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Abstract—The crystal structure of a new inhibitor of human neutrophil elastase (HNE), N-[2-[5-(tert-butyl)-1,3,4-oxadiazol-2-yl]-
(1RS)-1-(methylethyl)-2-oxoethyl]-2-(5-amino-6-oxo-2-phenyl-6 H-pyrimidin-1-ly)acetamide (ONO-6818, 1) complexed to porcine
pancreatic elastase (PPE) has been determined at 1.86 A resolution. Analytical results provided evidence of a 1:1 complex in which
the electrophilic ketone of 1 covalently bound to Oy of Ser195 at the active site of PPE. The role of the unique electron-withdrawing
ketone of 1 has been elucidated. © 2001 Elsevier Science Ltd. All rights reserved.

Introduction

Human neutrophil elastase (HNE, EC.3.4.21.37) is a
serine protease produced by neutrophils in response to
inflammatory stimuli.! Excessive production of elastase
has been implicated in the etiology of various diseases
such as emphysema,” adult respiratory distress syndrome
(ARDS),? cystic fibrosis* and rheumatoid arthritis.> A
low molecular weight inhibitor of elastase would prove
therapeutically useful against such pathologies.®” In
1996, we reported an intravenously active HNE inhibitor
4 (ONO-5046, Fig. 1) which exhibited clinical efficacy in
the treatment of acute lung injury caused by systemic
inflammatory response syndrome (SIRS), idiopathic
pulmonary fibrosis (IPF) and chronic airway infection.’
The development of an orally active inhibitor of HNE
has long been a challenge for medicinal chemists all over
the world. A large number of synthetic inhibitors of
elastase have been reported.” However, orally active
inhibitors with clinical potential are very rare. The only
successful example was peptidyl trifluoromethyl ketone
(TFMK) 2a (Fig. 1), reported by ZENECA.!0

Recently, we reported the design and synthesis of a new
non-peptidic, orally active inhibitor of HNE.!! Among
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several compounds tested, N-[2-[5-(tert-butyl)-1,3,4-
oxadiazol-2-yl]-(1RS)-1-(methylethyl)-2-oxoethyl]-2-(5-
amino-6-oxo-2-phenyl-6 H-pyrimidin- 1 -ly)acetamide 1
(ONO-6818, Fig. 1) provided the most attractive oral
profile. For example, it was orally active at a dose of
1.4mg/kg (EDsp) in an acute hemorrhagic assay. Com-
pound 1, a-keto-5-fert-butyl-1,3,4-oxadiazole, has a
structurally unique heterocyclic electron-withdrawing
moiety compared to TFMK. An analysis of X-ray crystal
structure of the newly discovered inhibitor complexed to
porcine pancreatic elastase (PPE, EC.3.4.21.36) is of
particular significance to elucidate its mechanism of inhi-
bition at the molecular level. Compound 1 has structural
novelty, potent inhibitory activity (K;=12.2nM),!" and
more than 100-fold the selectivity for HNE of other
human proteases such as pancreatic elastase, proteinase 3,
trypsin, metalloelastase, Cathepsin G, plasmin, thrombin
and collagenase. We report herein a crystallographic
study of the orally active non-peptidic inhibitor of HNE
1 complexed to PPE.

Results and Discussion

As shown in Figure 2, substrate-based electrophilic ketone
inhibitors of HNE?® consist of three portions: P3-P2,
P1(Val) and an electron-withdrawing moiety such as tri-
fluoromethyl'%1213:17 or oxadiazole.'4"!® Sometimes an
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Figure 3. (a) A schematic diagram of the binding interactions found in
the crystal structure of 1/PPE complex. The dashed lines represent the
hydrogen bonds. The side chain of P1(Val) was inserted into the S1
pocket of PPE. The n—n and/or van der Waals interaction was also
observed between the imidazole ring on His57 and the phenyl ring of 1.

additional moiety (P2'-P3’) is beneficial for further opti-
mization of the inhibitory activity and/or physical prop-
erties of the inhibitors as illustrated by the ferz-butyl
group of 1. Peptidic inhibitors have a Val-Pro (2a!”) or

