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ABSTRACT  We have determined the crystal structure of the
molecular complex between Streptomyces griseus protease B
(SGPB), a bacterial serine protease, and the third domain of the
ovomucoid inhibitor from turkey. Restrained-parameter least-
squares refinement of the structure with the 1.8-A intensity data
set has resulted in an R factor of 0.125. The carbonyl carbon atom
of the reactive bond between Leu-18 and Glu-19 in the inhibitor
lies at a distance of 2.71 A from the Q7 atom of the nucleophilic
Ser-195in SGPB; this distance is 0.5 A shorter than a normal van
der Waals contact. Unlike the reactive bond in the pancreatic tryp-
sin inhibitor complexed with bovine trypsin, the Leu—Glu bond -
of the ovomucoid inhibitor is not distorted from planarity towards
a pyramidal configuration.

Protein inhibitors of the serine proteases have been grouped
into 10 separate families (1). The ovomucoids from birds are
homologous to the pancreatic secretory trypsin inhibitor (Kazal)
(2) but consist of three homologous tandem domains of approx-
imately 60 residues each. The crystal structure of the third do-
main from the ovomucoid inhibitor of Japanese quail has been
reported at 2.8-A resolution (3) and is being refined at 1.9-A
resolution. The homologous third domain from turkey ovo-
mucoid inhibitor (OMTKY3; 56 amino acids) inhibits those
serine proteases that have a chymotryptic specificity, and we
have chosen this molecule for our crystallographic studies on
serine proteases.

Streptomyces griseus protease B (SGPB) is a bacterial serine
protease of M, 18,500, which has a P, specificity$ for Phe, Tyr,
and Leu residues (5, 6). The crystal structure of SGPB, origi-
nally reported in 1975 (7), has recently been refined at 1.7-A
resolution to a conventional crystallographic R factor of 0.149
(R =Z||F,| - |F,)|/ 2 |F,|, in which |F,| and |F,| are the mea-
sured and computed structure-factor amplitudes, respectively;
unpublished results). Tripeptide chloromethylketone inhibitor
complexes of SGPB have identified enzyme binding sites S, to
S, for oligopeptide substrates (8). It has been demonstrated that
OMTKYS3 forms a stoichiometric complex with SGPB (unpub-
lished data).

Protein inhibitors of serine proteases have a common inhib-
itory mechanism (1). They bind very tightly to the active sites
of their cognate enzymes but their reactive bonds (P,—P,’)
are hydrolyzed at very slow rates. The present structure of the
SGPB-OMTKY3 complex suggests some reasons for this behav-
ior.
The molecular structures of three protein inhibitor-protease
complexes have been determined crystallographically: the
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Kunitz pancreatic trypsin inhibitor (PTI) with bovine trypsin
(9, 10), the soybean trypsin inhibitor (STI) with porcine trypsin
(11), and Streptomyces subtilisin inhibitor (SSI) with subtilisin
BPN' (12). Of these, only the trypsin"PTI complex has been
done at sufficiently high resolution and the structure refined
so that reliable comparisons of the molecular geometry in the
region of the scissile bond can be made with the present
complex.

The amino acid sequence of OMTKY3 (13) is shown in Fig.
la. Our numbering origin corresponds to residue 131 of the
complete ovomucoid. The reactive bond is between Leu-18 and
Glu-19 (Leu-18I-Glu-19I; residues of the inhibitor have an I
after the sequence number-to distinguish them from those of
SGPB).

MATERIALS AND METHODS

Purification of SGPB followed the procedure of Jurasek et al.
(16); the method of purification of OMTKY3 is similar to that
published by Bogard et al. (17). Crystallization of the SGPB:
OMTKY3 complex was achieved by vapor diffusion from 10-ul
droplets of a 1:1.5 molar ratio of enzyme and inhibitor in 0.75
M (K/Na)H,PO, at pH 6.3. The first tiny crystals appeared after
4 months. Larger crystals, suitable for x-ray diffraction studies,
were prepared by careful seeding of the microcrystals into
freshly prepared solutions (vapor diffusion droplets) of inhibitor
and enzyme. The initial structure solution was done on a 2.8-

