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ABSTRACT. The ovomucoid third domain from silver pheasant (OMSVP3), a typical Kazal-type inhibitor,
strongly inhibits different serine proteases of various specificities, i.e., chymotngisaptomyces griseus
protease, subtilisin, and elastase. Structural studies have suggested that conformational flexibility in the
reactive site loop of the free inhibitor may be related to broad specificity of the ovomucoid. On the basis
of the structural homology between OMSVP3 and ascidian trypsin inhibitor (ATI), which has a cystine-
stabilizeda-helical (CSH) motif in the sequence, we prepared the disulfide variant of OMSVP3, introducing
an engineered disulfide bond between positions 14 and 39 near the reactive sieGM&) by site-
directed mutagenesis. The disulfide variant P14C/N39C retained potent inhibitory activities toward
o-chymotrypsin (CHT) and. griseugproteases A and B (SGPA and SGPB), while this variant lost most

of its inhibitory activity toward porcine pancreatic elastase (PPE). We determined the solution structure
of P14C/N39C, as well as that of wild-type OMSVP3, by two-dimensional nuclear magnetic resonance
(2D NMR) methods and compared their structures to elucidate the structural basis of the inhibitory
specificity change. For the molecular core consisting of a ceatfalix and a three-stranded antiparallel
p-sheet, essentially no structural difference was detected between the two (pairwise rmse Gadlde

A). In contrast to this, a significant difference was detected in the loop fron @yFhrl?, where in
P14C/N39C it has drawn approximatel A nearer the central helix to form the engineered&y€ys®

bond. Concomitantly, the T¥Pro'? cis-peptide linkage, which is highly conserved in ovomucoid third
domains, was isomerized to the trans configuration. Such structural change in the loop near the reactive
site may possibly affect the inhibitory specificity of P14C/N39C for the corresponding proteases.

Ovomucoid in egg white consists of three tandem, (3—8). The ovomucoid third domains from silver pheasant
homologous, Kazal-type domain)( Comparative studies (OMSVP3) and from Japanese quail (OMJPQ3), as well as
using a large number of ovomucoid third domains have madefrom turkey (OMTKY3), are extensively studied third
contributions to elucidation of the structarinction rela- domains. The tertiary structure of OMSVPR (s presented
tionship of the Kazal-type inhibitor2. Some ovomucoids in Figure 1. The reactive site loop {dRo P3) [notation
have been analyzed by X-ray crystallography and by two- according to Schechter and Berg®)] {s linked to the central
dimensional nuclear magnetic resonance (2D NMR) methodshelix by the Cy%—Cys® bond, together with two hydrogen
both free and in complexes with their target proteases bonds provided by the side chains of Asmand Asi®.
OMSVP3 with R Met inhibits chymotrypsin (CHT},sub-
*The atomic coordinates for the 15 best conformers of wild-type tilisin, and eIastaselO), as is the case for OMTKY3 with

OMSVP3 and P14C/N39C, respectively, described in this paper have ;
been deposited with the Protein Data Bank (accession numbers 1IY5Pl Leu (11). Crystallographic analyses of OMJPQ3 and

and 11Y6).
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N would be an ideal scaffold for the purpose. The CSH motif
. has been found in the sequences of various biologically active
peptides. It is well characterized by anhelical segment
spanning the Cys-X-X-X-Cys sequence portion that is cross-
linked by two disulfide bridges to the sequence portion Cys-
X-Cys that is folded in an extendgtistrand-type structure
(17). Thus, it is expected that an appropriate introduction of
disulfide bonds in the ovomucoid third domain to form a
CSH motif consisting of its central helix and its reactive loop
forces the reactive loop to adapt to a rigid extended structure
without any effect to the central helix. We prepared an
OMSVP3 variant, P14C/N39C, by site-directed mutagenesis
that was designed to form a novel disulfide bond between
positions 14 and 39 (Figure 1). The mutation sites for creation
of a disulfide bridge in OMSVP3 were chosen on the basis
of structural homology with ascidian trypsin inhibitor (ATI)
' that has a CSH maotif in the sequend®)( ATI with P1 Lys
E19(P4) strongly inhibits mammalian trypsin and plasmib6). In
FiGURE 1. Molecular structure of natural OMSVP3 in a crystal  ATI, the two segments 3741 and 12-14 correspond to the

tate D) mSgset;u(C(t:L;g;(I:Syggfivc\gs\l/gﬁ%;\/A§2,L§r?dmcpy§3 C-;gg%’e respective ones of the CSH motif, where By<Cys** and
two mutation site residues (Pfcand Asi?), and the reactive site Cys __Cy§ are formed. The sol_utlon Str_uc_ture of ATI
residue (Me¥) are also shown. N and C indicate amino and determined by 2D NMR methods is very similar to that of

carboxyl termini, respectively. The reactive site loop (P6 ®)P ~ OMSVP3, and the Cy4-Cys*” bond in ATI, corresponding
[nOIfltl?r? ?C%Of?gngc%sghgghger éﬂ}d Bfggﬁ)] '(tsh ?xedhtc()j the to the Cy45—Cys* bond in OMSVP3, fixes the reactive site
céentral helix by the Ly3—Lys™ bond, togéther with two nydrogén —1g0p of ATI (15). Residues Cy& and Cy4!, forming an

9 [l
bonds provided by the side chains of Asand As® additional disulfide bond in ATI, then correspond to Pro
OMSVP3 in the free state indicate that the reactive site loop and Asr¥® in OMSVP3, respectively (Figure 1).

P14(Ps)

has relatively largd values 6, 7). Furthermore, a confor- First, in the present study we describe the preparation and
mational change occurs in the reactive site loop betweencharacterization of P14C/N39C, including the disulfide
OMTKY3 structures bound to CHT and bound $trepto-  |ocations. Second, the effect of introducing a non-native

myces griseusprotease B (SGPB). Thus, it has been disulfide bridge on the inhibitory activity for different
suggested that some conformational flexibility in the reactive proteases is described. Third, the determination of the
site loop of the free inhibitor might be related to the broad splution structure of P14C/N39C, as well as that of wild-
specificity of ovomucoid 12). This is in marked contrastto  type OMSVP3, by 2D'H NMR spectroscopy is described.

