2462 Biochemistry2005,44, 24622468

Solution Structure of Marinostatin, a Natural Ester-Linked Protein Protease
Inhibitor*

Kenji Kanaorié Kaeko Kamei,® Mai Taniguchié Takao Koyama&, Tomoharu Yasu$,Ryo Takand Chiaki Imadd!,
Kunihiko Tajima$ and Saburo Hafa

Department of Applied Biology, Kyoto Institute of Technology, Matsugasaki, Sakyo-ku, Kyoto 606-8585, and Department of
Food Science and Technology, Tokyo &#¢msity of Fisheries, Minato-ku, Konan 4-5-7, Tokyo 108-8477, Japan

Receied September 11, 2004; Reed Manuscript Receed December 8, 2004

ABSTRACT: Marinostatin is a unique protein protease inhibitor containing two ester linkages. We have
purified a 12-residue marinostatin [MST12), IFATMRYPSDSDEZ and determined the residues
involved in the formation of the ester linkages and the solution structuféldlyMR spectroscopy and
restrained molecular dynamics calculation. The two ester linkages of MSR)lare formed between
hydroxyl and carboxyl groups, ThrAsp® and Sef—Asp'?, indicating that MST(312) has two cyclic
regions which are fused at the residues of%ad Asp. A strong NOE cross-peak between T4, and

Pro H, was observed, indicating that the Presidue takes ais-conformation. Well-converged structures
and hydrogendeuterium experiments of MST{112) showed that the backbone NH proton of thé P1
residue, Ar§, is hydrogen-bonded to the carbonyl oxygen of the ester linkage betwegankhAsp. To

reveal the significance of the ester linkages, a marinostatin analogue, MSTRESMRYPCCSCHE?)

with two disulfide bridges of Cys-Cys and Cy§—Cys'!, was also synthesized. The inhibitory activity

of MST-2SS was as strong as that of MST(2), and the Proresidue of MST-2SS also takescis-
conformation. However, the exchange rate of the>AH proton of MST-2SS was about 100 times
faster than that of MST(112), 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 residué, iBherucial 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 reported that the inhibitory activity of MST disappeared in
conformation; they function to stabilize its three-dimensional alkaline conditions, and that the molecular weight of MST-
structure. Regardless of various functional groups of 20 (1-12) was increased by two ;@ molecules after the
standard amino acids, almost all secreted proteins chooselkaline treatment. Therefore, MST was considered to possess
disulfide bridges as a stabilizing tool. Is there any protein two internal ester linkages between the hydroxyl (Ser or Thr)
which chooses other covalent linkages between the functionaland carboxyl (Asp or Glu) residues.

groups of amino acids, instead of a disulfide linkage, for |l the protein inhibitors prevent access of substrates to
stabilizing itself? One decade ago, we suggested the existencg,q catalytic sites of proteases through steric hindrance
of a natural ester-linked protein whose name is marinostatin(5_7)_ The majority of the protein inhibitors known and
(MST),! produced by a marine microorganisAiteromonas  characterized so far are directed toward serine proteases.
sp. B-10-31. MST is a protein protease inhibitor against \jost serine protease inhibitors achieve their inhibitory
sulptlllsm, chymotrypsin, a_md elastase atan gnzyme:|nh|b|tor activity by binding of their peptide segment directly to the
ratio of 1:1, but not trypsin(—4). The biological function  c5iaivtic site in a substrate-like manner. The serine protease

is retained by a short fragment comprising 12 amino acid jnpipitors take a compact shape with an exposed flexible
residues, FATMRYPSDSDE, and its scissile peptide bond binding loop and a hydrophobic core which is mostly rigid

is determined in the position between Met and A3y Ve due to the cross-connecting disulfide bridges. In binding of
the inhibitors to the protease, intra- and intermolecular

* Atomic coordinates for MST(#12) have been deposited in the

Protein Data Bank (accession code 11XU). interactions of the inhibitor’s primary binding segment with
* To whom correspondence should be addressed. Pho8&:(75)- the inhibitor's core and with the enzyme’s binding site
724-7553. Fax:+81-(75)-724-7532. E-mail: kame@kit.ac.jp. mutually stabilize each other and are so tight that decom-

§ Kyoto Institute of Technology. L S S .
I Tokyo University of Fisheries. position of the inhibitor rarely occurs. The rigid hydrophobic