resolution intensity data set from a small crystal. Subsequently,
1.8-A resolution data (18,100 unique reflections) were collected
from a second, larger crystal that measured 0.84 X 0.75 X 0.15
mm. This latter data set was used for the refinement procedure.
The x-ray intensity data were collected on a Nonius CAD4 dif-
fractometer with the full w-scan provision. Seventeen reflec-
tions in the range 16° < 26 < 31° were used to determine the
crystal unit-cell parameters of a = 45.35(4) A, b = 54.52(5)
A, c = 45.6514) A, and B = 119.2(1)° (numbers in parentheses
are estimated SD). The space group is P2,, with one molecule
of the complex per asymmetric unit. Corrections were made for
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mentary subsites of the enzyme binding region are numbered S;, Sg,
and Sll, Szl, etc.



Biochemistry: Fujinaga et al

Proc. Natl. Acad. Sci. USA 79 (1982) 4869

FiG. 1. (a) The amino acid sequence (one letter code) of the third domain of turkey ovomucoid inhibitor, OMTKY3 (13). The asparagine at po-
sition 45, marked by the sawtooth, is the site of glycosylation in the intact inhibitor. The carbohydrate-free domain was used in this work. The
asterisk on Pro-12I indicates a cis configuration for that peptide (Y-11I—P-12I). The scissile peptide bond is between Leu-18I and Glu-191. (b) An
a-carbon representation of the molecular complex between SGPB (open bonds) and OMTKY3 (filled bonds). Every fifth amino acid residue in each
molecule is labeled with the residue type and sequence number. The numbering of SGPB is that of chymotrypsinogen A (14) as previously reported

(15). The numbering of OMTKY3 is given in a with an I after the residue number.

absorption (18) (maximum applied factor, 1.61), decay (19)
(maximum, 18% overall), and Lorentz polarization. The abso-
lute scale (7.1) and mean isotropic thermal vibration factor, B
(13.1 A?), were determined by the program ORESTES (20).

The initial phases for the structure of the complex were de-
termined by the technique of molecular replacement, by using
as the search model the crystal structure of native SGPB, which
had been refined at the time of this work to a conventional R
factor of 0.177 for the 1.7-A resolution data. The rotational pa-
rameters required to orient the search model correctly in the
unit cell of the complex were determined by using the fast ro-
tation function (21). The translation problem was overcome with
an R-factor search. The minimum in the array of R factors was
0.35 (calculated in the 5-A to 4-A shell), which was 8 SD lower
than the average of 0.44.

The appropriately rotated and translated atomic coordinates
of the SGPB molecule were used to compute a difference elec-
tron density map (coefficients |F,| — |F,|, phases «,) and an F,
map. All interpretations and model fitting of the unknown in-
hibitor molecule were done with the MMS-X interactive vector
graphics system (22) at the University of Alberta. The macromo-
lecular modeling system, M3, of C. Broughton (23) was used
for all manipulations.

A total of 50 amino acid residues of the OMTKY3 molecule
(out of 56 residues) could be located. The NH,-terminal hexa-
peptide Leu-Ala-Ala-Val-Ser-Val was not visible on the 2.8-2
electron density map. The density for Asp-71, Ser-91, and Glu-
101 was very weak but a model was eventually derived for these
residues. Thus, least-squares refinement was initiated with the
rotated-translated SGPB coordinates and the newly derived
structure for 50 of the residues of the ovomucoid inhibitor. A
total of 46 cycles of restrained-parameter least-squares refine-
ment (24) has reduced the agreement factor, R, from 0.31 (8.0-
to 2.8-A resolution) to 0.125 (8.0- to 1.8-A resolution). The re-
sulting rms deviations from expected stereochemical param-
eters are: 0.016 A for the 1,728 covalent bonds; 0.038 A for
the 2,347 interbond angle distances; and 0.019 A from the 300
planar groups of the complex. The rms deviation of the 233 pep-
tide bond torsional angles is 3.5°. So far, 142 water molecules
have been included in the structural model; these solvent sites
range in occupancy from 0.43 to 1.00.