a Kunitz-type inhibitor, such as bovine pancreatic trypsin Finally, their structures are compared, and the structural basis
inhibitor, which has a rigid reactive site and shows narrower of the inhibitory specificity change of OMSVP3, caused by
specificity. So far, inhibitory specificity has been studied by introducing the engineered Cys- Cys® bond, is discussed.
using naturally occurring variants of ovomucoi@).(How-

ever, the structural basis of the broad specificity of ovomu- EXPERIMENTAL PROCEDURES

coid has not been satisfactorily elucidated. Natural variants

do not necessarily possess suitable amino acid substitutions Design of OMSVP3 Variantn this study, the wild-type

to relate structure and specificity. Site-directed mutagenesisOMSVP3 gene is constructed first, and then the genes for
to create mutated proteins is a powerfu| technique for three variants such as P14C/N39C, P12A, and P14A were

obtaining more information on the structurfainction rela- ~ Prepared. The mutation sites are shown on the tertiary
tionship of ovomucoids. In particular, introduction of the Structure of native OMSVP3 (see also Figure 1). P14C/N39C
nonnatural disulfide bridge into the reactive site loop and Was designed on the basis of the structural homology between
removal of the highly conserved disulfide bridge near the OMSVP3 and ATI (5) to examine the relationship between
reactive site should provide valuable information on the the inhibitory specificity and the conformational flexibility
relationship between conformational flexibility and specific- ©Of the reactive site region. P14A was prepared to check
ity of protease inhibitors. This line of approach has been Whether the mutation changes the inhibitory specificity due
applied to serpins1@) or Streptomycesubtilisin inhibitor to the mere amino acid substitution at thesRe. As will be
(14) but not to a small-sized and compact inhibitor such as described later, the T¥#—Pro* peptide bond in P14C/N39C
the ovomucoid third domain. In this study we introduced a is found to convert to the trans configuration. Thus, P12A
nonnatural disulfide bridge on the reactive loop of OMSVP3 Was designed to examine the effect of configuration change
and examined the effect of the mutation on its inhibitory N the highly conserved T¥—Pro* cis-peptide linkage on
specificity. OMSVP3 was used because this inhibitor, as a inhibitory activity. The configuration in the respective peptide
parent inhibitor molecule, has the broadest inhibitory speci- linkage of this variant is expected to adopt the trans form
ficity, and thus the effect of the mutation on the inhibitory DYy the replacement of Pro to Ala at the Bite. The
specificity should be easily detected. numbering system used in this study is according to
When a disulfide bridge is introduced, it is important that Laskowski et al. ).
the engineered bridge does not destroy the core structure of Site-Directed MutagenesiBCR kits were purchased from
the inhibitor. A cystine-stabilized-helical (CSH) motif {L5) Perkin-Elmer, Chiba. The restriction enzymes and ligation
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kits were purchased from Boehringer Mannheim, Takara
Shuzo, and Toyobo. Kojima et all®) had already con-
structed the expression plasmid pMKAPOV for the OMCHI3

Hemmi et al.

Expression and Purification of Recombinant Inhibitors.
Cultivation and induction with IPTG were performed as
previously described1@). Each secreted inhibitor in the

gene (OV3). The amino acid sequence of OMSVP3 is almost supernatant oE. coli cells was precipitated with ammonium
the same as that of OMCHI3, except for three residues. Thussulfate. The precipitate was dialyzed against 25 mM sodium

Asp'S, Ala®® and Asp? at the R, P;, and P, sites in OMCHI3
were genetically substituted for Ala, Met, and Tyr, respec-
tively, to construct the wild-type OMSVP3 gene. Thst —
EcoRl fragment of an OV3 gene having Met at the $ite
[OV3 (P, Met)] was inserted into the respective site of
pTZ18U, andEscherichia coliCJ236 was transformed by

acetate, pH 5.3. The dialyzate was subjected to SP-Sephadex
C-50 chromatography using the acetate buffer and a linear
gradient of NaCl. Inhibitor fractions then were subjected to
anhydrochymotypsinSepharose 4B chromatography using
50 mM Tris-HCI, pH 8.0, containing 20 mM Cag(20).
Elution was carried out by addition of 5 mM HCI. Inhibitor

the constructed plasmid. The single-stranded DNA containing fractions were finally subjected to SP-5PW (Tosoh, Tokyo)
uracil bases was prepared by infection of helper phage chromatography using the acetate buffer and a linear gradient

M13KO7. Codon substitution of Asp> Tyr at the P, site
was carried out using the single-stranded DNA and a
mutagenic primer of 5 ACG-ATG-GAA-T*AC-AGA-

CCT-C 3 (where the asterisk indicates a mismatched base),

according to the method of Kunkel9). Subsequent mutation
of Asp— Ala at the R site was carried out using a mutagenic
primer of 8 CT-AAG-CCT-GC*C-TGC-ACG-A 3 and a
single-stranded DNA derived from the mutated plasmid
encoding OV3 (MMet/P,Tyr). The expression plasmid for
the wild-type OMSVP3 gene thus obtained was named
pOVWT. For construction of the P14C/N39C gene, substitu-
tion of Pro— Cys and Asn— Cys at the Pand P-; sites,

of NaCl. The purification procedure was monitored by
measuring the inhibitory activity toward chymotrypsit8).
Protein CharacterizationPerformic acid oxidation and
reduction ands-pyridyl ethylation were carried out according
to the published method21, 22). Amino acid composition
analysis was performed as previously describzg).(The
N-terminal sequence of peptides was determined on an
Applied Biosystems Model 492 protein sequencer. Poly-
acrylamide gel electrophoresis under nondenaturing condi-
tions (native PAGE) with 15% gel was carried out at@
using Laemmli’s buffer systen24) in the absence of SDS.
The proteins were stained with Coomassie Brilliant Blue

respectively, was carried out by successive site-directedR-250.

mutagenesis of the gene of OV3 fRet/P,Tyr). The
mutagenic primers used weré BAC-CCT-AAG-T*G*T-
GC*C-TGC-ACG-AT 3 for Asp— Ala and Pro— Cys at
the B, and R sites, respectively, and RAC-TTC-TGC-
T*G*T-GCA-GTC-GT 3 for Asn — Cys at the B; site.

Location of Disulfide BridgedNative P14C/N39C protein
(50 nmol) was digested at 3T with thermolysin (Seikagaku
Kogyo, Tokyo) (E/S= 1/70, mol/mol) in 150 mM am-
monium formate, pH 6.5, containing 2 mM Ca@hd 0.02%
sodium azide for 3 days. The digest was subjected to

The expression plasmid for the P14C/N39C gene was reversed-phase HPLC as previously describ6) (to

constructed by ligation of thBst —EcoRIfragment of the
mutated OV3 gene, thEcdRl—SpH fragment (2.8 kb) of
plasmid pMK2, and theSpH—Pst fragment (550 bp) of
plasmid pMKAPOV (18) and named pOVC14/C3&. coli
JM105 was separately transformed with pOVWT and
pOVC14/C39.

separate cystine-containing peptides, i.e.;-TB3. T3 was
found to be still heterogeneous by peptide analysis. Thus
T3 (30 nmol) was further digested at 3C with Staphylo-
coccus aureud/8 protease (Sigma Chemical Co.) (E£S
1/10, mol/mol) in 50 mM sodium phosphate, pH 7.8, for 36
h. T3V2 containing three chains was applied to the protein

