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PKSI-527 is a noncovalent-type low-molecular-weight inhibitor. The X-ray crystal struc-
ture of the trypsin-PKSI-527 complex revealed a binding mode (Form II) different from
the previously reported one (Form I) [Nakamura, M. et al. (1995) Biochem. Biophys. Res.
Commun. 213, 583-587]. In contrast to the previous case, the electron density of the
inhibitor revealed the whole structure clearly. Each structural part of the inhibitor in
Forms I and IT was differently located at the active site, although the modes of binding
of the terminal amino group to the Asp189 carboxyl group were similar. This binding
diversity, which is a characteristic of the noncovalent-type low-molecular-weight inhibi-
tor, provides a suitable example for estimating the possible mechanism toward the enzy-
matic inhibition, together with the structural basis necessary for a specific inhibitor.
The mode of binding in Form II reflects the inhibitor-specific situation and is in contrast
with the substrate-mimetic binding mode for Form 1. Based on the generally accepted
catalytic mechanism for serine protease, we propose that a water molecule located at
the catalytic site plays an important role in blocking the catalytic function of the reac-

tive Ser193 OH group.

Key words: binding diversity, crystal structure, noncovalent inhibitor, trypsin.

Trypsin is a prominent member of the serine protease fam-
ily, and forms the functional principle of some large and
highly specific proteases, involved in precesses ranging
from digestion to key regulatory mechanisms such as coag-
ulation and hormone release, that serve to maintain a
favorable extracellular environment (I-3). Since it is gener-
ally accepted that an imbalance of their enzymatic activi-
ties causes serious diseases, inhibitors that can selectively
control their proteolytic activities are very useful for the
prevention of such diseases (4-6). In particular, the devel-
opment of noncovalent-type low-molecular-weight inhibi-
tors is of considerable importance in view of their potential
therapeutic value as drugs.

PKSI-527 (trans-4-aminomethylcyclohexanecarbonyl-L-
phenylalanyl-4-aminophenyl acetic acid; Fig. 1) is now used
as a representative noncovalent-type and low-molecular-
weight inhibitor for the serine protease family (7). Since
elucidation of the inhibitory mechanism of PKSI-527 at the
atomic level could provide important information for fur-
ther development of a potent inhibitor specific for each pro-
tease, we previously analyzed the X-ray crystal structure of

! To whom correspondence should be addressed. Fax: +81-726-90-
1068, E-mail: tomoo@oysun01.oups.acjp

Abbreviations: PKSI-527, trans-4-aminomethylcyclohexanecarbonyl-
L-phenylalanyl-4-aminophenyl acetic acid; rmsd, root mean square
deviation.
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the bovine pancreas trypsin—PKSI-527 complex (8). Al-
though the results confirmed the main function (P1-S1
interaction) of PKSI-527 as an inhibitor, the structural
roles of the P1' and P2’ sites remained unclear because of a
lack of data regarding their electron densities. This could
be mainly due to their insufficient and/or flexible docking,
and appears to be a typical feature of a noncovalent-type
inhibitor exhibiting modest activity.

On the other hand, the binding diversity at the catalytic
pocket could often be observed for the low-molecular-weight
noncovalent inhibitor. A study on this binding diversity
appears to be important, because this information is abso-
lutely necessary for designing a clinically usable drug.
Thus, various attempts to obtain complex crystals in which
PKSI-527 was fully inserted into trypsin have been per-
formed. In this paper, we report the mode of binding of
PKSI-527 located at the catalytic pocket in trypsin, which
is considerably different from the previous binding mode.
Based on the results of comparison of these binding modes,
we also discuss the time-resolved catalytic/inhibitory step
of trypsin and the importance of a catalytic water molecule.