1 Abbreviations: MST, marinostatin; MSTE12), a 12-residue core with disulfide bridges is considered to be indispensable
marinostatin; MST-2SS, a marinostatin disulfide analogue; CD, circular for the canonical inhibitory manner. Taking into account that
dichroism; 1D, one-dimensional; 2D, two-dimensional; DQF-COSY, - gerine protease inhibitors known so far consist of between
double-quantum-filtered correlated spectroscopy; TOCSY, total cor- . . .
relation spectroscopy; NOESY, nuclear Overhauser enhancementl4 and around 190 amino acid residués 10), the number

spectroscopy. of amino acids required for the inhibitory activity of MST
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Solution Structure of Marinostatin

Ficure 1: Schematic drawings of MST{112). Dashed lines
indicate ester linkages.

is likely too small to form a rigid hydrophobic core, implying

that the characteristic ester linkages should play an essentialng mL-

role in making MST such a small protein protease inhibitor.
In this study, we have purified a 12-residue MST [MST-
(1—12), 'FATMRYPSDSDE? as previously reportediy,
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spectrometer, Bruker-Daltonik, Reflex Ill. The amino acid
analysis showed that the chemical composition of MST-
(1-12) was GoHs7N15023S, and the mass spectral analysis
gave a parent peak corresponding tHg/N150235—2H,0.
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 reporteét] §).

Synthesis of MST-2SBIST-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%,8, 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
Lin 30 mM ammonium bicarbonate (pH 8.0), and
kept under stirring at room temperature for 3 days. Thus,
the peptide was oxidized by,0On air to form a disulfide
linkage of Cy$—Cys. After lyophilizing, the peptide was

and determined the residues involved in the formation of dissolved with 80% methanol/20%.8 (the peptide con-

the ester linkages (ThrAsp’ and Set—Asp'?) (Figure 1),
and the solution structure Bi# NMR spectroscopy. To our

knowledge, this work is the first structural study on a natural

centration was 1 mg mt). To remove the acetamidomethyl
groups and form the disulfide linkage between Tgad
Cyst, the solution was dropped into a mixture of methanol

protein which has two ester linkages, and one of the smallest(l_o mL/mg of peptide)6 N HCI (0.4 mL/mg of peptide)

protease inhibitors working in a canonical inhibitory manner. 4.4 iodine solution (1.5 mL/mg of peptide) (76 mg of iodine/
Furthermore, we have selectively synthesized a marinostatinig | of methanol) under vigorous stirring on ice for 10

analogue, MST-2SSIFACMRYPCCSCE?) with two di-
sulfide bridges of Cy’s-Cy< and Cy§—Cys', and have dis-

min, followed by further stirring for 10 min. For neutraliza-
tion of iodine, ascorbic acid solution (4 mg mi) was added

cussed inhibitory activity and structure as compared to those;q the mixture until it became colorless. The obtained MST-

of MST(1-12) to reveal the significance of the ester
linkages.

MATERIALS AND METHODS

Sample Preparation and Inhibitor Aetty Measurements
MST(1—-12) was purified according to the modified method
of a previous reportl). The strainAlteromonassp. was
cultivated in artificial seawater, pH 6.6, containing 0.48%

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 Spectroscopyror the acquisition of NMR spectra,
a 1.0-2.0 mM concentration of the peptide sample was

(w/v) sodium glutamate, 0.12% (w/v) casamino acid, 0.2% dissolved in 90% KO/10% DO or 100% DO solution at

(w/v) glucose, and 0.01%-acetylglucosamine at 24 for

pH 3.0 (meter reading of the glass electrode without

96 h under shaking at 100 rpm. By adding Diaion HP20 correction). All'H NMR spectra were recorded on a Bruker

resin (Nippon Rensui Co., Japan) to the culture medium,

ARX-500 spectrometer at 5 and 10. 2D DQF-COSY 12

MSTs were adsorbed to the resin, and then eluted with 80%and TOCSY (3) spectra were acquired to identify spin
methanol to obtain crude MSTs. The crude sample was systems through a chemical bond, and 2D NOES3¥) (
further purified by reversed-phase chromatography on YFLC spectra were recorded with mixing times of 80, 150, 350,

gel C18 (15um) followed by gel filtration on cellulofine

GCL-25m (Seikagaku Corp., Japan), and repetitive ion-

and 500 ms. The NOESY spectra with the longer mixing
times of 350 and 500 ms were only used for signal

exchange chromatographies by CM-cellulofine (Seikagaku) assignment. 3-(Trimethylsilyl)propionatk-was used as an

and HiLoad S (Pharmacia). Finally, MSTH12) 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, afG0
using Suc-Ala-Ala-Pro-Phe-MCA as a substrate. e
value was calculated as described by Green and Widik (
The amino acid analysis was performed with a Hitachi
L-8500 amino acid analyzer after 24 h of hydrolysis with 6

internal standard of chemical shift. Measurements3bf
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@®at pH 3.0
and dissolved in pure .

