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ABSTRACT: Marinostatin is a unique protein protease inhibitor containing two ester linkages. We have
purified a 12-residue marinostatin [MST(1-12), 1FATMRYPSDSDE12] and determined the residues
involved in the formation of the ester linkages and the solution structure by1H NMR spectroscopy and
restrained molecular dynamics calculation. The two ester linkages of MST(1-12) are formed between
hydroxyl and carboxyl groups, Thr3-Asp9 and Ser8-Asp11, indicating that MST(1-12) has two cyclic
regions which are fused at the residues of Ser8 and Asp9. A strong NOE cross-peak between Tyr6 HR and
Pro7 HR was observed, indicating that the Pro7 residue takes acis-conformation. Well-converged structures
and hydrogen-deuterium experiments of MST(1-12) showed that the backbone NH proton of the P1′
residue, Arg5, is hydrogen-bonded to the carbonyl oxygen of the ester linkage between Thr3 and Asp9. To
reveal the significance of the ester linkages, a marinostatin analogue, MST-2SS (1FACMRYPCCSCE12)
with two disulfide bridges of Cys3-Cys9 and Cys8-Cys11, was also synthesized. The inhibitory activity
of MST-2SS was as strong as that of MST(1-12), and the Pro7 residue of MST-2SS also takes acis-
conformation. However, the exchange rate of the Arg5 NH proton of MST-2SS was about 100 times
faster than that of MST(1-12), and the structure calculation of MST-2SS was not converged on account
of the small number of NOEs, indicating that MST-2SS takes a more flexible structure. The hydrogen
acceptability of the ester linkage formed by the P2 position residue, Thr3, is crucial for suppressing the
fluctuation of the reactive site and sustaining the inhibitory activity, which enables marinostatin to be one
of the smallest protease inhibitors in nature.

Disulfide bridges form as a protein folds to its native
conformation; they function to stabilize its three-dimensional
structure. Regardless of various functional groups of 20
standard amino acids, almost all secreted proteins choose
disulfide bridges as a stabilizing tool. Is there any protein
which chooses other covalent linkages between the functional
groups of amino acids, instead of a disulfide linkage, for
stabilizing itself? One decade ago, we suggested the existence
of a natural ester-linked protein whose name is marinostatin
(MST),1 produced by a marine microorganism,Alteromonas
sp. B-10-31. MST is a protein protease inhibitor against
subtilisin, chymotrypsin, and elastase at an enzyme:inhibitor
ratio of 1:1, but not trypsin (1-4). The biological function
is retained by a short fragment comprising 12 amino acid
residues, FATMRYPSDSDE, and its scissile peptide bond
is determined in the position between Met and Arg (3). We

reported that the inhibitory activity of MST disappeared in
alkaline conditions, and that the molecular weight of MST-
(1-12) was increased by two H2O molecules after the
alkaline treatment. Therefore, MST was considered to possess
two internal ester linkages between the hydroxyl (Ser or Thr)
and carboxyl (Asp or Glu) residues.

All the protein inhibitors prevent access of substrates to
the catalytic sites of proteases through steric hindrance
(5-7). The majority of the protein inhibitors known and
characterized so far are directed toward serine proteases.
Most serine protease inhibitors achieve their inhibitory
activity by binding of their peptide segment directly to the
catalytic site in a substrate-like manner. The serine protease
inhibitors take a compact shape with an exposed flexible
binding loop and a hydrophobic core which is mostly rigid
due to the cross-connecting disulfide bridges. In binding of
the inhibitors to the protease, intra- and intermolecular
interactions of the inhibitor’s primary binding segment with
the inhibitor’s core and with the enzyme’s binding site
mutually stabilize each other and are so tight that decom-
position of the inhibitor rarely occurs. The rigid hydrophobic
core with disulfide bridges is considered to be indispensable
for the canonical inhibitory manner. Taking into account that
serine protease inhibitors known so far consist of between
14 and around 190 amino acid residues (7-10), the number
of amino acids required for the inhibitory activity of MST

‡ Atomic coordinates for MST(1-12) have been deposited in the
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is likely too small to form a rigid hydrophobic core, implying
that the characteristic ester linkages should play an essential
role in making MST such a small protein protease inhibitor.