Ala-Pro (2b'®) residue at P3-P2 and two reciprocal
hydrogen bonds were observed between P3(Ala/Val) of
the inhibitor and Val216 of PPE.'#!7 The P3-P2 portion
could be replaced by the heterocylic ring moiety without
loss of the B-strand conformation. The 5-amino-2-phe-
nylpyrimidin-6-one moiety of the TFMK inhibitor 3'°
reported by ZENECA scientists was is representative of
the replacements.!13-19-21
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The hydrogen bond network of 1 complexed to PPE is
demonstrated in Figure 3a and 3b. The phenyl ring at
position-2 of the pyrimidinone is beneficial to the inter-
action with HNE (Fig. 3b). While the side chain meth-
ylene of the Pro at position P2 of the peptidic inhibitor
(2a'7 and 2b'®) is exposed to solvent region, m-m inter-
action and/or van der Waals’ interaction between the
phenyl ring of 1 and the imidazole ring of His57 of PPE
was observed in 1 complexed to PPE (Fig. 3b). The dis-
tance between the centers of the two rings was 4.6 A,
while the distance between the two atoms of each ring
located in the closest position was 3.7 A. The inter-plane
angle was 45°. These interactions were beneficial for the
stabilization of the complex consisting of 1 and PPE.
The temperature factor of the phenyl ring atoms was
reasonably low (around 20 AZ for each atom). The car-
bonyl oxygen of the Gly moiety of 1 did not interact
with PPE, while it formed a hydrogen bond with a water
molecule.

The electron density map of the isopropyl group of
P1(Val) of 1 was unambiguous and easily assigned
(Fig. 4a). While we used the racemic compound for
crystallization, only the S-isomer of 1 was observed at
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the active site of PPE. An excess molar amount of 1 was
used for co-crystallization, and the electron density of
the R-isomer of 1 was not found even at the surface of
PPE. The chiral center of P1(Val) could be easily epi-
merized at room temperature.!!

A covalent bond was formed between the hydroxyl
group of Ser195 of PPE and the P1(Val) ketone carbonyl
of 1 (Fig. 4). The carbonyl carbon atom of P1 of 1 was
found to be SP.> The hemiketal oxyanion of the tetra-
hedral intermediate was located at the oxyanion hole of
PPE.!'416:20 Hydrogen bonds were observed between the
hemiketal oxyanion of 1 and two amide protons of
Ser195 and Gly193. The distance between the hemiketal
oxyanion of 1 and the amide proton of Ser195 and of
Gly 197 was 2.99 and 3.02 A, respectively.

The newly discovered inhibitor 1 contains a-keto-1,3,4-
oxadiazole as a unique electron-withdrawing moiety.
Replacement of the TFMK moiety of 3 with 5-tert-
butyl-1,3,4-oxadiazole provided 1 with nearly 10 times
more activity in vitro than 3.!' The oxadiazole ring
seems to contribute not only to the electrophilicity of
the ketone moiety but also to the stabilization of the

(b)

Figure 4. (a) The omit-refine map of the active site region of 1/PPE complex; (b) the stereo drawing of the active site region of 1/PPE complex. 1 is
shown with the ball and stick model, and active site residue of PPE is shown with the wire model.
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intermediate by forming a hydrogen bond (Fig. 3a and
b). The active site of PPE consists of the suitable coor-
dination of the catalytic triad residues, His57, Asp102
and Ser195.° The configuration of catalytic triad resi-
dues could overlap among the substrate-based electro-
philic ketone inhibitor and apo PPE. The hydrogen
bond distance between position-3 of the oxadiazole ring
of 1 and Ne2 of the imidazole ring of His57 was 2.86 A.
The distance between Oy of Ser195 and Ne2 of His57 of
the 1/PPE complex was 3.27 A and it is slightly longer
than that of apo PPE. On the other hand, the distance
between No1 of His57 and O81 of Asp102 was 2.67 A in
the 1/PPE complex structure. The distance is almost
same as that of apo PPE structure.

According to the mechanism of hydrolysis, both nitro-
gen atoms of the imidazole ring of His57 are considered
to undergo proton abstraction from the hydroxyl group
of Ser195 when the tetrahedral intermediate forms.
After the proton of Ne2 of His57 moves back to the Oy
of Ser195, the inhibitor is released from the active site of
the enzyme. The basicity of the nitrogen atom of the
oxadiazole ring is considered to prevent the proton from
migration by hydrogen bonding. As a result, the tetra-
hedral intermediate is thought to be stabilized.

The tertiary butyl group was exposed to solvent region.
No specific interaction with PPE was observed. However,
the structure—activity relationship suggested the impor-
tance of this part.!' This group may have a role in posi-
tioning the oxadiazole ring by steric hindrance effect.

The crystal structure of 1

The crystal structure of 1 was determined (Fig. 5). All
the torsion angles of 1 were similar to those of 1 com-
plexed to PPE except for the torsion angle of the Ca—Cf
bond of P1(Val) (Fig. 6). The SP? carbonyl carbon atom
of P1(Val) was converted to SP3 to form a covalent
bond to the Oy oxygen of Ser195. The crystal structure
of 1 showed a folded shape enabling the phenyl ring of
P2-P3 and the oxadiazole ring to interact. The Val side
chain of 1 protruded from the folded molecule. The

Figure 5. The ORTEP drawing of 1 with thermal ellipsoids at 50%
probabilities.

folded shape was speculated to be retained also in
aqueous phase. As shown in the crystal structure of 1
complexed to PPE (Fig. 1), the distance between the
position-2 carbon atom of the 2-phenyl ring on the
pyrimidinone ring and the position-3 nitrogen atom of
the oxadiazole ring was 3.72 A. The distance between
the position-3 carbon atom of the phenyl ring and
position-4 nitrogen atom of the oxadiazole ring of the
free form of 1 was 3.57 A. The inter-plane angle of these
two rings was 58.8°. These values seem to be appro-
priate for the two aromatic rings to interact. This folded
molecular shape may force the Val side chain (P1Val) to
obtain access to the S1 pocket of PPE/HNE. As such, 1
may be expected to inhibit the enzyme relatively with
faster binding manner compared to TFMK inhibitor 3.