For expressions of the P12A and the P14A genes, the pETsequencer to determine the disulfide partners for each of the

system was applied. THest —EcadRI fragment (170 bp) was
amplified by PCR with pOVWT as a template. The mu-
tagenic forward primers used wereé G-TGC-AGT-GAG-
TAC-G*CT-AAG-CCT 3 for Pro— Ala, the F site in the
P12A gene, or 5 C-TGC-AGT-GAG-TAC-CCT-AAG-
G*CT-GCC-TG 3 for Pro— Ala, the R site in the P14A
gene. A reverse primer was BAATTCTCTCAGCTCT-
GATA 3' containing anEcdRlI site. On the other hand,
double-stranded DNA fragments encoding the N-terminal
region of OMSVP3 were chemically synthesized. A plus
strand was 5CC-GCT-GTG-AGT-GTT-GAC-TGC-A 3
and a minus strand wa$ 6TC-AAC-ACT-CAC-AGC-GG

directly linked two half-cystine residues (C§s Cys®).
Enzyme Kinetics. S. grisepsoteases A and B (SGPA and
SGPB) were prepared as described by Naraha28). (
Porcine pancreatic elastase (PPE) was kindly donated by
Eisai Co., Tokyo. The following materials were purchased
from the indicated commercial sources: bovaehymot-
rypsin (CHT), human leukocyte elastase (HLE), Suc-Ala-
Ala-Ala-pNA, and Suc-Ala-Ala-Pro-PhpNA (Sigma Chemi-
cal Co.); Suc-Ala-Ala-Pro-Phe-MCA and Suc-Ala-Ala-Ala-
MCA (Peptide Institute, Osaka). All assays were carried out
at 25°C in 50 mM Tris-HCI, pH 7.8, containing 20 mM
CaCl and 0.005% Triton X-100. Molar concentrations of

3. The annealed fragments were ligated with the mutated inhibitors were determined by amino acid composition

Pst—EcaRl fragment (170 bp) and then inserted into the
Ball—EcdR| backbone fragment of pET22b vector (Novagen,
Madison, WI) to obtain the expression vectors pETOV12A
and pETOV14AE. coli BL21(DE3)LysS was then trans-
formed with pETOV12A or pETOV14A, respectively. The

analysis. The active site concentration of CHT was first
determined, as described by ¥y and Kaiser 26). The
wild-type OMSVP3 solution was then titrated with CHT of
known concentration. Concentrations of SGPA, SGPB, and
PPE were then determined by titrating with wild type of

base substitutions were confirmed by dideoxy sequencingknown concentration. Suc-Ala-Ala-Pro-Phe-MCA was used
of the plasmids. The recombinant inhibitors were designed as a substrate for assays of CHT, SGPA, and SGPB. For
to start with Al&@ of the natural ovomucoid third domain elastase assay Suc-Ala-Ala-Ala-MCA and Suc-Ala-Ala-Ala-
after cleavage with signal peptidase, as previously describedpNA were used. Substrate concentration at least three times
(18). lower than itK,, was used for the study of inhibiteenzyme
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reactions. All of theK, values were determined under assay combination with NH-HS and Hu—Hp NOEs @9). The 20
conditions. The equilibrium dissociation constat{s) were and 19y, angle restraints, respectively, for wild type and
determined essentially as previously descriki&d.(For the P14C/N39C were obtained. Thg angle restraints were
measurement of association rate constadqts) the enzyme  normally restricted to a-60° range from staggered confor-
solution was added to a mixture of inhibitor and substrate, mations, g™ (+60°), t (18C°) or g~ (—60°). Hydrogen-
and the progress curve corresponding to the pre steady stateleuterium exchange experiments identified 25 and 26
was obtained according to BietB8). The inhibitor concen-  hydrogen bond donors for wild type and P14C/N39C,
tration was chosen so that {l]= 5[E]o. A substrate respectively. Corresponding hydrogen bond acceptors were
concentration less than K3 was used. Data fitting were  determined on the basis of NOE patterns observed for regular
carried out using nonlinear regression analysis (KaleidaGraphsecondary structural regions and preliminary calculated
for Windows, Synergy Software). structures without restraints regarding hydrogen bonds.
NMR ExperimentThe OMSVP3 sample was dissolved Hydrogen bond constraints were applied te N and C=O
in 250 uL of 100% D,O or a 90% HO/10% DO solution groups: 1.72.3 A for the H-O distance and 2-73.3 A
to give a final concentration of approximately 4 mM. The for the N—-O distance.
pH of the solution was adjusted to 4.0 il M HCI. All Structure calculations were performed using the hybrid
NMR spectra were obtained on Bruker AMX500 and distance geometry-simulated annealing methé@ (1sing
DRX600 spectrometers with quadrature detection in the X-PLOR 3.1 @1). A set of 581 NOE-derived distance
phase-sensitive mode by TPRI9 and StatesTPPI 30). restraints (including 111 intraresidue, 174 sequential, 117
The following spectra were recorded at 25, 30, and®G5 medium range, and 179 long range), 50 hydrogen bond
with 12 ppm spectral widths in theandt, dimensions: two- restraints, and 60 dihedral angle restraints were obtained for
dimensional (2D) double-quantum-filtered correlated spec- wild-type OMSVP3. In the case of P14C/N39C, a set of 562
troscopy (DQF-COSY)31), recorded with 512 and 2048 NOE-derived distance restraints (including 114 intraresidue,
complex points in thé; andt, dimensions; 2D homonuclear 180 sequential, 101 medium range, and 167 long range), 52
total correlated spectroscopy (TOCSBR| with a MLEV- hydrogen bond restraints, and 68 dihedral angle restraints
17 mixing sequence, recorded with mixing times of 40 and were obtained. The structure calculation proceeded in two
80 ms and 512 and 2048 complex points in thend t; stages by using the standard X-PLOR protocol. In the first
dimensions; 2D nuclear Overhauser effect spectroscopystage, a low-resolution structure was preliminarily determined
(NOESY) 393), recorded with mixing times of 60, 80, 100, using NOE-derived distance restraints and dihedral angle
and 200 ms and 512 and 2048 complex points inttland restraints except fop angle restraints. In the second stage
t, dimensions. A high digital resolution DQF-COSY was of the calculation, the same protocol was applied by adding
recorded using 512 and 4096 complex points intfrendt, hydrogen bond restraints andangle restraints. The force
dimensions. Water suppression was performed using theconstants for the distance restraints were set to 50 kcat*mol
WATERGATE sequence3d, 35). Slowly exchanging amide ~ A=2 throughout all the calculations, and dihedral angle
protons were determined by lyophilizing the protein from restraints were initially set to 5 kcal mdlrad? during the
H,O solution, dissolving the protein inJD, and collecting high-temperature dynamics and gradually increased to 200
sequentih2 h 2D TOCSY spectra. All NMR spectra were  kcal mol rad2 during the annealing stage. The final round
processed using XWINNMR (Bruker Instruments) and the of calculations began with 100 initial structures, 38 for wild
NMR Pipe program36). Before Fourier transformation the  type and 23 for P14C/N39C of which, after refinement, had
shifted sine-bell window function was applied to theand no distance and dihedral angle violations greater than 0.5 A
t, dimensions. Chemical shifts were referenced to internal and 5, respectively. Among the 38 and 23 final structures,
2,2-dimethyl-2-silapentane-5-sulfonate (DSS) at’€5 the 15 structures of wild type and P14C/N39C with low total
Structure CalculationsNOE-derived distance restraints energy and low deviation from mean structure were used
were classified into three ranges, 285 A, 1.8-3.5 A, and for further analyses. The structures have good covalent
1.8-5.0 A, according to the relative NOE intensities. Upper geometry and stereochemistry, as evidenced by the low rmsd
distance limits for NOEs involving methyl protons and Vvalues for bonds, angles, and improper torsion angles from
nonstereospecifically assigned methylene protons were cor-idealized geometry. The Ramachandran plot confirmed the
rected appropriately for center averagir&y)( In addition, high quality of the 15 structures of wild type or P14C/N39C,
a distance of 0.5 A was added to the upper distance limits respectively, which showed that over 90%godindsy angles
for only NOESs involving methyl protons3g) after correction  in both proteins are found in the most favored and addition-
for center averaging. Torsion angle constraints on backboneally allowed regions and less than 1%¢pandy angles are
¢ andy angles were derived froRdunn, coupling constants  found within the disallowed region. The average coordinates
estimated from the high digital resolution 2D DQF-COSY of the ensembles of the 15 low-energy structures were
spectra and sequential and short-range NOEs. The 29 andubjected to 500 cycles of Powell restrained minimization
36 ¢ angle restraints were obtained for wild-type OMSVP3 to improve stereochemistry and nonbonded contacts. All
and P14C/N39C, respectively. Backbopeangles were  subsequent numerical analyses were performed using X-
restrained to—60° + 30° for 3Jyp, < 6 Hz, —120° + 50° PLOR, Insight 1l (MSI), PROCHECK-NMR 42), and
for 3Jnhe = 8—8.5 Hz,—120 + 40° for 3Jyne = 8.5-9 Hz, MOLMOL (43). Structure figures were generated using
and—120 =+ 30° for 3June > 9 Hz. The 11 and 13 angles Molscript @4), Insight Il, and MOLMOL.
in a-helical regions of wild type and P14C/N39C, respec-
tively, were restrained te-40° + 30°. Side-chairy; angles RESULTS AND DISCUSSION
were determined b$Ju.np coupling constants qualitatively Preparation of OMSVP3 Variant®214C/N39C, P12A,
estimated from short-mixing TOCSY connectivities in P14A, and wild-type OMSVP3 were efficiently expressed
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Table 1: Amino Acid Compositions and Disulfide Positions of the Cystine-Containing Peptides Derived from Native P14C/N39C