Structure CalculationsMolecular modeling and calcula-
tions were carried out using the NMR refine module of
Insightll version 2.3.0 and Discover version 2.9.5 (Biosym

N HCI. The amino acid sequence was determined by anlInc.) on a Silicon Graphic IRIS Indigocomputer. The
automated gas-phase sequencer, Shimadzu PPSQ-10, and t#VIBER force field was employed in all calculations.

molecular weight was confirmed by a MALDI-TOF mass

Distance constraints used as input for the distance geometry
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Ficure 2: NH—aH region of the NOESY spectrum (mixing time
350 ms) of MST(+12). Thedu(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 NHxH cross-peaks.

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
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Ficure 3: Amino acid sequence of MST{112) together with a
summary of the NOE connectivities of the neighboring residues.
The following symbols are used: open circles indicate #ia.

the NMR model module. The NOE-derived distances were > g0 Hz, filled circles thaJin, < 6.0 Hz, and shaded circles

calculated by the isolated spin-pair approximation relation-

shiprj = r{NOE/NOE;)'¢, wherer; and NOE; are the

unknown distance and measured NOE volume between

protonsi andj, andr.s and NOE; represent the reference

that 3J4ne iS between 6.0 and 8.0 Hz. The terrdgy(i,i+1),
dan(i,i+1), and dgn(ii+1) represent the sequential backbone
connectivities. The intensities of the observed NOEs are represented
by the thickness of the lines.

distance (1.8 A for methylene protons) and the relevant NOE these prominent downfield shifts of the; irotons, NOE

volume. The constraints were classified into four categories

(15—-18): strong 2.5 A), medium (2.53.0 A), weak
(3.0-4.0 A), very weak ¢£4.0 A). For restrained molecular

dynamics calculations, the upper bounds were defined as

strong ¢-0.3 A), medium ¢-0.3 A), weak ¢-0.5 A), and
very weak 1.0 A). For3J 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

cross-peaks between PhiCH; and Asf Hz and Seft Hg
and Asp! Hg were observed. Thus, we concluded that the
two ester linkages of MST(12) are formed between
hydroxyl and carboxyl groups, ThrAsp® and Set—Asp!?,
indicating that MST(%12) has two cyclic regions which
are fused at the residues of Sand Asg (Figure 1). To
confirm the positions of the ester linkage, we measured the
inhibitory activity of MST-2SS. The; value of MST-2SS
against subtilisin BPNwas determined to be 34 107° M,
which was almost identical to that of MST{12) (1.5 x
10°M). The near coincidence of the twg values justifies

search conformational space for structures consistent withie conclusion that the ester linkages of MST exist in the
the constraints. Then, the temperature was gradually re‘ducecbositions of Thi—Asp® and Set—Asp'L. The P2 residue
from 1000 to 300 K in & cooling step of 6 ps with increasing s js connected to the C-terminal cyclic regions by the

nonbonded term, and final rMD calculations of 4 ps at 300
K and rEM calculations were carried out.

RESULTS AND DISCUSSION

Determination of Ester LinkagesThe full resonance
assignment of the NMR signals of MSTH12) was per-
formed using the sequential assignment procedl®e 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{12) indicates that MST,
although an ester-linked inhibitor, possesses a common
structural feature to stabilize the reactive site.

identification of amino acid spin systems was first established Description of the Structure of MST{12). For the

by means of direct and relayed through-bond connectivities N-terminal cyclic region, a strong NOE cross-peak between
(DQF-COSY and TOCSY), followed by sequential resonance Tyr® H, and Pré H, was observed, indicating that the Pro
assignments using through-space NOE connectivities (Figureresidue takes ais-conformation. Thecis-conformation is

2). The resonance assignment of MSF(R) is summarized
in Table S1 in the Supporting Information. For determining

supported by a prominent upfield shift of the Pk, proton
(3.53 ppm), because a,Hproton of acis-proline residue is

the position of the two ester linkages, it should be noted likely shifted more upfield than that of @ans-proline 21,
that the formation of the ester linkage causes the downfield 22). The requirement otis-Pro at the P3position was

shift for Ser or Thr H protons by the induced effect of the
substitution of a hydroxyl group~OH) to an ester group
(—O—CO-) (20). The The Hg proton and one of the Ser

reported for a small BowmarBirk inhibitor (23). NOE
cross-peaks were observed between side chains éfahgr
Prd with an additional NOE between T4H, and Set NH,

H;s protons were observed at 5.57 and 4.97 ppm, respectively,suggesting a well-defined turn in the residue range of
which are extraordinarily larger values than the standard onesTyr5-Pro-Sef. The compact structure in the N-terminal

reported for a random coiled structur2l). In addition to

cyclic region was also indicated by NOE cross-peaks between
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Ficure 4: Hydrogen-deuterium exchange profile of the amide
protons of (A) MST(+12) and (B) MST-2SS as a function of time
after the dissolution of the peptide inO: residues 4 (filled circle),

5 (filled triangle), 6 (filled square), 8 (open circle), 11 (open
triangle), and 12 (open square).

