid/HCTU/
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Scheme 2. Synthesis of the protected linear peptide 8.

Z-Phe-Ala-Thr-Met-Arg-Tyr-Pro-Ser-Asp-Ser-Asp-Glu-OBzl

Tos Pen Bzl OcHx 2

Z-Phe-Ala-Thr-Met-Arg-Tyr-Pro-Ser-Asp-Ser-Asp-Glu-OBzl

X1 Tos Pen Y1 X2 Bzl Y2 OcHx 3

1

X1 = X2 = tBu, Y1 = TBS, Y2 = Trt(2-Cl) resin

Scheme 1. Retrosynthetic analysis of 1.

Table 1
Effects of coupling reagents on the esterification reaction between Ser8 and Asp11 performed in CH2Cl2 at the peptide concentration of 4.6 � 10�3 M

Z-Phe-Ala-Thr-Met-Arg-Tyr-Pro-Ser-Asp-Ser-Asp-Glu-OBzl

tBu Tos Pen OtBu Bzl OcHx
9

8

Z-Phe-Ala-Thr-Met-Arg-Tyr-Pro-Ser-Asp-Ser-Asi-Glu-OBzl

tBu Tos Pen OtBu Bzl OcHx
10

+

dimer

+

4.6 mM

Table 1 and 2

Entry Coupling reagents Additives Base Ratio of products

9:10:dimera

1 PyBOP (3.0 equiv) — DIEA (5.0 equiv) 9: 91: 0
2 TCB-Clb (1.2 equiv) DMAP (0.5 equiv) TEA (2.2 equiv) 62: 4: 34
3 MNBA (1.2 equiv) DMAP (0.5 equiv) TEA (5.0 equiv) 66: 1: 33
4 DICc (1.2 equiv) DMAP (0.5 equiv) — 61: 5: 34

a Dimer refers to cyclic and linear dimerized peptides.
b Trichlorobenzoyl chloride.
c Diisopropylcarbodiimide.

Table 2
Effects of solvents and peptide concentrations on the esterification reaction between
Ser8 and Asp11 mediated by the MNBA method

Entry Solvent Peptide concentration
(10�3M)

Ratio of products
9:10:dimera

5 CH2Cl2 4.6 66:1:33
6 CH2Cl2 1.0 69:0:31
7 CH2Cl2/DMF (3:1) 4.6 84:4:12
8 DMF 4.6 74:22:4
9 CH2Cl2 4.6b 94:3:3

a Dimer refers to cyclic and linear dimerized peptides.
b Pseudo-high dilution procedure involving progressive addition of the linear

peptide 8 to the reaction mixture for 3.5 h.
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Z-Phe-Ala-Thr-Met-Arg-Tyr-Pro-Ser-Asp-Ser-Asp-Glu-OBzl

Tos Pen Bzl OcHx

TFA, rt, 1 h

rt, 4.6 mM,
slow addition (3.5 h),

21.5 h, 73%

HF/p-cresol, -2 to -5oC, 1 h

44% after HPLC purification

1

2

9

Z-Phe-Ala-Thr-Met-Arg-Tyr-Pro-Ser-Asp-Ser-Asp-Glu-OBzl

Tos Pen Bzl OcHx

MNBA, DMAP, TEA,
CH2Cl2/DMF (5/1, v/v)

11

97%

Scheme 3. Synthetic route for 1.
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6-Cl-HOBt/DIEA (4:4:4:8) in NMP. After completion of the chain
assembly, the peptide resin 3 was treated with HFIP/chloroform
(1:4, v/v) for 1 h to afford 6. However, 6 was found to be accompa-
nied by the aspartimide (Asi)-peptide 7 between Asp9 and Ser10

(�10%) during chain elongation using repeated Fmoc deprotection
performed by 20% piperidine/NMP (2.5 min � 4). The Asi formation
could be significantly reduced (<2%) by substituting 20% morpho-
line/NMP for 20% piperidine/NMP in the Fmoc deprotection reac-
tion although prolonged deprotection steps (5 min � 4) were
required for complete removal of the Fmoc group. Removal of
the TBS group at Ser8 on 6 was achieved by treatment with
TBAF/AcOH in THF to give 8 having free hydroxyl and carboxyl
groups at Ser8 and Asp11, respectively.