In this study, we have purified a 12-residue MST [MST-
(1-12), 1FATMRYPSDSDE12] as previously reported (1),
and determined the residues involved in the formation of
the ester linkages (Thr3-Asp9 and Ser8-Asp11) (Figure 1),
and the solution structure by1H NMR spectroscopy. To our
knowledge, this work is the first structural study on a natural
protein which has two ester linkages, and one of the smallest
protease inhibitors working in a canonical inhibitory manner.
Furthermore, we have selectively synthesized a marinostatin
analogue, MST-2SS (1FACMRYPCCSCE12) with two di-
sulfide bridges of Cys3-Cys9 and Cys8-Cys11, and have dis-
cussed inhibitory activity and structure as compared to those
of MST(1-12) to reveal the significance of the ester
linkages.

MATERIALS AND METHODS

Sample Preparation and Inhibitor ActiVity Measurements.
MST(1-12) was purified according to the modified method
of a previous report (1). The strainAlteromonassp. was
cultivated in artificial seawater, pH 6.6, containing 0.48%
(w/v) sodium glutamate, 0.12% (w/v) casamino acid, 0.2%
(w/v) glucose, and 0.01%N-acetylglucosamine at 24°C for
96 h under shaking at 100 rpm. By adding Diaion HP20
resin (Nippon Rensui Co., Japan) to the culture medium,
MSTs were adsorbed to the resin, and then eluted with 80%
methanol to obtain crude MSTs. The crude sample was
further purified by reversed-phase chromatography on YFLC
gel C18 (15µm) followed by gel filtration on cellulofine
GCL-25m (Seikagaku Corp., Japan), and repetitive ion-
exchange chromatographies by CM-cellulofine (Seikagaku)
and HiLoad S (Pharmacia). Finally, MST(1-12) was puri-
fied by reversed-phase HPLC using Inertsil ODS-3 (GL
Science, Japan). The inhibitory activity against subtilisin
BPN′ was measured in phosphate buffer, pH 7.0, at 30°C
using Suc-Ala-Ala-Pro-Phe-MCA as a substrate. TheKi

value was calculated as described by Green and Work (11).
The amino acid analysis was performed with a Hitachi
L-8500 amino acid analyzer after 24 h of hydrolysis with 6
N HCl. The amino acid sequence was determined by an
automated gas-phase sequencer, Shimadzu PPSQ-10, and the
molecular weight was confirmed by a MALDI-TOF mass

spectrometer, Bruker-Daltonik, Reflex III. The amino acid
analysis showed that the chemical composition of MST-
(1-12) was C60H87N15O23S, and the mass spectral analysis
gave a parent peak corresponding to C60H87N15O23S-2H2O.
After the alkaline treatment, the molecular weight of MST-
(1-12) was increased by 36.0, and the inhibitory activity
was completely lost as previously reported (2, 3).

