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The serine protease cathepsin G (EC 3.4.21.20; Cat G) is storedTable 1.

in the azurophilic granules of neutrophils (polymorphonuclear
leukocytes) and released on degranulatidrhis chymotrypsin-
like enzyme has been implicated in a variety of pathological con-
ditions associated mainly with inflammatiérror example, Cat G

is involved in tissue remodeling at sites of injury via the cleavage
of matrix components, including proteoglycans, collagen, fibronec-
tin, and elastirf. Thus, specific inhibitors of Cat G could be useful

for treating emphysema, asthma, reperfusion injury, psoriasis, and

rheumatoid arthritis. We now report the discovery of nonpeptide
inhibitors of Cat G possessing a noykketophosphonic acid sub-
unit, by use of a structure-based drug design approach.

There are several reports on Cat G inhibitrs;* some of which

Effect of Carboxamide Substituents on Bioactivity

cmpd Rin3 ICs £ SEM, M (V)
1 41203 (6)
4 CH,Ph 10£02 (11)
5 ~CH3C(O)NHCHZCH,Ph 13202 (9)
6 ~CH3C(O)NHCH,CHPhy 0.50 £ 0.10 (12)
7 NC(O)Ph 0.053 £ 0.012 (10)
3 -(CHg)sNHC(0)Ph 0.80 £ 0.20 (5)

complexes in the asymmetric unit were established. The two
complexes are essentially the same when superimposed except for
the lle-35/Arg-41 loop in the Skegion, which has two distinctly
different conformations. The two ligands had a displacement of

are reasonably potent; however, the inhibitors have generally beenRMSD = 1.79 A, while thea-carbons of the proteins (minus the

peptide-like structures or irreversible inactivatérs:4ai We were
able to identify bis-naphthy$-ketophosphonic acit as a moder-
ately potent, reversible Cat G inhibitor (Table 1) by high-throughput
screening of a diverse chemical library with a chromogenic assay.
This compound is very intriguing because of its novel nonpeptide

35-41 loop) had RMSD= 0.08 A. One of the complexes is shown
in Figure 1.

In the complex, the active site of Cat G is occupied by the
enantiomer ofl possessing thék absolute configuration. The
2-naphthyl group resides in the hydrophobic S1 specificity pocket

structure and competitive, reversible kinetics. To enhance the and the 1-naphthyl group resides in the S2 region (Figure 2).

potency, and to develop an initial structur&ctivity profile, we

Significantly, the distal benzene ring of the 1-naphthyl appears to

synthesized numerous analogues with alterations of the aromaticb€ involved in ar-stacking interaction with the imidazole ring of

rings and ketone unit. Unfortunately, this exercise did not improve
the 1G5 value into the nM range. For instance, replacement of the
2-naphthyl ring ofl with phenyl or 1-naphthyl, or replacement of
the 1-naphthyl ring with phenyl or 2-naphthyl, abolished Cat G
activity (ICso > 100 «M). Unfavorable results were also realized
on converting the &0 group to a CHOH, CH or SG group.

Sincel appeared to represent a minimum-acceptable pharmaco-

the catalytic His-57, with the nearly parallel planes having a closest
approach of 3.6 A. The phosphonic acid is strategically deployed,
with one oxygen atom H-bonded tceldf His-578 another partially
inserted into the “oxyanion hole”, H-bonded taaNof Gly-193,

and a third H-bonded to the side chair bf Lys-192 (Figure 3).
The unenolized ketone df is also H-bonded to dof Lys-192.
Notably, this structure reveals a vacant S3 region in the active-site

phore, we resorted to structure-based drug design to enhancecleft, which offers an opportunity for occupation by a suitable