RESULTS AND DISCUSSION

Description of the Structure. Serine proteases are charac-
terized by two similarly folded domains, each comprising ap-
proximately one-half of the residues of the molecule. The active
site residues Asp-102, His-57, and Ser-195 are located at the
interdomain junction, which also forms the substrate binding
sites (8). We have shown that the bacterial enzymes have ex-
tensive three-dimensional structural homology with the pan-
creatic enzymes trypsin, chymotrypsin, and elastase (7, 15).
Therefore, binding interactions that we observe here for the
Kazal inhibitors with SGPB are sure to resemble those with the
pancreatic enzymes.

The overall view of the manner in which the ovomucoid in-
hibitor binds to SGPB is shown in Fig. 1b. It can be seen that
the polypeptide chain of OMTKY3 from Lys-13I to Arg-211
spans the active site of SGPB in such a way that the reactive
bond, Leu-18I—Glu-19I, is brought into close proximity to the
active site residues. Hydrogen bonding and interactions with
two predominantly hydrophobic sites on the surface of the
SGPB molecule—the S, site that accommodates the P, leucyl
side chain and the S, site that accommodates the P, threonyl
side chain—stabilize the complex. This mode of binding is very
similar to the tetrapeptide product and aldehyde binding we
have observed with the homologous bacterial enzyme Strep-
tomyces griseus protease A (SGPA) (25, 26).

The third domain of the turkey ovomucoid inhibitor may be
described, overall, as a wedge-shaped disc. The present inde-
pendent structure determination of the Kazal fold shows that
the domain from turkey is extremely similar to the molecular
structure of the homologous domain of the Japanese quail ovo-
mucoid inhibitor (3). Such an observation is not surprising as
the sequences of these two domains differ only at six positions
(three of which, at positions 171, 181, and 191, bracket and in-
clude the main specificity residue for the inhibitor’s cognate
enzyme).

Approximately 50% of the residues of OMTKY3 form two
secondary structural units. Thirteen (Asn-33I to Asn-45I) are in
an a-helical conformation (see Fig. 1b). Eleven residues (Leu-
231 to Ser-261, Asp-271 to Tyr-311, and Ser-511—His-52I) form
a small antiparallel B-sheet that contains one reverse turn of
type I (Gly-25I—Asn-28I). The segments of polypeptide chain
from Cys-8I to Cys-161 and from Cys-161 to Pro-22I adopt
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an extended conformation, with the two disulfide hbridges
(Cys-8I—Cys-38I and Cys-16I—Cys-35I) providing the main
interactions with the more highly organized core of the mole-
cule. The first six residues in OMTKY3 are fully disordered in
the crystals of the complex (there is no electron density for res-
idues Leu-1I—Val-6I).

Reactive Site Geometry. Fig. 2 shows a close-up view of the
vicinity of the reactive bond Leu-18I—Glu-19I of the inhibitor
in the active site of SGPB. An ORTEP (27) drawing of a larger
region of this active site is presented in Fig. 3. There are 106
intermolecular van der Waals contact and hydrogen bond dis-
tances less than 4.0 A. Relatively few residues, 17 of 185 in
SGPB and 11 of 56 (50 structurally determined) in the ovo-
mucoid inhibitor third domain, are involved in the interaction.
The residues most important for the binding are: Thr-171, Leu-
18I, and Tyr-201 in OMTKY3 and Arg-41, His-57, Tyr-171, Pro-
192B, Ser-195, and Gly-216 in SGPB.

The torsional angle w at the scissile bond (C$5—CO
—N—C$yp is 175°, not significantly different from the expected
value of 180°. Moreover, this angle remained essentially un-
changed (173°) when all planar restraints on atoms of the inhib-
itor were released during several cycles of least-squares refine-
ment at an intermediate stage of the refinement. Additionally,
if pyramidalization of the carbonyl carbon atom of this peptide
had occurred, the 8* angle (the out-of-plane bend angle, plane
defined by C®, C, N) would be —54°; 6* for the carbonyl oxygen
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FIG. 2. A stereo representation of the
electron density of the three residues Thr-
171, Leu-18I, and Glu-19I of OMTKY3
bound to the active site of SGPB. The elec-
tron density distribution is that of a 2F,
— F_, a, map computed at an R factor of
0.125 from the 12,155 statistically signif-
icant structure factor amplitudes mea-
sured in the 8.0- to 1.8!A resolution shell.
The contour level represented here is
+0.50 electron per AS. The amino acids
His-57, Pro-192B, Gly-193, Asp-194, and
Ser-195 of SGPB are shown without their
electron density. The electron density
shown for the peptide bond Leu-18I—Glu-
191 is consistent with the inhibitor model
having a planar peptide bond (w = 175°).
There is little, if any, pyramidalization of
the carbonyl carbon atom of the scissile
bond. Hydrogen bonding is denoted by
dashed lines between atoms.