T1 T2 T3V2
Amino Acid Compositions (Residues per Molecéle)
Cya 1.81(2) 2.16 (2) 3.73 (4)
Asp 1.29 (1) 2.39 (2) 2.15 (2)
Glu 1.09 (1)
Ser 1.20 (1) 0.67 (1)
Gly 1.12 (1) 2.60 (2)
Thr 0.96 (1) 1.10 (1)
Ala 1(1) 0.80 (1)
Pro 1.13(1)
Tyr 0.92 (1) 1.05 (1)
Val 1.20 (1)
Leu 1.07 (1)
Phe 1(1) 1(1)
Lys 0.96 (1) 1.89 (2) 1.12 (1)
total (8) 12) (14)
Disulfide Positions
fragments Al&-Cys8-Thrt’ plus Let?>-Cyg4-Gly?-SePb-Asp?’-Asr?e-Lys?*-Thri plus  Val®-Asp’-Cys$-Sef-Glu'® plus
Tyr3-Gly32-Asn3-Lys34-Cys® Phé3-Gly54-Lys>>-Cys$6 Tyrt’-Prgt%-Lys'3-Cys plus
AsnPt-Phé’-Cys8-Cyso-Ala*®
S—Shridge  Cy&¥—Cys® Cyg4—Cys* Cys$—Cys’8, Cys“4—Cys® or

Cys$—Cys¥®, Cys*—Cys®

a Analytical values are indicated as molar ratios with respect to the amino acid with an italicized value in each column. Values in parentheses
are those deduced from the sequence ddtysteic acid.

Table 2: Kinetic Parameters for the OMSVPBnzyme Interaction

CHT PPE SGPA SGPB
K (M) Kon (M~15°0) K (M) Kon (M~ 1s0) Ki (M) Kon (M~15°0) K (M) Kon (M~ 1s0)
naturat 5.6 x 10712 1.3x 10 8.3x 10°% 1.7x 1¢°
wild type 6.5x 10°%? 1.7 x 107 43x 101 3.0x 10° 1.3x 1041 2.1x 108 29x 10% 2.5x 10°
P14C/N39C 6.6< 1071* 1.5x 10 4.8x 107 <5.0x 1(? 5.4x 1071 1.8x 1¢° 5.9x 10710 1.6x 10°
P14A 1.4x 10°% 1.1x 10 5.1x 10" 29x 108 21x 10" 1.7x 1¢° 29x 10% 2.1x 10°
P12A 2.0x 1071* 1.2x 10 1.6x 10710 1.3x 1¢° 3.8x 1071 1.8x 1¢° 49x 1071 1.3x 10°

aData from refl0.