Arg® Hg/H, and Asp H, (Figure 3). This NOE means that
the H, proton of Asf whose side chain is involved in the
ester linkage is directed to the inside of the N-terminal cyclic
region, whereas that of Atgs directed outside. For the
C-terminal cyclic region formed by the SetAsp!! ester
linkage with the C-terminal residue, Gfuthe medium and
strong NOE connectivities adyn(i,i+1) were observed in
the residue range from A% Glu'?, and weak NOE cross-
peaks ofdyn(i,i+2) anddun(ii+2) between Aspand Set.

In addition, NOE cross-peaks between Pky and Gld?

Biochemistry, Vol. 44, No. 7, 20022465

slowly exchanged (Figure 4): The exchange rate of5Arg
was the slowest one, 8 1074 min~1, and those of Tyrand
Sef were both 2x 1072 min~%. Those exchange rates were
significantly slower than those of a random coiled peptide
(24). The structure calculation of MST{112) using NOE
and J coupling constraints alone showed that a carbonyl
oxygen of the ester linkage between Tand Asf is suitable
for a hydrogen bond acceptor of R¢H. MST-2SS, an
MST analogue with two disulfide bridges, showed that the
hydrogen-deuterium exchange rate of the AlyH proton
was about 100 times that of MST12). Therefore, we
concluded that the slow exchange rate of g of MST-
(1-12) arises from the hydrogen bond to the ester linkage.
The final structure calculation of MST{112) was carried
out by employing one hydrogen bond constraint between
Arg® NH and the ester €0 of The—Asp® 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 TyP-Pro’-Sef and of the ester linkage
between Tht and Asf with hydrogen bonding to the
backbone Arg§NH of the P1residue. The C-terminal cyclic
region was also converged, although the direction of the other
ester group of Sér-Asp!! 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

H, were observed, indicating that the residues in the observed for most protease inhibitorg @5, 26). As this
C-terminal cyclic region take a consecutive turn and that the point illustrates, MST like other canonical protease inhibitors

C-terminal residue is returned back to the N-terminal cyclic

region and involved in the well-ordered structure.
Hydrogen-deuterium experiments of MST{112) showed

that the backbone NH protons of &gryré, and Setwere

possesses common stabilization mechanisms for the reactive

site by using the characteristics of the ester linkage.
Structure of MST-2SS0 investigate an effect of the ester

linkage on the structure, the NMR spectra of MST-2SS were

FicurRe 5: Stereoview of the 23 refined structures of MSF(R) superimposed over the backbone atoms of residu@® 3The backbone
of residues +12 is shown with all the side chains except for Phad Ale.
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Table 1: Experimental Restraints and Structure Statistics for Table 2: Backbone and¢ Angles (deg) in MST(+12) Compared
MST(1—-12) with the Corresponding Values in SSind OMTKY2
number of analyzed structures 23 P2 P1 P1 P2
number of distance restraifts 100 (52) b, @ b, @ ¢, @ o, @
number of dihedral angle restraints 17 5 5
rmsd from experimental distance restraints (A) 0.808.001 MST(10012) Igi +16 I\llgt;‘ 14 ’i%gl 14 Ego 17
number of NOE violations-0.2 AP 39412 . i : i
- 111+ 3 34+ 2 177+ 4 96+ 2
largest NOE violation (A) 0.3%0.12 ssi Pra? Mef’3 val's Ty
rmsd from experimental dihedral restraints (deg)  #.8.2 _66.149 -81 64 —95 157 _3&24 85
DISCOVER potential energiegkcal mol?) e } 5 20
total energy 23.% 5.3 OMTKY3 Thr Leut Glu Tyr
nonbond energy 153+ 3.9 —68,160 —107,32 —74,159 —113,107
3J dihedral forcing potential 0.£04 aPDB accession code 3S31§). P PDB accession code 1CHQ9).
NOE forcing potential 10.%2.2
Cartesian coordinate rmi(h) region of Tyf-Pro-Sef. As mentioned above, the ArtyH
backbone 0.8 0.30 of MST-2SS exchanged much faster than that of MST-
all heavy atoms 1.85 0.40 g