Synthesis of MST-2SS. MST-2SS was synthesized by the
Fmoc method on an automatic solid-phase peptide synthe-
sizer, PSSM-8 (Shimadzu, Japan). To form the disulfide
linkages selectively, the side chain groups of Cys at positions
3 and 9 were protected with trityl groups, and those at posi-
tions 8 and 11 with acetamidomethyl groups. After synthesis,
the peptide was cleaved from the resin and deblocked by
82% trifluoroacetic acid containing 5% H2O, 5% thioanisole,
3% 1,2-ethanedithiole, 2% ethyl methyl sulfide, and 3%
phenol for 8 h. Under these conditions, all the protecting
groups other than the acetamidomethyl groups were removed.
Then, the peptide was dissolved at a concentration of 0.1
mg mL-1 in 30 mM ammonium bicarbonate (pH 8.0), and
kept under stirring at room temperature for 3 days. Thus,
the peptide was oxidized by O2 in air to form a disulfide
linkage of Cys3-Cys9. After lyophilizing, the peptide was
dissolved with 80% methanol/20% H2O (the peptide con-
centration was 1 mg mL-1). To remove the acetamidomethyl
groups and form the disulfide linkage between Cys8 and
Cys11, the solution was dropped into a mixture of methanol
(1.0 mL/mg of peptide), 6 N HCl (0.4 mL/mg of peptide),
and iodine solution (1.5 mL/mg of peptide) (76 mg of iodine/
15 mL of methanol) under vigorous stirring on ice for 10
min, followed by further stirring for 10 min. For neutraliza-
tion of iodine, ascorbic acid solution (4 mg mL-1) was added
to the mixture until it became colorless. The obtained MST-
2SS was purified by repetitive reversed-phase chromatog-
raphy with Develosil-ODS (Nomura Chemicals, Japan) and
Inertsil ODS-3 (GL Science) using HPLC. The synthesis and
purity of the inhibitor were confirmed by amino acid and
sequence analyses and mass spectrometry as well as MST-
(1-12). The molecular weight was determined to be 1408.7.

NMR Spectroscopy. For the acquisition of NMR spectra,
a 1.0-2.0 mM concentration of the peptide sample was
dissolved in 90% H2O/10% D2O or 100% D2O solution at
pH 3.0 (meter reading of the glass electrode without
correction). All1H NMR spectra were recorded on a Bruker
ARX-500 spectrometer at 5 and 10°C. 2D DQF-COSY (12)
and TOCSY (13) spectra were acquired to identify spin
systems through a chemical bond, and 2D NOESY (14)
spectra were recorded with mixing times of 80, 150, 350,
and 500 ms. The NOESY spectra with the longer mixing
times of 350 and 500 ms were only used for signal
assignment. 3-(Trimethylsilyl)propionate-d4 was used as an
internal standard of chemical shift. Measurements of3J
coupling constants were obtained from a 1D spectrum. The
exchange of amide protons with deuterium was studied at 5
°C on the peptide samples lyophilized from H2O at pH 3.0
and dissolved in pure D2O.

Structure Calculations. Molecular modeling and calcula-
tions were carried out using the NMR refine module of
InsightII version 2.3.0 and Discover version 2.9.5 (Biosym
Inc.) on a Silicon Graphic IRIS Indigo2 computer. The
AMBER force field was employed in all calculations.
Distance constraints used as input for the distance geometry

FIGURE 1: Schematic drawings of MST(1-12). Dashed lines
indicate ester linkages.
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calculations were determined by integrating NOE cross-peaks
derived from the NOESY spectra with mixing times of 80
and 150 ms by using NMR analysis software FELIX and
the NMR model module. The NOE-derived distances were
calculated by the isolated spin-pair approximation relation-
ship rij ) rref(NOEref/NOEij)1/6, whererij and NOEij are the
unknown distance and measured NOE volume between
protonsi and j, andrref and NOEref represent the reference
distance (1.8 Å for methylene protons) and the relevant NOE
volume. The constraints were classified into four categories
(15-18): strong (<2.5 Å), medium (2.5-3.0 Å), weak
(3.0-4.0 Å), very weak (>4.0 Å). For restrained molecular
dynamics calculations, the upper bounds were defined as
strong (+0.3 Å), medium (+0.3 Å), weak (+0.5 Å), and
very weak (+1.0 Å). For 3J coupling constraints, an error
of 1 Hz was employed. Fifty calculations were carried out
by using the simulated annealing protocol of the NMR refine
module. Restrained energy minimization (rEM) and re-
strained molecular dynamics (rMD) calculations of 15 ps
(time steps of 1.0 fs) at 1000 K were first carried out to
search conformational space for structures consistent with
the constraints. Then, the temperature was gradually reduced
from 1000 to 300 K in a cooling step of 6 ps with increasing
nonbonded term, and final rMD calculations of 4 ps at 300
K and rEM calculations were carried out.