atom of Leu-18I in OMTKY3 is —5°. Fig. 2 shows the corre-
sponding electron density distribution of the atoms comprising
this planar peptide bond.

This result is in marked contrast with the reported geometry
of the analogous peptide bond Lys-15]—Ala-161 in the tryp-
sin"PTI complex, the anhydrotrypsin"PTI complex, and the
trypsinogen+PTI'Ile-Val ternary complex (10). In each of these
complexes the 6* angle for the carbonyl oxygen of Lys-15I in
PTI is —34°. However, the authors acknowledge that this ap-
parent pyramidal distortion is much larger than would be ex-
pected from the equation derived by Biirgi et al (28), which
predicts an out-of-plane displacement for the carbonyl carbon
of less than 0.09 A when the nucleophile approach distance is
~2.7 A. It should be pointed out that such a displacement
would be close to the limit of detection allowed by the accuracy
of fully refined protein coordinates. The nonbonded contact
distance from OY of Ser-195 (the incipient nucleophile) to the
carbonyl carbon atom of the potential scissile bond is 2.6 A in
the trypsin‘PTI complex and 2.7 A in the SGPB-OMTKY3 com-
plex. The conformations of the polypeptide chains from P; to
P, in the refined structures of the SGPB-OMTKY3 and the
trypsin'PTI complexes are similar. The sequences of the two
inhibitors are different, which certainly accounts for some of
the observed conformational differences. In spite of these, the
five a-carbon atoms for the two inhibitors (residues P,—P,’)
agree in position to within 0.82 A (rms deviation, 0.52 A) when

Fic. 3. AnORTEP (27) plot of the con-
tact region in the molecular complex of
SGPB-OMTKY3 (Lys-13I, as well as the
side chain of Lys-34I, have been omitted
for clarity). Residues of SGPB are dis-
played with open bonds, whereas residues
of the inhibitor are represented by filled
bonds between atoms. Hydrogen bonds
(see Table 1 for details) are denoted by
dashed lines. The close contact (attractive
interaction) from Ser-195 O” to the car-
bony! carbon atom of Leu-18I is 2.71 A.
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the two complexes are rotated and translated to a common
orientation via a least-squares procedure (29).

Table 1 summarizes the hydrogen-bonding interactions that
occur at the interface between enzyme and inhibitor. There are
seven hydrogen bonds that stabilize the complex. Two are made
in an antiparallel fashion from Cys-16I to the main chain of
SGPB at Gly-216. In a similar way, Tyr-201 forms two hydrogen
bonds to the main chain of SGPB at Arg-41. (In the trypsin-PTI
complex, conformational differences in both enzyme and in-
hibitor limit these four possible hydrogen-bonding interactions
to two.) A fifth hydrogen bond is from the N* of Lys-13I to the
carbonyl oxygen of Tyr-171. This interaction is unique to the
bacterial proteases, because the methionine loop (residues 168—
182) has a very different conformation in the bacterial proteases
compared with the pancreatic enzymes (7, 15).

The carbonyl oxygen of Leu-18I lies close to the oxyanion
binding site of SGPB and is the recipient of the two remaining
hydrogen bonds (Fig. 3). The one to Gly-193 N—H is quite
strong, whereas the long distance of 3.10 A to Ser-195 N—H
indicates a relatively weak bond. The equivalent hydrogen
bonds in the trypsin-PTI complex have been invoked to explain
the apparent pyramidalization of the carbonyl carbon atom of
the reactive bond (Lys-15I). Because these hydrogen bonds are
of similar lengths to the ones in the refined SGPB-OMTKY3
complex, which has a planar reactive peptide, it is unlikely that
they are the cause of distortion.