2The number of distance restraints for MSH(2) includes one (1~12), and the CysNH of MST-Z-SS alsq excganged faster,
hydrogen-bond restraint. The number in parentheses is that of inter- as compared to th_e correspondlng_resmue JSETMST-
residue NOES? None of the structures have distance violations greater (1—12). The undefined mutual position between the N- and
than 0.5 A.c The force constants of NOE adddihedral angle are 20  C-cyclic regions of MST-2SS should cause the fast exchange
kcal mol* A=2 and 20 keal mof* raa‘_{ respectively? Rmsd values of the Cys$ residue, because the amide proton oféSer
for MST(1—12) are obtained for residues-32. MST(1—-12) is covered with the C-cyclic region (Figure 5).
The existence of the structural difference between MST-2SS
analyzed by the same procedure as those of MSTR). A and MST(+12) is also suggested by large chemical shift
strong NOE cross-peak between Ty, and Pré H, differences || > 0.2 ppm) of the corresponding,kprotons
indicative of a cis-conformation and NOE cross-peaks for Met*, Arg®, Tyr8, and Cy8 of MST-2SS (Table S2 in
between Ar§and Cy8 were observed for MST-2SS as well  the Supporting Information), and by tR&, coupling con-
as MST(1-12). However, the number of NOE cross-peaks stant difference for Métand Tyf. Since the H chemical
observed for MST-2SS was smaller than that for MST- shift and®Juyn, are indicative of the secondary structu?d)(
(1—12). No long-range NOEs were observed for the C-ter- these differences suggest that these two structures are differ-

minal region of MST-2SS. Moreover, AtgTyr5, and Cy$ ent around the reactive site in the absence of the protease.
NH signals and ProH, signals were broadened by some  Comparison with Other Subtilisin Inhibitordhe com-
intermediate conformational exchange, so’thg, coupling parison between the two inhibitors indicates that the two

constants were not obtained for these residues. Thus, thedisulfide linkages could not suppress the structural fluctuation
structural calculation of MST-2SS showed poor convergence of MST-2SS and that MST-2SS takes a more flexible and
between the lowest energy conformations, and the mutualless compact conformation than MSH12). It was reported
location of the N- and C-cycling regions could not be defined. that the disappearance of the interaction between the loop
For MST-2SS, one slowly exchanging amide proton,®Tyr and the scaffold results in considerable enhancement of the
NH (2 x 10°% min™%), was observed (Figure 4B). The loop mobility and reduced rigidity of the scaffold@ 27).
coincidence of the exchange rate of ThH between MST- The hydrogen bond of the ester linkage to the amide proton
(1—12) and MST-2SS within experimental error means that of the P1 residue would be crucial for suppressing the
both the inhibitors take a similar rigid turn structure in the conformational fluctuation of the fused two-cyclic structure

FiGurRe 6: Stereoview of MST(%12) (blue), SSI (red), and OMTKY3 (yellow) superimposed overdhearbons from P2 to P2esidues.
Broken lines indicate a hydrogen bond (see the text).
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of marinostatin, contributing to the duration of the inhibitory 4.

activity.

The sequence around the reactive site{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 @3r)
positions of MST are identical with those of SSI, and Thr at
the P2 site is frequently observed for these famili®sThe 6
averagedy and¢ dihedral angles of P2 to Paf MST(1—
12) are compared with those of SSR8f and turkey
ovomucoid third domain (OMTKY3) Z9), which have a
characteristic canonical extended conformation. @hend
@ values of MST(%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. g
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 deviceg 80): the 3-sheet
in the C-terminal side and the disulfide bridge in the
N-terminal side. In the case of MST(1.2), the scissile bond
of Met*—Arg® is fixed both by the rigid turn of TyPro'-
Sef and by the ester linkage between Thand Asp.
However, the structural analysis of MST-2SS demonstrates 12
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 (P22) of MST(1-12) is
overlaid onto that of SSI or OMTKY3, MST(112) fits into
a spatial room lying between the binding loop awdhelix
of the inhibitors (Figure 6). The Seand Asg residues of
MST(1-12) fill up the middle of the room, and the ester
linkage between TRrand Asg is located near the side chain
of Asn?3 of OMTKY3. The amide group of this evolutionally
conserved Asn residue is hydrogen-bonded to the main-chain
carbonyl oxygens of the P2 and'Re&sidues, and plays an
important role in fixing the two peptide groups flanking the
scissile bondZ9). Therefore, the ester linkage of PhiAsp’
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

H NMR assignment of MST(&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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