by E. coli and purified by three steps of chromatography, Tyr'! bond, and the digest was again subjected to reversed-
including affinity chromatography on anhydrochymotrypsin ~ phase HPLC (data not shown). T3V2 thus obtained as a
Sepharose. The yields frol L of theculture are 3 mg for ~ major component is a three-chain peptide, corresponding to
wild type and the two Ala variants and 0.6 mg for P14C/ residues 610 (VaF-Asp’-Cys-Sef-Glut®) plus 1114
N39C. The overall yield in the purification step was about (Tyr'’-Pro'>-Lys-Cys'4) plus 36-40 (Asr#-Phé’-Cys®-
60%. The purity was checked on native PAGE analysis. Cys*®-Ala*9) (see also Table 1). To determine the disulfide
Amino acid compositions of these proteins were all in partners for each of the directly linked two half-cystine
excellent agreement with expected ones. They had the sameesidues in segment 3610, this fraction was applied to
N-terminal sequence starting with Af¥al*-SeP-, as de- protein sequencer. PTH-cystine was detected after both the
signed. third and fourth cycles of the Edman degradation (data not
Locations of the Disulfide Bridges of P14C/N3%ior shown), supporting the combinations of €y€ys® and
to this experiment, native P14C/N39C protein was treated Cys*—Cys®. Thus, the recombinant P14C/N39C protein
with 4-vinylpyridine in the absence and presence of dithio- actually has a nonnatural Cys-Cys* bond, together with
erythritol. The amino acid analysis showed that 8o three natural disulfide bonds, as expected.
(pyridylethyl)cysteine was detectable unless the protein had Inhibitory Specificity Change due to Introduction of a
been pyridylethylated in the presence of dithioerythritol. This Nonnatural Cy&'—Cys*® Bond into OMSVP3TheK; values
indicates that the eight cysteines are all involved in the of P14C/N39C, P12A, P14A, and wild-type OMSVP3
formation of disulfide bonds. From the thermolysin digest toward four different serine proteases were determined (Table
of native P14C/N39C protein three cystine-containing pep- 2). Recombinant wild type, despite the deletion of the'teu
tides, i.e., T1, T2, and T3, were obtained on reversed-phaseAla? sequence, has essentially the same binding affinity as
HPLC (data not shown). The amino acid compositions of natural OMSVP310). None of the variants has much more
T1 and T2 correspond to residues—5/ plus 3+35 and potent inhibitory activity than wild type. The most striking
residues 2330 plus 53-56, respectively (Table 1). The features of the data are that P14C/N39C shows a dramatic
presence of Cy6—Cys® and Cy3*—Cys® was thus estab-  decrease in inhibition toward PPE by a factor of 10
lished. Peptide analysis indicated that T3 was a 1:3 mixture comparison with wild type, whereas the variant retains potent
of two peptides consisting of residues 4 plus 3740 and inhibitory activities toward CHT, SGPA, and SGPB. A
residues 614 plus 36-40, respectively. Thus this fraction preliminarily experiment also shows that P14C/N39C is a
was further treated with V8 protease to cleave the'Glu 100 times weaker inhibitor for HLE. These findings indicate
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that P14C/N39C loses most the inhibitory activity only for 15
elastase. Next, the association rate constakys)(were NH
determined in order to investigate the alteration of the
inhibitory activity for proteases in more detail. Wild-type 1.0 10
OMSVP3 gives highko, values &3 x 1° M1 s™) for CHT,
SGPA, SGPB, and PPE. P14C/N39C also gives high values
for CHT, SGPA, and SGPB but a very low value§ x
1 Mt sY) for PPE. The dramatic decrease of inhibition
toward PPE is mainly caused by the decrease dfshealue,
suggesting that P14C/N39C cannot practically associate with $
PPE. Then, we examined the susceptibility of P14C/N39C
to elastase digestion by native PAGE analysis. The results .
indicated that P14C/N39C was hardly degraded even after
3 day incubation with PPE (E/S 1/10, mol/mol) at pH 7.8 oH
and 25°C. Thus, the dramatic decrease in inhibitory activity 1.0
toward PPE was due to the lack of tight binding to the
enzyme.

It is generally accepted that the Bite residue of serine 1357 9 1113151719212325272931333537394143 45474951 5355
protease inhibitors is a predominant determinant for the )
inhibitory specificity @5—50). Comparative studies using Residue number
more than 100 species of the third domains demonstratedFGURE 2: 'H chemical shift difference of @1 and NH between
that changes in residues other than thesie residue can ‘;V::]‘?;]tgp:ci(g'\:'ess\i/;’uigr}fofnlfg% Noiggé nAtSct)eg;';S indicate substituted
often exert large differential effects toward the different
enzymesZ). Among them, the two ovomucoid third domains overlapping with the water resonance or degeneration in
from chestnut-belied scaled quail (OMSCQ3N) and blue chemical shift were resolved by comparison of NOESY and
scaled quail (OMSCQ3S) are notable from a viewpoint of TOCSY spectra at three different temperatures, namely, 25,
their inhibitory specificity. In both cases, substitution of Ala 30, and 35°C. Sequential assignments were obtained using
by Asp in the R position of OMTKY3 results in a dramatic  through-space connectivities NittNH(i + 1) (dnn), Ho-
decrease in affinity for elastase and subtilisin, but it has no (i)=NH(i + 1) (du), and H3(i)—NH(i + 1) (dsn) observed
effect for CHT. Unfortunately, the tertiary structures of these in the NOESY spectra. In these assignments(iH-HJ(i
domains have not yet been analyzed. In the case of P14CH 1: Pro) @) or Ho(i)—Ha(i + 1: Pro) @) NOEs
N39C, it is the highly conserved Pro residue in th@@sition instead ofd,y were used for the Pro residues. Wild-type
that is replaced by Cys to form the non-native EyLys*® OMSVP3 has three proline residues (Pr&rd4, and Pré?,
bond. Our preliminary experiment shows that introduction while P14C/N39C has two (P¥dand Pré?). In wild type,
of the Cy$4—Cys* bond results in some unfavorable effect Prg2 gave a strongl,, NOE, while Prd* and Pr@? gave
for subtilisin BPN, as are the cases for OMSCQ3N and d,s NOEs, indicating that the first Pro residue adopts the
OMSCQ3S. Furthermore, P12A and P14A, in contrast with cis configuration, while the latter two adopt trans configura-
P14C/N39C, exhibit essentially the same inhibitory activity tions. In P14C/N39C, Piéand Pré? both adopt the trans
toward the corresponding proteases as wild type. Thus, theseonfiguration, as evidenced by the observatiod,gfNOEs.
results suggest that the alteration in inhibitory specificity of These findings clearly show that introduction of the non-
P14C/N39C may be due to the conformational changes natural Cy$*—Cys*bond into the OMSVP3 molecule results
introduced by the nonnatural disulfide bond between residuesin conversion of the Ty#—Pro'? cis-peptide linkage to the
14 and 39 but not by a mere amino acid substitution at the trans configuration. The resonance assignments were ex-
Ps site. On the other hand, the Ty+Ala'2bond in P12Ais  tended by determining stereospecific assignments of many
expected to adopt the trans configuration, differing from the methylene protons and methyl protons of Val in order to
cis configuration of the respective Ty+Pro? bond in obtain high-precision NMR structures. Stereospecific as-
natural OMSVP3, although the configuration of this peptide signments of3-methylene protons were obtained for 18 out
bond is not yet analyzed. Our kinetic data suggest that theof 36 residues of wild-type OMSVP3 and for 17 out of 37
cis configuration in the Tyt—Prot2bond in OMSVP3 may  residues of P14C/N39C. Themethyl proton signals of two
not be essential for the inhibitory activity for serine proteases. Val residues out of four in both proteins were stereospecifi-
Then we tried to determine the solution structure of P14C/ cally assigned from the qualitatiV8..+s coupling constant
N39C, as well as that of wild-type OMSVP3, by two- and NOEs between—f and a—y protons.'H resonance
dimensional nuclear magnetic resonance (2D NMR) methodsassignments for wild-type OMSVP3 and P14C/N39C are
and compare their structures to elucidate the structural basisprovided in Tables S1 and S2, respectively.
of the inhibitory specificity change. To investigate structural differences between wild-type