RESULTS AND DISCUSSION

Determination of Ester Linkages. The full resonance
assignment of the NMR signals of MST(1-12) was per-
formed using the sequential assignment procedure (19). The
identification of amino acid spin systems was first established
by means of direct and relayed through-bond connectivities
(DQF-COSY and TOCSY), followed by sequential resonance
assignments using through-space NOE connectivities (Figure
2). The resonance assignment of MST(1-12) is summarized
in Table S1 in the Supporting Information. For determining
the position of the two ester linkages, it should be noted
that the formation of the ester linkage causes the downfield
shift for Ser or Thr Hâ protons by the induced effect of the
substitution of a hydroxyl group (-OH) to an ester group
(-O-CO-) (20). The Thr3 Hâ proton and one of the Ser8

Hâ protons were observed at 5.57 and 4.97 ppm, respectively,
which are extraordinarily larger values than the standard ones
reported for a random coiled structure (21). In addition to

these prominent downfield shifts of the Hâ protons, NOE
cross-peaks between Thr3

γCH3 and Asp9 Hâ and Ser8 Hâ

and Asp11 Hâ were observed. Thus, we concluded that the
two ester linkages of MST(1-12) are formed between
hydroxyl and carboxyl groups, Thr3-Asp9 and Ser8-Asp11,
indicating that MST(1-12) has two cyclic regions which
are fused at the residues of Ser8 and Asp9 (Figure 1). To
confirm the positions of the ester linkage, we measured the
inhibitory activity of MST-2SS. TheKi value of MST-2SS
against subtilisin BPN′ was determined to be 3.4× 10-9 M,
which was almost identical to that of MST(1-12) (1.5×
10-9 M). The near coincidence of the twoKi values justifies
the conclusion that the ester linkages of MST exist in the
positions of Thr3-Asp9 and Ser8-Asp11. The P2 residue,
Thr3, is connected to the C-terminal cyclic regions by the
ester linkage. In general, a P3 position of canonical serine
protease inhibitors against subtilisin is commonly disulfide-
connected to the hydrophobic core to stabilize a binding loop
(7). The connection by the ester linkage between the P2
residue and the rest of MST(1-12) indicates that MST,
although an ester-linked inhibitor, possesses a common
structural feature to stabilize the reactive site.

Description of the Structure of MST(1-12). For the
N-terminal cyclic region, a strong NOE cross-peak between
Tyr6 HR and Pro7 HR was observed, indicating that the Pro7

residue takes acis-conformation. Thecis-conformation is
supported by a prominent upfield shift of the Pro7 HR proton
(3.53 ppm), because a HR proton of acis-proline residue is
likely shifted more upfield than that of atrans-proline (21,
22). The requirement ofcis-Pro at the P3′ position was
reported for a small Bowman-Birk inhibitor (23). NOE
cross-peaks were observed between side chains of Tyr6 and
Pro7 with an additional NOE between Tyr6 HR and Ser8 NH,
suggesting a well-defined turn in the residue range of
Tyr6-Pro7-Ser8. The compact structure in the N-terminal
cyclic region was also indicated by NOE cross-peaks between

FIGURE 2: NH-RH region of the NOESY spectrum (mixing time
350 ms) of MST(1-12). ThedRN(i,i+1) connectivities are indicated
by solid lines, and the peaks are labeled by residue type and number
at the position of the intraresidual NH-RH cross-peaks.