MATERIALS AND METHODS

Materials and Inhibitory Assay—Bovine pancreas tryp-
sin was purchased from Sigma (Type III). The synthesis of
PKSI-527 and assaying of its inhibitory activity toward
trypsin were performed according to the literature (7).
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Crystallization and X-Ray Data Collection—A 20 mg/ml
trypsin solution was prepared with 0.1 M sodium acetate
buffer (pH 5.5) containing 6 mM CaCl,. A 3-fold molar
excess of PKSI-527, which was solubilized in a small
amount of dimethylsulphoxide, was included in the solu-
tion; this molar ratio was shown to be sufficient for com-
plete inhibition of the enzyme by the inhibitory assay.

| N i
A
o P
o i GH2
o4 | H _é P a N
Ho—L—c -C—C—N-i—C H,NH,
Ha Hil] H Hi|
Mi0n MiOa
P2 site Eoprste | P1 site
PKSI-527

Fig. 1. Chemical structure of PKSI-527, together with the
numbering for the C1, N, and O atoms. The site number (P1,P1’,
and P2’ sites) of each residue is labeled, based on the binding mode
elucidated from the present crystal structure.
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Crystals of the complex were obtained within a week using
the vapor diffusion hanging drop method at room tempera-
ture (14°C), where drops of 5.5 pl of the complex solution
were equilibrated against the same amount of the reservoir
solution of 0.1 M Tris-HCI buffer (pH 8.0) containing 2.2
2.6 M (NH,),S0O,. Since these crystals exhibited about 50%
of the enzymatic activity of trypsin, as estimated by assay
measurement, they were subjected to soaking for 3 days at
14°C in a 2.5 M (NH,),SO, solution, buffered with 0.1 M
sodium acetate (pH 5.5), containing 5 mM CaCl, and 1 mg/
ml of PKSI-527 which was solubilized in a small amount of
dimethylsulphoxide. The thus prepared crystals exhibited
complete inhibition.

The crystal belongs to orthorhombic space group P2,2,2,.
The X-ray diffraction intensities at 293 K were collected
with a Rigaku RAXIS-TIc diffractometer on a rotating
anode generator (Cu Ko radiation). The X-ray crystallo-
graphic data are as follows:a = 55.05 A, b = 58.57 A, and ¢
= 67.55 A, total number of reflections = 17318, resolution
up to 1.85 A, completeness = 89.8%, and R e = 4.33%.

Structure Determination and Refinement—The crystal
structure of the complex was solved by the molecular re-
placement method using the atomic coordinates of the pre-
viously analyzed trypsin (8) as a starting model. The model
was oriented, translated and refined with program CNS (9)
using a combination of simultaneous annealing and con-

Fig. 2. A F-F, electron density map (in stereo) of PKSI-527 bound to the trypsin active site.The electron density of W1 (water mol-
ecule) is also shown. The molecular position of the inhibitor is shown by thick lines on the map. Thin lines represent the partial amino acid

residues of trypsin.
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ventional restrained refinement technique. Successive dif-
ference Fourier syntheses and consequent meodel fittings
were carried out using the TURBO-FRODO program (10).
The present state for the structural refinement is as fol-
lows: R = 18.4% at 30-1.85 A for 17,279 independent re-
flections, R;,, = 21.1% for 10% of total data with the same

(b)

457

resolution range, number of atoms = 1625 (including one
Ca?* ion), number of solvents = 63, and temperature fac-
tors of inhibitor = 18.7—-29.7 A2 The rmsds from the ideal
bond distances and angles were 0.005 A and 1.318", respec-
tively.

ASP 189

Fig. 3. Stereoscopic comparison between the modes of binding of PKSI-327 to the trypsin active site in Form I (a) and Form [T
(b). The broken lines represent short contacts between PKSI-527 and trypsin or water molecules. Hydrogen bonds between W1 with trypsin

are also shown.
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RESULTS AND DISCUSSION