Resonance Assignments and Secondary Strucse. OMSVP3 and P14C/N39C, thi#l chemical shifts of GH
sentially completéH resonance assignments were obtained and NH were compared (Figure 2). Significant differences
for wild-type OMSVP3 and P14C/N39C using the spin (>0.35 ppm) are detected for the localized region from'&lu
system identification and sequential assignment procedureto Cys, and also at Cy%, indicating that the two proteins
(52). The spin systems of all amino acid residues were assume different conformations for the N-terminal region and
identified via through-bond connectivities observed in DQF- almost the same structure for the C-terminal region. This
COSY and TOCSY spectra. Any ambiguous peaks due toidea is supported by the observation that both proteins contain

0.5 16

0.0

1 Shift Difference (ppm)
(Absolute value)

mical

0.5
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N
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Table 3: Structural Statistigs

OMSVP3 wild type P14C/N39C
5A0 [SAO 5A0 [5AT

total distance restraints 631 614

intraresidue 111 114

sequential 174 180

medium (1< |i —j| <5) 117 101

long (i —j| = 5) 179 167

hydrogen bond (two per bond) 50 52
total dihedral angle restraints 60 68

1) 29 36

P 11 13

211 20 19
rmsd from experimental restraints

distance restraints (A) 0.02# 0.003 0.017 0.026- 0.005 0.014

dihedral angles (deg) 0.1690.085 0.079 0.29% 0.162 0.197
rmsd from idealized geometry

bonds (A) 0.003t 0.000 0.002 0.00z 0.000 0.002

angles (deg) 0.63%& 0.019 0.627 0.555- 0.029 0.530

impropers (deg) 0.37% 0.015 0.372 0.35% 0.043 0.312
energies (kcal/mol)

total 127.5+ 12.6 113.3 100.5% 17.1 82.5

bond 5.86+ 0.95 4.71 4.7H 0.93 3.78

angle 88.9+ 5.6 85.6 66.5t 7.2 60.5

impropers 8.7# 0.72 8.71 8.02:2.24 6.03

van der Waals 8.62+ 3.52 4.59 7.9% 2.80 5.07

dihedraf 0.13+0.13 0.02 0.46+ 0.49 0.16

NOE® 15.1+5.19 9.73 12.8: 6.78 6.83
Ramachandran plot analysis

% most favored region 65.9 68.9 55.5 56.5

% additionally allowed 313 26.7 41.7 39.1

% generously allowed 1.9 4.4 2.3 4.3

% disallowed 0.9 0.0 0.4 0.0
average rms difference to mean structure (A)

all (1—54) for backbone 1.040.22 1.00+£ 0.16

all (1-54) for all heavy atoms 1.2& 0.15 1.45+0.16

secondary structure regidfor backbone 0.3%0.10 0.44+ 0.14

secondary structure regidfor all heavy atoms 0.78:0.06 0.92+0.19

a[BAlrepresents the 15 and 15 individual structures for OMSVP3 and P14C/N39C calculated with the X-PLOR pdiyraBA( is the
refined structure obtained by energy minimization of the mean structure obtained by simple averaging of the coordinates of the SA stanctures.
der Waals energy was calculated using a final value of 4 kcathdot2 with the van der Waals hard sphere radii set to 0.75 times the standard
values used in the CHARMM empirical energy functiéiihedral and NOE energies were calculated using force constants of 200 kcal mol
rad-2 and 50 kcal moit A2, respectivelyd The PROCHECK-NMR program4@) was used to assess the stereochemical parameters of the family
of conformers® The secondary structure region was residuesZ®, 27—-31, 33-44, and 52-54.

the same secondary structure elementsy-delix (Asn*3— Cys¥ of ATI, which has the same cystine pattern as P14C/
Sef4) and a three-stranded antiparaffesheet (Pré&—Sers, N39C (15). Thus, both of these extraordinary upfield shifts
Asp?’—Tyr®, and Hi§?>—Gly>¥), deduced from NOE patterns, of Ha. may be due to the newly introduced disulfide bond
3Jun-He COupling constants, and amiedproton exchange data  near them.

(see Figure 1S). All slowly exchanging amide protons  Tertiary Structure and Structural Comparisoithree-
observed for wild type were also observed for P14C/N39C dimensional structures of wild-type OMSVP3 and P14C/
with the exception of Lys and Cy$®. The large chemical N39C were determined by a hybrid distance geometry
shift changes observed for the region of BCys® may dynamical simulated annealing approach based upon 691 and
reflect a conformational change including the conversion of 682 experimental restraints, respectively, derived from NMR
the Ty*—Pro'? peptide bond configuration from cis to trans.  spectroscopy. Structural statistics for the final 15 structures
The loss of the hydrogen bond between the Eyamide and the restrained energy-minimized average structure are
proton and the side chain of A8rcontributes to the chemical  given in Table 3. Figures 3A and 4A show the best-fit
shift change in P14C/N39C. Our data suggest that the amidesuperpositions of backbone atoms of the 15 structures for
proton of Cy$® may form a hydrogen bond with the side wild-type OMSVP3 and P14C/N39C, respectively. Ribbon
chain of Asi# in wild-type OMSVP3. Contrary to this, the  diagrams of the corresponding restrained energy-minimized
respective hydrogen bond might be broken in P14C/N39C average structures are shown in Figures 3B and 4B. The
probably by some conformational change due to disulfide solution structures of these proteins are comprised of a three-
bond formation between C¥sand Cy$°. The chemical shift ~ stranded antiparallgd-sheet (strand 1, P¥bto SefS; strand

of Hat in Cys® for P14C/N39C moves upfield by 1.23 ppm 2, Asp” to Tyre% strand 3, Hi% to Gly*¥) and a central
from that for wild type and by 1.30 ppm from the random o-helix (Asr?* to Sef?) like the crystal structure of natural
coil value (BioMagResBank, University of Wisconsin). It OMSVP3 (7). The rmsd for all backbone atoms relative to
is worthwhile mentioning that a similar extraordinary upfield the mean structure is 1.0 A for both proteins. The rmsd value
shift tendency has been observed fax Hf the respective  decreases to 0.33 A for wild-type OMSVP3 and to 0.44 A
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FIGURE 3: Superimposition of the best 15 structures (A) and ribbon
diagram of the minimized average structure of wild-type OMSVP3
(B). Three disulfide bridges (C§sCys®, Cys—Cys®, and Cyg*—
Cy<®) and the side chains of A%hand Pré* are ball-and-stick
representations. This figure is generated using MOLM@®R).(

FicurRe 4: Superimposition of the best 15 structures (A) and ribbon
diagram of the minimized average structure of P14C/N39C (B).
Four disulfide bridges (Cys-Cys®, Cys4—Cys®, Cys®—Cys®,

and Cy3*—Cy<®) are ball-and-stick representations. This figure is
generated using MOLMOLA4Q).