FIGURE 3: Amino acid sequence of MST(1-12) together with a
summary of the NOE connectivities of the neighboring residues.
The following symbols are used: open circles indicate that3JHNR
> 8.0 Hz, filled circles that3JHNR < 6.0 Hz, and shaded circles
that 3JHNR is between 6.0 and 8.0 Hz. The termsdNN(i,i+1),
dRN(i,i+1), and dâN(i,i+1) represent the sequential backbone
connectivities. The intensities of the observed NOEs are represented
by the thickness of the lines.
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Arg5 Hâ/Hε and Asp9 HR (Figure 3). This NOE means that
the HR proton of Asp9 whose side chain is involved in the
ester linkage is directed to the inside of the N-terminal cyclic
region, whereas that of Arg5 is directed outside. For the
C-terminal cyclic region formed by the Ser8-Asp11 ester
linkage with the C-terminal residue, Glu12, the medium and
strong NOE connectivities ofdNN(i,i+1) were observed in
the residue range from Asp9 to Glu12, and weak NOE cross-
peaks ofdNN(i,i+2) anddRN(i,i+2) between Asp9 and Ser11.
In addition, NOE cross-peaks between Pro7 Hδ and Glu12

HR were observed, indicating that the residues in the
C-terminal cyclic region take a consecutive turn and that the
C-terminal residue is returned back to the N-terminal cyclic
region and involved in the well-ordered structure.

Hydrogen-deuterium experiments of MST(1-12) showed
that the backbone NH protons of Arg5, Tyr6, and Ser8 were

slowly exchanged (Figure 4): The exchange rate of Arg5

was the slowest one, 3× 10-4 min-1, and those of Tyr6 and
Ser8 were both 2× 10-3 min-1. Those exchange rates were
significantly slower than those of a random coiled peptide
(24). The structure calculation of MST(1-12) using NOE
and J coupling constraints alone showed that a carbonyl
oxygen of the ester linkage between Thr3 and Asp9 is suitable
for a hydrogen bond acceptor of Arg5 NH. MST-2SS, an
MST analogue with two disulfide bridges, showed that the
hydrogen-deuterium exchange rate of the Arg5 NH proton
was about 100 times that of MST(1-12). Therefore, we
concluded that the slow exchange rate of Arg5 NH of MST-
(1-12) arises from the hydrogen bond to the ester linkage.

The final structure calculation of MST(1-12) was carried
out by employing one hydrogen bond constraint between
Arg5 NH and the ester CdO of Thr3-Asp9 besides the NOE
and J coupling constraints. Twenty-three final structures
which showed low total and NOE energy (Figure S1 in the
Supporting Information) were chosen for following structure
analysis. Figure 5 shows a superposition overlay of the
backbone atoms of residues from 3 to 12, and the statistics
for the final structures are listed in Table 1. The well-
converged structures in the N-terminal cyclic region consisted
of the rigid turn of Tyr6-Pro7-Ser8 and of the ester linkage
between Thr3 and Asp9 with hydrogen bonding to the
backbone Arg5 NH of the P1′ residue. The C-terminal cyclic
region was also converged, although the direction of the other
ester group of Ser8-Asp11 was dispersed, and the mutual
location between the N- and C-cyclic regions was defined.
The stabilization of the binding loop by hydrogen bonds or
electrostatic interaction from the protein scaffold has been
observed for most protease inhibitors (7, 25, 26). As this
point illustrates, MST like other canonical protease inhibitors
possesses common stabilization mechanisms for the reactive
site by using the characteristics of the ester linkage.

Structure of MST-2SS.To investigate an effect of the ester
linkage on the structure, the NMR spectra of MST-2SS were

FIGURE 4: Hydrogen-deuterium exchange profile of the amide
protons of (A) MST(1-12) and (B) MST-2SS as a function of time
after the dissolution of the peptide in D2O: residues 4 (filled circle),
5 (filled triangle), 6 (filled square), 8 (open circle), 11 (open
triangle), and 12 (open square).