To examine the conditions for preferentially forming the intra-
molecular ester linkage with Ser8-Asp11, the linear peptide 8 in
hand was subjected to esterification that was performed in CH2Cl2

at a peptide concentration of 4.6 � 10�3 M with the aid of various
coupling reagents (Table 1). This reaction more or less accompa-
nied Asi formation at Asp11, regardless of the coupling reagent
type, in addition to intra- and/or intermolecular esterification.
The PyBOP method (entry 1) almost quantitatively converted the
Asp11-peptide 8 to the Asi11-peptide 10, whereas the 2-methyl-6-
nitrobenzoic anhydride (MNBA)/DMAP method developed by Shi-
ina et al.6 was observed to be accompanied by a small amount of
Asi11 formation. However, the latter resulted in the ratio of the cyc-
lic monomer 9 and the cyclic/linear dimer to be 2 to 1 since intra-
molecular esterification did not occur predominantly (entry 3). We
therefore tried to optimize the conditions to preferentially form
the intramolecular ester linkage when using the MNBA/DMAP
method by changing the solvent and the peptide concentration
as shown in Table 2. Increasing the concentration of DMF in the
reaction mixture increased the extent of Asi11 formation (entries
7 and 8), while its formation remained at a minor level as long
as the reaction was performed in CH2Cl2, regardless of the peptide
concentration (entry 5, 6). In addition, no significant changes with
the ratio of 9 and the cyclic/linear dimer were observed even by
lowering the peptide concentration in CH2Cl2 to 1 � 10�3 M (entry
6). Therefore, a pseudo-high dilution procedure involving progres-
sive addition of the linear peptide 8 to the reaction mixture con-
taining MNBA/DMAP in CH2Cl2 was employed to accelerate the
intramolecular esterification. This could be successfully performed
to preferentially produce the cyclic monomer 9 without any signif-
icant amounts of side products such as the cyclic/linear dimer or
Asi11-peptide 10 (entry 9).

After removal of the tBu groups at Thr3 and Asp9 by treating 9
with TFA, the second ester linkage with Thr3-Asp9 was built up
to obtain the fully protected MST (2) by employing the procedure
same as that for the first one with Ser8-Asp11, except for the reac-
tion solvent (Scheme 3). A mixture of CH2Cl2 and DMF (v/v, 5:1)
was needed to dissolve 11 due to its low solubility in CH2Cl2. The
increment of Asi9 formation associated with the use of DMF could
be kept to a minimum by reducing the DMF concentration as much
as possible. Thus, the pseudo-high dilution procedure performed in
CH2Cl2/DMF (v/v, 5/1) predominantly led to intramolecular esteri-
fication with Thr3-Asp9 to afford the diester-peptide 2 in a 73%
yield with the proportions of the products being 90/2/8 for 2/
Asi9-peptide/cyclic or linear dimer. The diester-peptide 2 was trea-
ted with anhydrous HF in the presence of p-cresol (v/v, 8/2) at
�2 �C to �5 �C for 1 h to remove all the protecting groups and
the product 1 was obtained in a 44% yield after purification by
RP–HPLC.7 Spectral and analytical data of synthetic MST were in
good agreement with those of the literature data,1,8although we
had no opportunity to directly compare the synthetic peptide with
the natural one by an analytical procedure using RP-, ion ex-
change-HPLC or capillary zone electrophoresis. As for inhibitory
activity against subtilisin, the Ki value was measured using Suc-
Ala-Ala-Pro-Phe-MCA as a substrate and its potency (Ki, 0.6 nM)
was comparable with the reported value for native MST
(1.5 nM).1,9,10

In conclusion, we have achieved the first total synthesis of MST
(1) by regioselective formation of the intramolecular ester linkages,
Thr3-Asp9 and Ser8-Asp11, with the aid of MNBA-mediated esterifi-
cation as a key step. By applying the structural motif of MST, the
preparation of analogues is in progress for rationally designing pro-
tease inhibitory specificities that are different from those of the
natural product.
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