Mi8 M18

Ficure 5: Schematic representation of main chain folding of wild-
type OMSVP3 (red) overlaid with that of P14C/N39C (green) (A).
Part B has been rotated 9elative to part A. Disulfide bonds
(Cys*—Cys®, Cys¢—Cys®) are ball-and-stick representations.
Some residues described in the text are also represented. Thes
figures are generated by Insight Il (MSI, San Diego, CA).

for P14C/N39C when the backbone atoms within the
secondary structure regions are used to align the structures
The overall structure of P14C/N39C is quite similar to
that of wild-type OMSVP3. In fact, the backbones of the
well-defined C-terminal portions from 19 to 56 of the two
proteins are almost superimposable (Figure 5). However, the
same figure shows significant structural difference in the
N-terminal portion (residues-3L7). Residual backbone rmsd
values are less thal A for the C-terminal portion while
larger tha 2 A for the N-terminal portion (see Figure S2 in
detail). The most significant deviation is observed within the
flexible loop from Cy8 to Thr*’, which includes the half-
cystine residues of the newly introduced &ysCys®
disulfide bond as well as the preexisting €y€ys*® and
Cyst—Cys*® ones (see also Figure S2). These results are in
good agreement with tht#H chemical shift differences of
CaH and NH between wild-type OMSVP3 and P14C/N39C.
This loop is drawn approximatel A closer to the central
helix in P14C/N39C as compared with the same loop in wild
type. A disulfide bond can generally be formed when the
distance between the twecarbons pairing cysteine residues

Biochemistry, Vol. 42, No. 9, 2002531

is within the range from 4.6 to 6.6 A5p). The Gx—Ca
distance between Prband Asi° of wild-type OMSVP3 is
calculated to be 9.2 A in solution, which is in good agreement
with the corresponding value, 8.6 A, observed for natural
OMSVP3 in the crystal®q). Furthermore, the side chain of
Pro# faces to the solvent, although that of A3shows a
good geometry for disulfide bond formation. The disulfide
bond formation between positions 14 and 39 led to the large
conformational changes in the loop, accompanied by side-
chain rotation, main-chain movement, and the configuration
change of the Ty#—Pro*? peptide bond from cis to trans. It
is, however, worthwhile emphasizing that introduction of the
disulfide bond has little effect on the C-terminal well-defined
structural portion because it is designed to afford a “cystine-
stabilized a-helical (CSH) motif (7)” to the OMSVP3
molecule by cooperating with the preexisting &y<Cys*®
disulfide bond.

Structural Basis of the Inhibitory Specificity Change due
to Introduction of the Cy$—Cys® Bond.Comparison of the
solution structures of wild-type OMSVP3 and P14C/N39C
revealed that different structures were observed for the loop
region from Cy8&to Thr'’, which is located near the reactive
site of Met&GIu'®. The loop moves by ca A to thecentral
helix due to the disulfide formation. Concomitantly, the
Tyr''—Pro'? cis-peptide linkage converts to the trans form
in P14C/N39C. This is the first example on the ovomucoid
third domain containing the T$#—Pro'? trans-peptide link-
age. In the kinetic study we demonstrated that P12A, in
contrast with P14C/N39C, exhibits essentially the same
inhibitory activity toward the corresponding proteases as wild
type. The configuration in the respective peptide linkage of
this variant is expected to adopt the trans form by the
replacement of Pro to Ala at position 12. The configuration
of the Tyr-Ala’? peptide linkage in P12A has not yet been
analyzed, but it will offer further valuable information on
the structure-function relationship of the ovomucoid third
domain. Considering our structural data together with the
inhibitory activities of P12A, P14A, and P14C/N39C toward
ghe corresponding proteases, we could conclude that the
change in inhibitory specificity of P14C/N39C with the
engineered disulfide bridge is not attributed to the cis-to-
trans conversion in the T¥—Prao*? bond.

. Next we discuss the inhibitory change of P14C/N39C
based on the comparison with the complex structures of
OMTKY3 bound to serine proteases. So far, the complexes
of OMTKY3 with CHT, SGPB, and HLE have been
analyzed by X-ray crystallography,(5, 53), but those of
the ovomucoid third domain including OMSVP3 with PPE
and SGPA have not been analyzed. However, almost the
same bhinding modes elucidated using OMTKY3 would be
appropriate for those of OMSVP3, since their primary and
tertiary structures are almost the san®. (The general
binding mode is that residueg tirough P; of the inhibitor
interact with subsites of the enzyme in an antipargisheet
fashion with the intermolecular hydrogen bonds. In a CHT
OMTKY3 complex @), there are four hydrogen bonds
between them: S&# NH---CO Prd* (where i denotes an
inhibitor residue); GI§'® NH---CO Cys8"; Gly?'¢ CO---NH
Cys'é: Sep*NH:--CO Leu?®!. In this regard, the interaction
mode between the HLE and OMTKY3 comple3]
resembles the complex. Contrary to this, in the SGPB
OMTKY3 complex 6), a hydrogen bond corresponding to
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Ser® NH---CO Prd* does not occur, because this enzyme and molecular dynamics simulation on these complexes will
has a different conformation in the corresponding region. give additional information about the flexibility and are in
The respective structure of SGPA is known to be similar to progress.
that of SGPB %4). Thus, the hydrogen bond pattern between  The elastases, PPE and HLE, have a general chain fold of
SGPA and OMSVP3 in the complex is likely to be the same a chymotrypsin-like serine protease, including CHT and
as that between SGPB and OMTKY3. SGPB 63, 55). Most of the structural differences between
The Prd* (or Cys“) Ala'®>-Cys'® segment (or 2P4-Ps) the elastases and other serine proteases are located in the
in OMSVP3 should interact with the Gif-Sefr!’-Sef8 surface loop §6). Many structural determinants controlling
segment of CHT and the VVAf-Arg?l’-Sef’A-Gly*!8segment  substrate specificity reside on surface loops, and this allows
of PPE in an antiparallgs-sheet fashion, respectively. As  for the possibility of rapid and varied evolutionary divergence
described above, the CysCys'® loop of P14C/N39C is  with conservation of the overall tertiary fol&%). Thus, the
drawn by approximately 4 A toward the central helix. structural difference of surface loops between CHT and PPE
Therefore, it is easily assumed that the Eyslals-Cysté also may be related with the inhibitory specificity alteration
segment would no longer interact with the subsites of PPE of P14C/N39C. The surface loop structures in CHT may be
or CHT in the same fashion as in the case for natural able to allow the conformational change of P14C/N39C but
OMSVP3. Essentially no interaction near the $ite of those in PPE may not.