FIGURE 5: Stereoview of the 23 refined structures of MST(1-12) superimposed over the backbone atoms of residues 3-12. The backbone
of residues 1-12 is shown with all the side chains except for Phe1 and Ala2.
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analyzed by the same procedure as those of MST(1-12). A
strong NOE cross-peak between Tyr6 HR and Pro7 HR

indicative of a cis-conformation and NOE cross-peaks
between Arg5 and Cys9 were observed for MST-2SS as well
as MST(1-12). However, the number of NOE cross-peaks
observed for MST-2SS was smaller than that for MST-
(1-12). No long-range NOEs were observed for the C-ter-
minal region of MST-2SS. Moreover, Arg5, Tyr6, and Cys8

NH signals and Pro7 HR signals were broadened by some
intermediate conformational exchange, so the3JHNR coupling
constants were not obtained for these residues. Thus, the
structural calculation of MST-2SS showed poor convergence
between the lowest energy conformations, and the mutual
location of the N- and C-cycling regions could not be defined.
For MST-2SS, one slowly exchanging amide proton, Tyr6

NH (2 × 10-3 min-1), was observed (Figure 4B). The
coincidence of the exchange rate of Tyr6 NH between MST-
(1-12) and MST-2SS within experimental error means that
both the inhibitors take a similar rigid turn structure in the

region of Tyr6-Pro7-Ser8. As mentioned above, the Arg5 NH
of MST-2SS exchanged much faster than that of MST-
(1-12), and the Cys8 NH of MST-2SS also exchanged faster,
as compared to the corresponding residue (Ser8) of MST-
(1-12). The undefined mutual position between the N- and
C-cyclic regions of MST-2SS should cause the fast exchange
of the Cys8 residue, because the amide proton of Ser8 in
MST(1-12) is covered with the C-cyclic region (Figure 5).
The existence of the structural difference between MST-2SS
and MST(1-12) is also suggested by large chemical shift
differences (|δ| > 0.2 ppm) of the corresponding HR protons
for Met4, Arg5, Tyr6, and Cys9 of MST-2SS (Table S2 in
the Supporting Information), and by the3JHNR coupling con-
stant difference for Met4 and Tyr6. Since the HR chemical
shift and3JHNR are indicative of the secondary structure (21),
these differences suggest that these two structures are differ-
ent around the reactive site in the absence of the protease.

Comparison with Other Subtilisin Inhibitors.The com-
parison between the two inhibitors indicates that the two
disulfide linkages could not suppress the structural fluctuation
of MST-2SS and that MST-2SS takes a more flexible and
less compact conformation than MST(1-12). It was reported
that the disappearance of the interaction between the loop
and the scaffold results in considerable enhancement of the
loop mobility and reduced rigidity of the scaffold (10, 27).
The hydrogen bond of the ester linkage to the amide proton
of the P1′ residue would be crucial for suppressing the
conformational fluctuation of the fused two-cyclic structure

Table 1: Experimental Restraints and Structure Statistics for
MST(1-12)

number of analyzed structures 23
number of distance restraintsa 100 (52)
number of dihedral angle restraints 17
rmsd from experimental distance restraints (Å) 0.008( 0.001
number of NOE violations>0.2 Åb 3.9( 1.2
largest NOE violation (Å) 0.31( 0.12
rmsd from experimental dihedral restraints (deg) 1.3( 0.2
DISCOVER potential energiesc (kcal mol-1)

total energy 23.7( 5.3
nonbond energy -15.3( 3.9
3J dihedral forcing potential 0.7( 0.4
NOE forcing potential 10.1( 2.2

Cartesian coordinate rmsdd (Å)
backbone 0.89( 0.30
all heavy atoms 1.85( 0.40

a The number of distance restraints for MST(1-12) includes one
hydrogen-bond restraint. The number in parentheses is that of inter-
residue NOEs.b None of the structures have distance violations greater
than 0.5 Å.c The force constants of NOE and3J dihedral angle are 20
kcal mol-1 A-2 and 20 kcal mol-1 rad-1, respectively.d Rmsd values
for MST(1-12) are obtained for residues 3-12.