Restraints to the Formation of the Tetrahedral Interme-
diate. Apart from hydrogen bonds, the only intermolecular con-
tacts in the complex that are significantly shorter than the sum
of the van der Waals radii involve O” of Ser-195. One might
have expected this atom to move away from these contacts be-
cause there is only a small barrier to the rotation of the C*—C?
bond in Ser-195, except for the possible disruption of the hy-
drogen bond from O” to N*2 of His-57. [This hydrogen bond,
which is weak (3.03 A) in the native enzyme, becomes strong
(2.55 A) upon formation of the complex.] We are thus led to
conclude that the short distance between O, and the carbonyl
carbon of Leu-18I represents an attractive interaction but not
a covalent bond.

The observed geometry at the reactive site is consistent with
an arrested nucleophilic attack of Ser-195 O on the carbonyl
carbon atom of Leu-181. However, the structure of the enzyme
inhibitor complex has several restricting steric interactions that
prevent the completion of this attack to form the tetrahedral
intermediate.

Conformational inflexibility in the complex would contribute
to a reduced reaction rate. Analysis of the atomic B factors re-
sulting from the crystallographic refinement can support this
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Table 1. Inter- and intramolecular hydrogen bonding at the
enzyme—inhibitor interface

Distance,
Donor Acceptor A
Pe  Lys13l  N&-nO—=C Tyr-171 292
Py Cys-161 N—H:----0=C Gly-216 2.99
Gly-216 N—H:----0=C P;  Cys-161 2.92
Gly-193 N—H:----0=C P, Leu-18I 2.60
Ser-195 N—H:----0=C P, Leu-18I 3.10

P’ Tyr-20 N—H:----0=C Arg-41 2.84

Arg-41 N—H-----0=C P,’ Tyr-201 3.15
P, Thr-171 O0”—H-----0"—C* P,’ Glu-19I 2.54
Py’ Asn-331 N®—H-----0=C P, Thr-17I 2.98
P’  Asn-331 N®—H..---0=C P’ Glu-191 2.93
1 7% Glu-19I N—H-----0"—C* P,’ Glu-19I 2.93

concept. The average B factor (thermal motion parameter) for
all main-chain atoms of the inhibitor is 14.7 A2, whereas those
far the main-chain atoms of residues P; to P;' are much smaller
and range from 5.4 to 7.9 A2 The atoms comprising the reac-
tive peptide bond between Leu-18I and Glu-191 have the lowest
B factors in the molecule, indicating the least flexibility.

Conversion of an enzyme—substrate complex into a cova-
lently attached tetrahedral intermediate involves small move-
ments both of the enzyme and of the substrate. These relative
motions have been described for the related serine protease,
SGPA (25), in complex with the covalent adduct to Ac-Pro-Ala-
Pro-Phe-H, an aldehyde (26). Although the aldehyde oxygen
atom is protonated, that inhibitor provides us with a reasonable
analogue of the tetrahedral intermediate, because in that struc-
ture the hemiacetal bond to the O atom of Ser-195 of SGPA
is undoubtedly tetrahedral in nature, with a covalent bond
length of 1.73 A (26). A comparison of the active site of SGPA
plus the covalently attached tetrapeptide aldehyde with the
active site of SGPB and the bound OMTKY3 is shown in Fig.
4. This figure suggests the molecular movements that would be
required to convert the enzyme-inhibitor complex (the reactive
peptide of OMTKYZ3) into the corresponding tetrahedral inter-
mediate. In forming the covalent bond to the carbonyl carbon
of Leu-18I, O” of Ser-195 has to move approximately 0.9 A (Fig.
4) and the carbonyl carbon of the inhibitor has to move ~1.4
A. These two movements are large and would require the con-
certed changes of many main-chain ¢, angles. However, there
are several specific tertiary structural interactions that hinder
these required motions.

Two hydrogen bonds restrain the movement of the polypep-
tide chain in the region of the reactive bond of the inhibitor.

