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Abstract: Starting from the high-throughput screening hit
1a, novel cathepsin K inhibitors have been developed based
on a purine scaffold. High-resolution X-ray structures of
several derivatives have revealed the binding mode of these
unique cysteine protease inhibitors.

Cysteine proteases have received increasing interest
as targets for therapeutic intervention in different
disease areas. This has led to considerable efforts aimed
at the discovery, design, and optimization of novel
cysteine protease inhibitors.1-6 Cathepsin K is a lyso-
somal cysteine protease which is considered to be the
key enzyme responsible for resorption of the bone
matrix. Its ability to degrade type I collagen both within
and outside the helical regions make it a unique
mammalian protease.7-10 Deficiency in or inhibition of
cathepsin K results in impaired activity of bone resorb-
ing osteoclasts. In addition, mice lacking cathepsin K
exhibit osteopetrosis, confirming the importance of this
enzyme for bone remodeling.11,12 The crucial role cathe-
psin K plays in bone matrix resorption is further
demonstrated by a rare human skeletal dysplasia,
pycnodysostosis, which is the consequence of mutations
in the cathepsin K gene.13-15 Thus, the development of
specific inhibitors for this protease may offer an effica-
cious treatment for diseases characterized by excessive
bone loss such as osteoporosis.

In this communication we report on a new class of
highly potent heterocyclic inhibitors of cathepsin K. The
starting point for our investigations of these inhibitors
was the low-nanomolar high-throughput screening (HTS)
hit 1a. The compound is based on a purine template,
which is an unprecedented scaffold for cysteine protease
inhibition. Our first objective in the evaluation of this
screening hit was to establish whether the nitrile group
is the active principle of this inhibitor. As can be seen
from Table 1, replacement of the 2-cyano moiety in 1a
by a methyl or hydroxymethyl substituent, as in 1b and
1c, respectively, is detrimental to inhibition, thus
demonstrating the crucial role of this group. These
initial findings indicate that cathepsin K inhibition by
1a probably involves covalent interaction of the nitrile
carbon with the active site Cys-25 sulfhydryl group.

To convert the HTS hit 1a into a truly viable lead,
replacement of the ribose moiety was an essential
prerequisite. On the basis of molecular modeling studies
and prior experience with other classes of cathepsin K
inhibitors, we hypothesized that the 6-aminocyclohexyl

ring of 1a was likely to bind in the lypophilic S2 subsite
of the enzyme while the sugar moiety would reach
toward the surface of the enzyme. On the basis of this
assumption, a series of purine-derived compounds 4
(Figure 1) incorporating hydrophilic R groups were
prepared. As a representative example, the synthesis
of 4b is outlined in Scheme 1. Thus, commercially
available 2,6-dichloropurine (2) was reacted with cyclo-
hexylamine to afford the 6-aminocyclohexyl-substituted
purine derivative which was then converted into 3 by
treatment with 1-chloro-2-bromoethane. Subsequent
reaction of 3 with 1-methylpiperazine followed by the
displacement of the 2-chloro substituent with cyanide
furnished the target molecule 4b.

As summarized in Table 2 substitution of the sugar
moiety in 1a by a simple cyclopentane ring led to the
highly potent inhibitor 4a, which also showed significant
selectivity over inhibition of cathepsins L and S. Re-
placement of the ribose moiety by a 4-methylpiperazi-
nylethyl or by the linear (2-methoxyethyl)methylamino-
ethyl moiety likewise resulted in low nanomolar cathep-
sin K inhibitors 4b and 4c, respectively. However,
compared to 4a and 4b, 4c exhibits only moderate
selectivity vs the highly homologous cathepsins L and
S.