An electron density map of PKSI-527, which was nonco-
valently bound to the trypsin active site, is shown in Fig. 2,
where the chemical structure of inhibitor is depicted by
thick lines and W1 represents water solvent. In contrast to
the previously analyzed complex structure {8) (named Form
1), the whole structure of the inhibitor was clearly observed
in this structure (named Form II). Furthermore, a remark-
able difference was observed for the overall folding of PKSI-
527 and its binding mode at the active site (Fig. 3). This
diversity obviously results from the different conditions
used for preparing the trypsin-PKSI527 complex crystal. As
was stated in the experimental section, the crystals of Form
II were prepared by further soaking of Form I crystals in
the crystallization solution, in which a high concentration
of inhibitor was dissolved to obtain complete inhibition.
The modes of binding of PKSI-527 in Forms I and II are
shown in Fig. 3, a and b, respectively. Short interatomic dis-
tances in both forms are summarized in Table I. It is char-
acteristic that the terminal amino group is similarly
located at the so-called “specificity pocket” of the Asp189
carboxyl group through hydrogen bonds, suggesting an
important structural requisite for the inhibitor. In contrast,
the remaining parts of PKSI-527 are differently located.
The most notable difference is the disposition of Phe and 4-
carboxymethyanilide moieties with respect to the aminom-
ethylcyclohexane ring at the binding pocket. The different
¢ and b torsion angles of Phe (119.9° and 158.2° for Form I,
and —-87.1" and —51.8° for Form II, respectively) lead to such
a reverse disposition. This means that the spaces of the S1'
and S2' subsites are large enough to accommodate the
interchange of P1' and P2’ side groups. In other words, the
pocket of the trypsin S1' subsite would not be so rigidly
constructed as to impose any substrate-specificity and
allows the location of the inhibitor P1' group at the S2' sub-
site. On the whole, the P1' and P2’ sites of PKSI-527 are
located at the entry of the cleft of trypsin and are bordered
by solvent molecules. Therefore, the binding pattern at
these sites appears not to be uniform, but to be dependent

TABLE I. Interatomic short contacts (A) of PKSI-527 with
trypsin observed in Forms I and II.

PKS1-627 Trypsin Distance

Form T
N1 Aspl89 O 2.88
N1 Aspl89 0% 3.12
N1 Ser190 O 2.70
01 Gly193 NH 2.97
(02} Ser195NH 3.03
N2 Ser195 O 3.05
N2 w2 3.26

Form I1
N1 Gly219 O 3.12
N1 Asp189 OM 3.22
N1 Aspl89 O* 2.37
N1 Ser190 O 2.54
N1 w3 2.96
01 Gly193 NH 3.12
N2 w2 3.31
03 Gly219 NH 2,61
04 Gly216 O 2.58

*W represents water solvent. The atomic number of the inhibitor is
shown in Fig. 1.
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on the conditions for the complex formation. On the other
hand, a remarkable difference was also observed concern-
ing the electron density of the inhibitor in the two forms.
The electron densities corresponding to Phe and carboxym-
ethyanilide moteties were not so clear as their unequivocal
positioning in Form I was possible. This is in contrast with
the rich density in Form II. Although clear reasons for the
poor electron densities in Form I are not known at present,
the insufficient complex formation due to the incomplete
inhibition could be at least responsible for Form I. The
hydrogen bonds of (i) O1 to NHs of Gly193 and Ser195
(“oxyanion hole”), and (ii) N2H to Ser195 O (active residue)
formed in Form I were not observed in Form II. Instead,
hydrogen bonds of (i) O1 to Gly193 NH, (ii) O3 to Gly219
NH, and (iii) O4H to Gly216 O are formed in Form II. It
could be said that the hydrogen bonds of N1H--O%Asp189),
03--NH (Gly219), and O4H--O (Gly216) importantly con-
tribute to the fixation of the whole structure of the inhibitor
at the active site because these coupled hydrogen bonds at
both terminal groups are lacking in Form I.