FiG. 4. A comparison of the active site
region of a structure of a tetrahedral in-
termediate (thin lines) with the SGPB-
OMTKY3 complex (thick lines; dashed
lines for hydrogen bonds). The model
structure is that of the tetrapeptide alde-
hyde Ac-Pro-Ala-Pro-Phe-H covalently at-
tached to SGPA through a hemiacetal
bond (26). The two structures were super-
imposed by a least-squares procedure that
used main chain atoms of equivalent res-
idues (560 atoms). The rms deviation for
these atoms is 0.40 A. The large movement
necessary for the atoms in OMTKY3 to
achieve the formation of the tetrahedral
intermediate is evident.
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Asn-33I, a strongly conserved residue in the ovomucoid inhib-
itors, donates a hydrogen bond to the carbonyl oxygen atom of
Thr-171 and a second one to the carbonyl oxygen atom of Glu-
191. The required movement of the carbonyl carbon atom of
Leu-18I towards O? of Ser-195 (see Fig. 4) is opposed by these
two hydrogen bonds from N® of Asn-331.

Another interaction that could contribute to an increase in
the activation energy barrier to the formation of the tetrahedral
intermediate in OMTKY3 is the hydrogen bond from the N—H
of Glu-19I to the side chain carboxylate O¢! of the same residue
(Table 1). This is an unusual conformation for a glutamate side
chain (Fig. 3) that is stabilized further by a hydrogen bond from
0" of Thr-171. A similar hydrogen-bonded interaction is seen
in the OMJPQ3 structure (3), in which the P,’ residue is an
aspartic acid but the hydrogen bond from O of the carboxylate
to the N—H of the peptide is also formed (2.78 A). Pyrami-
dalization of the nitrogen atom is concerted with the formation
of the tetrahedral intermediate.

The theory of stereoelectronic control of amide hydrolysis
(30) indicates that, for the breakdown of a tetrahedral inter-
mediate, the lone pair orbitals of the heteroatoms must be ori-
ented antiperiplanar to the bond being broken. By the principle
of microscopic reversibility, the lone pair orbitals developing
on the heteroatoms during the formation of a tetrahedral in-
termediate must be antiperiplanar to the new bond. As aresult,
the proton on the nitrogen must point initially towards the im-
idazole of His-57 (31, 32). Such a reorientation of the hydrogen
bond donor, coupled with its movement towards Ser-195,
would weaken and possibly disrupt the hydrogen bond involv-
ing the P,' residue, thus increasing the activation energy
barrier.

It is of great interest to note that in PTI a hydrogen bond
involving the scissile bond N—H of the P,’ residue, Ala-16I,
is also present. The acceptor atom in the PTI case is the carbonyl
oxygen of the main chain of Gly-361 which is in a B-sheet struc-
ture (Gly-36I—Cys-381 is antiparallel to Lys-15—Ala-16I) (10).
The presence of this hydrogen bond in the case of PTI should
also contribute to the reduced rate of formation of the tetra-
hedral intermediate in the manner discussed above. The situ-
ation is less clear in the case of Streptomyces subtilisin inhibitor
(SST) with subtilisin BPN’ (12) but the native 2.6-A resolution
structure of SSI indicates that the side chain of Asn-99I could
form a hydrogen bond to the leaving group N—H of Val-75L
Higher resolution for that structural study would be required
to resolve this problem.

The molecular complex SGPB-OMTKY3 refined at 1.8-A
resolution has provided new data relevant to the hydrolytic
mechanism of serine proteases. The inhibitor binds in a manner
superficially similar to that of a good substrate, but several key
intramolecular interactions hinder a sufficiently close approach
of the scissile bond to the nucleophilic serine thereby inhibiting
the formation of the tetrahedral intermediate.

Koto Hayakawa grew the crystals of this molecular complex. The staff
at the computer center at the University of Alberta have been very
helpful during this study. M.F. and R.J.R. are holders of Medical Re-
search Council of Canada Studentships and Alberta Heritage Fund for
Medical Research Allowances. The crystal structure analysis at the
University of Alberta was funded by grants to the Medical Research
Council Group in Protein Structure and Function by the Medical Re-
search Council of Canada. The isolation and purification of OMTKY3
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at Purdue was supported by National Institutes of Health Grant GM
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