inhibitor can be demonstrated. In P14C/N39CHT com- Finally, it was suggested in this study that the introduction
plex, the above segment of P14C/N39C would form only of an engineered disulfide bond forming the CSH motif near
one hydrogen bond of Séf NH:--CO Leu®. A similar  the reactive site might produce an inhibitor with a narrower

assumption could be made for the case of the PPE (orspecificity by increasing the rigidity of the reactive site loop.
SGPB)-P14C/N39C interaction. This means that P14C/ |t should be noted that all of the inhibitors with the CSH
N39C strongly inhibits CHT and SGPB despite the loss of motif, which have been found, are classified into the Kazal-
several hydrogen bonds, except for B&NH:--CO Leu®. type trypsin inhibitor family. They include leech-derived
Thus the loss of the intermolecular hydrogen bonds betweentryptase inhibitor (LDTI) §7), rhodniin (a highly specific
the R site of the inhibitor and residue 216 of the proteases inhibitor of thrombin fromRhodnius prolixus(58), budellin
may not be the main cause of the inhibitory specificity B-3 from Hirudo medicinalis (59), and ascidian trypsin
change. inhibitor (60, 61). Thus, these inhibitors may enhance the
To examine the complementarity between enzymes andinhibitory specificity not only by a arginine or lysine residue
P14C/N39C, we performed a simple model-building study as a primary determinant at the Bite but also by the
where the putative complex between P14C/N39C and CHT introduction of a disulfide bond near the reactive site.
or HLE is constructed by superimposing the reactive site Removal of an additional disulfide bridge constituting the
regions between P14C/N39C and OMTKY3 in the CHT ~ CSH motif in these Kazal-type inhibitors, including ATI,
OMTKY3 complex (PDB id: 1CHO) or in the HLE would constitute a meaningful test of how the rigidity in the
OMTKY3 complex (PDB id: 1PPF) and by exchanging the reactive site region is related to the restricted inhibitory
two inhibitors using the method of Read and Jam&3. (In specificity.
P14C/N39CG-CHT complex, the above segment of P14C/
N39C would form only one hydrogen bond of SéiNH-- CONCLUSIONS
CO LeU®. A similar assumption could be made for the case  To address the structural basis of the broad specificity of
of the elastase (or SGPBP14C/N39C interaction. This  ovomucoid, we prepared the disulfide variant of OMSVP3,
means that P14C/N39C strongly inhibits CHT and SGPB P14C/N39C, introducing an engineered disulfide bond
despite the loss of several hydrogen bonds, except fét‘Ser between positions 14 and 39 by site-directed mutagenesis.
NH---CO Leu?®. Thus the loss of the intermolecular hydro- The mutation sites were chosen on the basis of the structural
gen bonds between the Bite of the inhibitor and residue  homology between OMSVP3 and ascidian trypsin inhibitor
216 of the proteases may not be the main cause of the(ATI) with the cystine-stabilizeda-helical motif in the
inhibitory specificity change. On the other hand, we found sequence. The C¥s-Cys* bond thus designed introduces
that the orientation of the whole structure of P14C/N39C this motif into the OMSVP3 molecule by cooperating with
relative to the reactive site region in the hypothetical complex the preexisting Cy$—Cys® disulfide bond near the reactive
changed compared to that of wild type. Such a change causesite. Introduction of the disulfide C¥5-Cys* bond gave
steric conflict between Af4 of HLE and Ty#! of P14C/ the unexpected results that the disulfide variant loses almost
N39C, while there is no bad contact between CHT and P14C/all inhibitory activity toward elastase, although it retains the
N39C. The Cy%¥-—Cys® bond formation in P14C/N39C potent inhibitory activities toward CHT, SGPA, and SGPB.
probably makes it impossible to adjust the conformational To elucidate the structural basis of the inhibitory specificity
change in the inhibitor as required to form a tight complex change, the solution structure of P14C/N39C, as well as of
with elastase. These results provide a possible explanationwild-type OMSVP3, was analyzed by 2D NMR methods.
why P14C/N39C loses most of the inhibitory activity for The results demonstrated that both proteins are comprised
elastase. To estimate the flexibility of OMSVP3 and its of a three-stranded antiparallgtsheet (strand 1, P#oto
variant, we calculated the backbone rmsd values per residueSefS; strand 2, Aspf to Tyre; strand 3, Hi# to Gly*>¥) and
However, no substantial difference was found between thema centralo-helix (Asr** to Sef) like the crystal structure
(Figure S2). Probably, the introduced disulfide bridge does of natural OMSVP3, indicating that the preexistiaghelix
not strongly attenuate thermal fluctuations but reduces thestructure has not been broken due to introduction of the
conformational plasticity required to fit with a enzyme. The nonnatural disulfide bond. Successful introduction of the
quantitative analyses of dynamics by NMR relaxation study disulfide bridge into a small-sized and compact inhibitor such
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as OMSVP3 is credited to the precise design of the mutation 15.
sites based on the structural homology between OMSVP3
and ascidian trypsin inhibitor with the CSH motif. Structural
studies further revealed that the loop region from @Qys
Thrl7 of P14C/N39C movesyb4 A toward the central helix
and that the cis configuration in the T™#Pra? bond in
wild-type OMSVP3 converted to the trans configuration in
P14C/N39C. Our structural data, together with the inhibitory
activities of P12A, P14A, and P14C/N39C toward the
corresponding proteases, suggest that the main cause of the,;
inhibitory specificity change would be the conformational
change of the reactive site loop due to the disulfide formation,
but not the configuration change in the TyPro*? bond.
The combination of the site-specific introduction of the

of the relationship between the inhibitory specificity and the
conformational flexibility of the ovomucoid inhibitor.
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SUPPORTING INFORMATION AVAILABLE

Two tables containing proton chemical shifts for wild-
type OMSVP3 and P14C/N39C and two figures (1) sum-
marizing the sequential NOE connectivities and (2) showing

three plots of backbone rmsd per residue in 15 structures of 3

wild-type OMSVP3 and P14C/N39C and the backbone 54
pairwise rmsd per residue between each minimized average

structure of the two proteins. This material is available free 37.
38.

of charge via the Internet at http://pubs.acs.org.
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