It appears interesting to consider the biological meaning
of the different binding modes observed for Forms I and II.
According to the catalytic mechanism generally accepted
for the serine protease (11), the catalytic reaction is initi-
ated by the nucleophilic attack by the Ser195 O atom of
the carbonyl carbon of a basic amino acid residue such as
Lys or Arg in the substrate peptide. In the case of PKSI-527
(Fig. 1), the C1 atom corresponds to this carbonyl carbon. It
is remarkable that the C1-O" and O1-O" (Ser195) (2.79
and 2.95 A) distances in Form I are considerably shorter
than those in Form II (4.21 and 4.05 A). On the other hand,
the importance of a water molecule in the catalytic reaction
has been proposed (12, 13). W1 in Forms I and II corre-
sponds to this water, and is visualized at an equivalent
position, in available crystal structures of trypsin—sub-
strate analogfinhibitor complexes. The W1 molecule is sta-

Asp102 His57 Ser195 Inhibitor
0
__< >__,_ K o1
--------- N NH-=--=-c-Qerenmmnmzne
274h N\  257A 2.79A / c1
®
Form | w1
o]
~. N y
OH---nnnmn=nn N NH.....__
321h  \F ~-Q c1
300A 231A
o
w1
Form Il

Fig. 4. Schematic comparison of the interaction among the
catalytic triad residues (Ser195, His57, and Asp102), W1, and
the inhibitor in Forms I and II. The dotted lines show possible
hydrogen bonds. The carbonyl moiety of the inhibitor is shown by
thick lines.
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bilized by the two hydrogen bonds of (Gly193) NH and
(Phe41) O (3.27 and 2.63 f for Form I, and 3.29 and 3.00 A
for Form II, respectively) The mode of interaction of the W1
molecule in the catalytic site is shown in Fig. 4. Interest-
ingly, the W1 water molecule fixes the Ser195 O atom
through a strong OH--O hydrogen bond (2.31 A) in Form I,
and consequently prevents the nucleophilic attack by the
anionic O” atom of the carbonyl C1 carbon. Since such a sit-
uation does not occur in Form I (OH--O = 3.88 A), it may
be said that W1 plays a role in controlling the catalytic
function of Ser195. In fact, the spatial orientation of the
Serl195 side chain was significantly different between
Forms I and II, as compared with those of the remaining
residues (Fig. 5). The observation of the (W1) OH.-O"
(Ser195) hydrogen bond appears to be the first example to
our knowledge. As judged from the above-mentioned
mutual disposition among the catalytic triads (Aspl02,
His57, and Ser195), the W1 molecule, and the inhibitor, it
would be reasonable to consider that the binding mode in
Form [ is close to the substrate-mimetic intermediate state,
whereas that in Form II reflects the inhibitor-intrinsic state
at the catalytic pocket. It is obvious from the complete lack
of enzymatic activity that the binding mode in Form 1I
completely blocks the approach of substrate to the active
site.

The crystal structures of many trypsin-inhibitor com-
plexes have been reported so far. As for the crystal struc-
tures of trypsin inhibited by low-molecular-weight inhibi-
tors, a number of derivatives such as benzamidine (14), p-
guanidinobenzoate (15, 16), N°{2-naphthylsulphonyl-gly-
cyl)-DL-p-amidinophenylalanylpiperidine (17), N-[3-[4-[4-
(amidinophenoxy) carbonyllphenyl-2-methyl-2-propenoyl]-
N-allylglycine (18), and leupeptin (19) have been reported.
However, all of them were covalently bonded to the O” atom
of the Ser side chain located at the active center. Thus, the
crystal structures of the trypsin-PKSI527 complex appear
to be the first example of the noncovalent binding of a low-
molecular-weight inhibitor to trypsin to our knowledge.
Generally, in the case of a low-molecular-weight inhibitor,
noncovalent binding to the active center appears to be

Val. 129, No. 3, 2001
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Fig. 5. Stereoscopic superpo-
sition of spatial orientation
diagrams of Serl95, His57,
and Aspl02 constituting the
catalytic sites in Form I (thin
line) and II (thick line). W1
molecules in Forms I and II are
also shown as small and large
filled circles, respectively.

SER 195

\
\

ASP 102

rarely achieved, because of a lack of any specific driving
force which is sufficient to lead to direct binding to the
active pocket (20). Also, the present complex is a rather
special case, and the ‘specificity pocket’ consisting of Asp189
and Gly219 could be the main reason for this. Thus the
present results would be useful for effectively designing a
noncovalent-type low-molecular-weight trypsin-specific in-
hibitor.
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