potency.
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With the work of Hof et al'® as a backdrop, we prepared an
X-ray diffractable crystal ofl-Cat G by the hanging-drop method
and determined the molecular structtréhe tetragonal crystals,
space grougP4l (@ = b = 59.44 A, c = 130.62 A), diffracted
X-rays to 3.0 A resolution. Refinement of 7065 reflections (of 9299
independent reflection®-merge= 9.8%) gave amR-factor of 0.24
using 15 to 3.5 A data. The positions of the two ligand/protein
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appendage to enhance the potency (Figures 2 and 3). The
hydrophobic surfaces provided by the side chains of Ile-99, Phe-
172, and Tyr-215 are attractive for added interactions. By employing
computer-assisted molecular modeling, we tested different ideas
for substitutingl with probes of the S3 subsite of Cat G. Sub-
stituents on the 1-naphthyl ring were perceived to have difficulty
in reaching the S3 pocket because of impeded access by lle-99.
Our analysis indicated that attachment would be preferred on the
2-naphthyl ring at the 3-position. Thus, we designed versioris of
with a carboxamide group located on the 2-naphthyl ring to anchor
a substituent that could nestle comfortably in the S3 region @ith
and 2,3-naphthalic anhydride serving as building bldcRmce our
modeling gave priority to structures containing an aromatic group
tethered by 6-8 A to the 3-carboxyl, we incorporated arene-bearing
amines of varying chain lengths to obtain ligands of general type
3,2 namely4—8, which were assayed for inhibition of Cat G (Table

1; N = number of experiments$y.
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hibitors also usually possess this structural element. Consequently,
we have identified a new inhibitor motif involving a ketone on the
carbong to phosphorus. Such/aketophosphonic acid core struc-
ture has the potential for wider applicability. One can imagine
designing potent inhibitors for other types of serine proteases by
incorporating structural features that achieve favorable interactions
within the S1-S3 subsites?
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Supporting Information Available: Experimental details and

compound characterization, Figure 4, schematic of the interactions of
1 with Cat G, stereoview of Figure 1, diagrams of the electron density
of 1in Cat G (PDF). This material is available free of charge via the

Figure 1. Structure ofl (magenta) and Cat G (green ribbon), showing
key side chains (blue).

Internet at http://pubs.acs.org.

Figure 2. View of 1 (magenta) within the active site of Cat G (green
electron-density surface); the vacant S3 pocket is on the left side.

Figure 3. Stereoview of the interactions of with Cat G. Hydrogen bonds
are indicated by the broken red lines.

Compound#4 and 5 exhibit a 3-fold potency increase ovéy
while 6 exhibits an 8-fold increase, indicating that added hydro-
phobicity can enhance affinity. There was a notable 80-fold
improvement ovel with the aromatic moiety attached via a cyclic
tether, as irv. Presumably, the conformational constraint imparted
by the piperidine ring favorably orients the phenyl portion of the
ligand within Cat G’s cleft. The 15-fold weaker potency of acyclic
variant 8, compared with7, supports this view. For additional
insight, we carried out a simulated annealing experiment in which
7 was docked into the active site of Cat G (Figuré¥)he inter-
actions in the S1, S2, and catalytic regions of Th€at G model
are analogous to those observed for the X-ray crystal structure of
1-Cat G (Figure 1). However, the piperidine ring (chair form) serves
as a scaffold to position the phenyl ring dfvithin the S3 pocket,
such that it makes hydrophobic contacts with the side chains of
Phe-172, Tyr-215, and lle-99. A more detailed picture of the
interaction betweeid and Cat G awaits an X-ray structure determi-
nation of the complex.

Compound? shows reversible, competitive inhibition with 4&
andK; values of 53+ 12 (N = 10) and 63+ 14 nM (N = 5),
respectively. Another attribute @frelates to its selectivity vs other
serine proteases. It weakly inhibits chymotrypdita € 1.5+ 0.2
uM), and poorly inhibits £€50% inhibition at 10Q«M) thrombin,
factor Xa, factor IXa, plasmin, trypsin, tryptase, proteinase 3, and
human leukocyte elastase.

Serine protease inhibitors with phosphonate or phosphinate
groups that can occupy the active site in the vicinity of the key
catalytic machinery, that is, Ser-195 and His-57, are kneih.
These have generally been P-ester forms, especially diphenyl
phosphonates, which operate by slow-tight or irreversible birfdiHg.
The formation of a covalent bond withyQOof Ser-195 to yield a
phosphonylated enzyme species has been confirmed by three dif-
ferent X-ray studie8*11¢hn the reports that describe serine protease
inhibitors with a free phosphonic or phosphinic acid end-group,
all of the compounds have an acylamino group on the cagbtm
phosphorug!®<12 The known phosphonate/phosphinate ester in-
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