A high-resolution X-ray crystal structure of inhibitor
4b bound in the active site of cathepsin K (Figure 2)
confirmed the predicted binding mode for these purine
derivatives. As expected, 4b is found to bind covalently
to the Sγ of active site Cys-25, the resulting thioimidate
moiety being coplanar with the central part of the
inhibitor. The purine scaffold packs against the hydro-
phobic wall of the cathepsin K active site, while the
cyclohexyl group is the P2 moiety and occupies the
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Table 1. Compounds 1a-c Profiling Data

IC50 (µM)a

compd R Cath K Cath L Cath S

1a CN 0.014 0.430 0.340
1b CH3 .1 >10 >10
1c CH2OH .1 >10 >10

a Inhibition of rh cathepsins K, L, and S in a fluorescence-based
assay employing Z-Phe-Arg-AMC (cathepsins K and L) and Z-Leu-
Leu-Arg-AMC (cathepsin S) as synthetic substrates. Data repre-
sent the mean of two experiments performed in duplicate.

Figure 1.
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lypophilic S2 subsite. No direct interactions with the
binding site are observed for the piperazinyl moiety.

On the basis of the above inhibition and structural
data, we expanded our chemistry efforts to synthesize
compounds that not only extend into the S2 pocket but
in addition would have the potential to interact with
amino acid residues of the S3 subsite. Because the S3
subsites show different characteristics between cathe-
psins K, S, and L, we hypothesized that this strategy
would result in better compound selectivity through
additional interaction points provided by a P3 residue.
Modeling studies suggested two possibilities to reach
the S3 subsite: namely either the addition of a sub-
stituent in the 2-position of the aminocyclohexyl group
(which raises stereochemical issues); or the replacement
of the cyclohexyl moiety by an ortho-substituted phenyl
ring (Figure 3). Aspiring for achiral inhibitors 9a-d

incorporating an ortho-substituted phenyl ring were
prepared. However, it should be emphasized that mod-
eling also indicated the potential for other orientations
of substituents attached to the 2-position of the phenyl
ring that would not involve interactions with the S3
pocket and therefore would not lead to enhanced
specificity. To distinguish these possibilities, we syn-
thesized and investigated compounds 9.

The preparation of compounds 9, exemplified by 9a,
is outlined in Scheme 2. O-Alkylation of 4-hydroxym-
ethylphenol 5 with 1-chloro-2-bromoethane afforded the
benzyl alcohol 6. This intermediate was reacted with
2-nitrophenol under Mitsunobu conditions, followed by
reduction of the resulting nitro-phenyl-benzyl-ether with
platinum oxide to yield the corresponding chloro-ethoxy-
benzyloxy-phenylamine 7. Elaboration to produce the
9-cyclopentyl-6-phenylaminopurine derivative 8 was
achieved by reaction of 7 with 2,6-dichloropurine and
subsequent alkylation of the 9-position of the purine
nucleus with bromocyclopentane. Treatment of inter-
mediate 8 with 1-methylpiperazine followed by the
displacement of the 2-chloro substituent with cyanide
provided the desired target molecule 9a.

Initially we explored a para-substituted benzyloxy
and a substituted propoxy moiety attached to the
2-position of the aminophenyl group. While the aryl part
of the benzyloxy derivatives 9a and 9b was intended to
interact with the phenyl ring of Tyr67 and thus improve
the inhibitory activity and selectivity, the polar exten-
sion in the para position served to improve aqueous
solubility. In contrast, the polar groups attached to the
purine scaffold by a propoxy linker, as in 9c and 9d,

Scheme 1a

a Reagents: (a) cyclohexylamine, pentan-1-ol, 70 °C, 4 h, 76%;
(b) 1-chloro-2-bromoethane, K2CO3, DMF, 45 °C, 5 h, 53%; (c)
1-methylpiperazine, 50 °C, 7 h, 81%; (d) NaCN, DMA, 160 °C, 20
h, 26%.

Table 2. Selectivity Data on the Inhibition of Homologous
Cathepsins

a Inhibition of rh cathepsins K, L, and S in a fluorescence-based
assay employing Z-Phe-Arg-AMC (cathepsins K and L) and Z-Leu-
Leu-Arg-AMC (cathepsin S) as synthetic substrates. Data repre-
sent the mean of two experiments performed in duplicate.