FIGURE 6: Stereoview of MST(1-12) (blue), SSI (red), and OMTKY3 (yellow) superimposed over theR-carbons from P2 to P2′ residues.
Broken lines indicate a hydrogen bond (see the text).

Table 2: Backboneφ andæ Angles (deg) in MST(1-12) Compared
with the Corresponding Values in SSIa and OMTKY3b

P2
φ, æ

P1
φ, æ

P1′
φ, æ

P2′
φ, æ

MST(1∠12) Thr3 Met4 Arg5 Tyr6

-61 ( 16,
111( 3

-87 ( 4,
34 ( 2

-61 ( 4,
177( 4

-80 ( 7,
96 ( 2

SSI Pro72 Met73 Val74 Tyr75

-66, 149 -81, 64 -95, 157 -124, 85
OMTKY3 Thr17 Leu18 Glu19 Tyr20

-68, 160 -107, 32 -74, 159 -113, 107
a PDB accession code 3SSI (28). b PDB accession code 1CHO (29).
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of marinostatin, contributing to the duration of the inhibitory
activity.

The sequence around the reactive site (P2-P2′) of MST
is homologous to those of Kazal and SSI families as shown
in Table 2. The amino acids at the P1 (Met) and P2′ (Tyr)
positions of MST are identical with those of SSI, and Thr at
the P2 site is frequently observed for these families (7). The
averagedφ andæ dihedral angles of P2 to P2′ of MST(1-
12) are compared with those of SSI (28) and turkey
ovomucoid third domain (OMTKY3) (29), which have a
characteristic canonical extended conformation. Theφ and
æ values of MST(1-12) mainly coincide with the values of
those inhibitors, indicating that MST binds to an active
pocket of proteases in the same manner as SSI or OMTKY3.
It has been pointed out that, in the SSI and Kazal inhibitors,
the reactive site loop is tightly held from both sides of the
scissile bond by two structural devices (7, 30): the â-sheet
in the C-terminal side and the disulfide bridge in the
N-terminal side. In the case of MST(1-12), the scissile bond
of Met4-Arg5 is fixed both by the rigid turn of Tyr6-Pro7-
Ser8 and by the ester linkage between Thr3 and Asp9.
However, the structural analysis of MST-2SS demonstrates
that the rigid turn and the covalent bond between residues 3
and 9 could not suppress the fluctuation around the reactive
site. When the binding loop (P2-P2′) of MST(1-12) is
overlaid onto that of SSI or OMTKY3, MST(1-12) fits into
a spatial room lying between the binding loop andR-helix
of the inhibitors (Figure 6). The Ser8 and Asp9 residues of
MST(1-12) fill up the middle of the room, and the ester
linkage between Thr3 and Asp9 is located near the side chain
of Asn33 of OMTKY3. The amide group of this evolutionally
conserved Asn residue is hydrogen-bonded to the main-chain
carbonyl oxygens of the P2 and P1′ residues, and plays an
important role in fixing the two peptide groups flanking the
scissile bond (29). Therefore, the ester linkage of Thr3-Asp9

by itself possesses two functions that OMTKY3 serves by
the disulfide bridge and by the Asn residue. Since the ester
linkage is connected to the P2 position and the ester linkage
is just hydrogen-bonded to the amide proton of the scissile
bond, the ester linkage may suppress fluctuation in the
reactive site more efficiently. The dual-functional device, the
ester linkage enables MST to be the smallest canonical
protease inhibitor in nature, and the structural motif of MST
will give us a clue for rational design of various protease
inhibitors.

SUPPORTING INFORMATION AVAILABLE

1H NMR assignment of MST(1-12) and MST-2SS (Table
S1 and S2) and a plot of the NOE forcing energy against
total energy (Figure S1) (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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