Further refinement will be considered based on these
results, and reported in due course.

Experimental

PPE was purchased from Roche Diagnostics and used for
crystallization without further purification. Synthesis of 1
will be reported elsewhere.!! Compound 1 was synthesized
as a racemic form because of its easily enolizable structure.
To a solution of lyophilized PPE (10mg) in a 10mM
sodium acetate buffer (pH 5.0), a 10-fold molar excess of 1
in acetonitrile was added. Crystals were grown using the
hanging drop vapor diffusion method with an aqueous
solution of sodium sulfate solution (10 g/100 mL w/v) as
precipitant. Crystals were directly mounted from the
drop in thin walled glass capillaries. X-ray diffraction
data from a single crystal were collected at room tem-
perature with an R-axis IV imaging plate area detector
using Ni-Filtered Cu K, radiation (an Rigaku RU200
X-ray generator operating at 40kV and 100mA). The
raw data were processed and merged using the Rigaku-
processing program. The final R-merge value was 5.5%.
The data were 98.8% complete to 1.86 A; the final shell
data from 1.92 to 1.86 A, were 96.0% complete. The total
number of reflections collected was 19,460 (Table 1).

Refinement

Refinements were carried out using program X-
PLOR.?> The program QUANTA/X-ray>?> was used
for electron density fitting and drawing pictures. The

Figure 6. The superimposed models of 1 (purple)/PPE complex and 1
(yellow).
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Table 1. The crystallographic data of 1/PPE complex and 1

X-ray data 1/PPE 1
Space group Orthorombic Monoclinic
P2|2]21 . P21/a .
Cell dimension a 51.037(3) A 9.687(5) A
b 58.500(3) A 12210 (4) A
¢ 75.6427(2) A 19.320 (3) A
B 95.47(2)°
No. of mol/asymm unit 1 1
Resolution/20,,,x 1.86 A 130.1°
R-merge 5.5%
Completeness 98.8%
No. of reflections® 19460 3832
Reryst 19.9% 7.0%
FreeR/wR 23.8% 5.8%
RMSDP Bond length 0.005A
Angle 1.33°

21.6 (for 961 atoms)

25.0 (for 861 atoms)

(Inhibitor 1) 21.9 (for 33 atoms)
(Water)  25.1 (for 64 atoms)

Average B (main chain)
Factor (A?) (side chain)

aNumber of collected reflections.
®Deviations from ideal values.

program Insight 11?2 was also used for drawing pictures.

The crystallographic parameter was listed (Table 1).
The isomorphous native PPE coordinates were initially
taken as the starting set for calculating structure factors,
Fes. After several cycles, a difference Fourier map was
calculated. The electron density at the active site clearly
indicated that a complex formed. Also, the continuous
density from Oy of Ser195 indicated covalent binding of
1 to Oy of Serl195.

The X-PLOR parameters for the inhibitor were esti-
mated from the crystal structure of 1 and the parameters
reported by Edwards et al.'* Compound 1 was modeled
to fit electron density in the active site. The modeled
inhibitor was included in further cycles of refinement; an
initial temperature factor of 20 A% was assigned to all
non-hydrogen atoms of the inhibitor. Only the water
molecules presenting at a contour level of 3¢ on the
|Fo|—|Fc| map were retained. Several cycles of positional
and temperature factor refinement were calculated. The
final R factor and free R-factor were 0.198 and 0.238,
respectively. The final refinement statistics are also given
in Table 1. The omit-refine map of the active site region
of 1 bound to PPE is in Figure 4a.

X-ray crystallography of 1

Pale yellow single crystals were obtained from an N,N-
Dimethylformamide solution of 1. Diffraction data were
collected using a Rigaku AFC5R 4-circle diffractometer
with an RU-200 X-ray generator. An empirical absorp-
tion correction was applied. The data were also cor-
rected for Lorentz and polarization effect. The program
package teXsan?3 was used for analysis and drawing
figures. The positions of non-H atoms were easily
determined by the program SHELXS86,%* and the
positions of the H atoms were deduced from coordi-
nates of the non-H atoms and confirmed by Fourier
synthesis. The non-H atoms were refined with aniso-
tropic temperature parameters. H atoms were included
for structure factor calculations but not refined.
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