Figure 2. Purine 4b cocrystallized in the cathepsin K active
site. PDB code is 1U9V. Image was produced using Weblab-
Viewer Lite (Accelrys, Inc.).

Figure 3. Potential expansion of purine derivatives 4 into
S3.

Scheme 2a

a Reagents: (a) 1-chloro-2-bromoethane, K2CO3, KI, TBAB,
acetone, 50 °C, 24 h, 41%; (b) 2-nitrophenol, DEAD, Ph3P, THF,
room temp, 4 h, 63%; (c) H2, PtO2, AcOEt, 3 h, 90%; (d) 2,6-
dichloropurine, pentan-1-ol, 80 °C, 5 h, 56%; (e) bromocyclopen-
tane, K2CO3, DMF, 50 °C, 60%; (f) 1-methylpiperazine, 50 °C, 2
h, 21%; (g) NaCN, DMA, 20 h, 150 °C, 56%.
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were also meant to interact with the side chain of Asp
61, thereby further improving activity and specificity
for cathepsin K. The results displayed in Table 3 show
that 9a-d are generally low-nanomolar inhibitors of
cathepsin K but do not exhibit improved potency
compared to compounds 4. Inhibitors 9a and 9b having
a 2-benzyloxy substituent at the phenyl moiety are
slightly less potent than 9c and 9d, which incorporate
an o-propoxy linker positioned at the 6-aminophenyl
ring. The observation that compounds 9 do not show a
better overall specificity profile than compounds 4
indicated that the substituents attached to the 2-posi-
tion of the aminophenyl moiety apparently do not extend
into the S3 subsite of cathepsin K. However, it is
noteworthy that the selectivity profile of compounds 9
changes depending on the nature of the spacer used to
direct these potential P3 substituents into the S3 pocket.
While 2-benzyloxy-containing compounds 9a and 9b
have better selectivity vs cathepsin L, compounds with
a 2-propoxy substituent, 9c and 9d, prove to be more
specific against cathepsin S. In the functional in vitro
rabbit bone-resorption assay, 9d inhibits bone resorp-
tion with an IC50 of 176 nM.16

X-ray crystal structures were obtained for complexes
of 9c and 9d and cathepsin K. These structures revealed
that the substituents that were intended to bind in the
S3 subsite of the enzyme do not occupy a fixed position
and face toward the solvent rather than bind in the S3
part of the active site cleft. The difference electron
density map for 9c (Figure 4 left) shows very strong
contributions from the ligand except for the imidazolyl
group and its propyl linker, indicating that this part of
the molecule is highly flexible. The density for the
cyclopentane ring also suggests that this group is in
more than one orientation. The phenyl ring binds in the
S2 subsite as expected. Interestingly the tilt of the

purine ring in the active site cleft is slightly different
from that observed in the X-ray structure of the cyclo-
hexyl derivative 4b/enzyme complex. In the case of 4b,
this tilt is necessary to enable the bulkier cyclohexyl
moiety to fit into S2. Again, the nitrile forms a covalent
bond to Cys25 of cathepsin K. The difference electron
density map for the 9d/cathepsin K complex is very
similar to that of 9c except that there is some weak
density present for the propylpiperazine part of the
inhibitor. This density was found to be best represented
when two conformations were modeled. Multiple con-
formations were also modeled for the cyclopentane ring.

In summary, we have discovered novel potent cathep-
sin K inhibitors, starting from the purine-based HTS
hit 1a. A representative inhibitor (9d) of this purine
series proved efficacious in a functional in vitro bone-
resorption assay. Moreover, the high-resolution X-ray
structure of 4b was in good agreement with the pre-
dicted binding mode of these heterocyclic inhibitors and
provides valuable information for the design of different
nonpeptidic inhibitors.
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