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Design of Cathepsin K Inhibitors for Osteoporosis

David N. Deaton* and Francis X. Tavares*

Department of Medicinal Chemistry, GlaxoSmithKline, Research Triangle Park, North Carolina, 27709, USA

Abstract: Osteoporosis is a progressive, debilitating bone disease resulting in increased cost and morbidity to the elderly.
This review summarizes the therapeutic approaches taken in the treatment of osteoporosis with particular emphasis on
cathepsin K inhibitors. Cathepsin K, a cysteine protease predominantly expressed in osteoclasts, is a key player involved
in bone matrix degradation. Both genetic ablation and small molecule inhibitor strategies versus cathepsin K have
validated the importance of this enzyme in bone resorption. Starting from aldehyde-based leads, this review synopsizes
the design of improved small molecule inhibitors by GlaxoWellcome researchers. These efforts involved the evaluation of
various warheads, including cyanamides, ketoheterocycles, and ketoamides. Initial structure/activity relationships of
aldehyde-based inhibitors proved useful in the design of ketoamide-based cathepsin K inhibitors. Further exploration of
S8 52, 8% and S subsites with P*, P2 PL, and P probes have resulted in the identification of potent, selective, orally
bioavailable ketoamide-based inhibitors of cathepsin K with demonstrated in vivo efficacy.

INTRODUCTION

Osteoporosis is a debilitating disease increasingly found
in the geriatric population [1,2]. With the increase in the
population of this group, osteoporosis results in an enormous
fiscal burden on public health care systems. Although
traditionally thought to be a disease associated with
postmenopausal women arising from an estrogen deficiency
and resulting in enhanced osteoclast formation and systemic
osteolysis, osteoporosis is becoming more prevalent in
geriatric males. Osteoporosis leads to an increased incidence
of fractures among the elderly. Key elements in the risk of
fracture include load bearing capacity of the skeletal element
and bone strength. Bone is a dynamic organ undergoing
continuous remodeling involving resorption and formation.
A shift in the dynamic equilibrium of bone remodeling
towards resorption, versus formation, results in skeletal
microarchitectural ~ deterioration, bone fragility, and
susceptibility to fractures.

Most of the current therapies have focused on attenuating
bone resorption by osteoclasts; these include estrogen,
selective estrogen receptor modulators (SERMs), bisphos-
phonates, calcitonin, and a,bs; antagonists. Since these
agents repress bone remodeling, they potentially can result in
the formation of adynamic, weak bones that are resistant to
microfracture repair. The sex steroid estrogen plays an
important role in males, in addition to females, in the bone
remodeling process. Lack of the estrogen receptor a (ER-a)
in males results in high rates of bone turnover and skeletal
osteopenia [3]. In addition, the use of aromatase inhibitors in
males prevents the formation of estrogen resulting in an
increase in bone resorption with the suppression of bone
formation markers [4]. The beneficial effects of estrogen
arise from the suppression of the production of the receptor
activator of nuclear factor kB ligand (RANK-L) and an
increase in the secretion of osteoprotegerin (OPG),
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the decoy receptor for RANK-L [5,6]. Moreover, estrogen
also induces apoptosis of osteoclasts via production of
transforming growth factor b (TGF-b) by osteoblastic cells
[7]. Furthermore, estrogen attenuates osteocyte apoptosis [8].
Although estrogen has beneficial effects on the bone, adverse
side effects such as cancer and cardiovascular events have
resulted in the search for SERMs that target only bone.
Tamoxifen, raloxifene, and the newer SERMs such as
lasofoxifene and toremifene are agents that share the
beneficial effects of estrogen on bone [9-13].

Bisphosphonates are widely used as effective anti-
osteoporosis agents [14]. Both simple and nitrogen
containing bisphosphonates cause osteoclast apoptosis. The
simple bisphosphonates cause apoptosis via replacement of
the pyrophosphate group in ATP by a non-hydrolyzable
bisphosphonate group leading to permeation of the mitoch-
ondrial membrane, release of cytochrome c and activation of
caspase-3 [15]. The nitrogen containing bisphosphonates
utilize an alternative pathway, inhibiting farnesyl diphos-
phate (FPP) synthase in the mevalonate pathway resulting in
the depletion of FPP and geranylgeranyl diphosphate
(GGPP). These are isoprenoid lipids essential for farnesy-
lation, and geranylgeranylation of small molecule GTPases
that regulate survival of osteoclasts [16]. Interestingly,
HMG-CoA reductase inhibitors also cause osteoclast
apoptosis by effecting the mevalonate pathway, inhibiting
the formation of mevalonate from HMG-CoA to decrease the
formation of prenylated proteins [17,18]. On the other hand,
another anti-resorptive therapy, calcitonin, decreases the
attachment of osteoclasts to bone tissue via invagination of
the brush border membrane attenuating bone remodeling
[19,20]. Calcitonin therapy does not significantly increase
bone mineral density (BMD) but slower remodeling allows
osteoblasts to lay down stronger, higher quality bone [21-
23].

Integrins such as a,bs and a,bs mediate osteoclast bone
attachment by recognizing Arg-Gly-Asp (RGD) motifs on
extracellular matrix proteins [24]. Upon attachment, the
cytoplasmic region of the transmembrane protein conveys
secondary messengers that help in the formation of a well
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defined ruffled membrane for a resorptive microenvironment
involving cytoskeletal reorganization. Deletion of a,bs
integrin results in osteoclast dysfunction resulting in
osteosclerosis [25], while a,bs (-/-) mice exhibit enhanced
osteoclasto-genesis and increased bone resorption [26].
Small molecule RGD mimetics bind to aybs; integrins,
inhibiting osteoclast bone recognition and reducing bone
resorption [27,28]. Phase Il studies in humans using
MRL123 have validated a bz integrin antagonism as a viable
strategy to block osteoclast attachment, disrupt signalling,
and decrease bone resorption [29]. Since most a,bz integrin
antagonists lack selectivity versus a,bs, enhanced specificity
for a,bs could lead to increased anti-resorptive efficacy.

Mechanisms, such as blockage of the CIC-7 chloride
channel [30,31] or the bicarbonate/chloride exchanger or
inhibition of the osteoclastic V-type H*-ATPase [32-34] or
carbonic anhydrase Il [35-37], that impair acidification of the
absorption lacunae during the resorption process, result in
decreased bone resorption and unaltered bone formation. The
decrease in pH is mediated by active transport of protons
over the ruffled border membrane by an osteoclastic
vacuolar H'-ATPase, the membrane potential generated by
this process is dissipated by the passage of CI ions through
CIC-7 chloride channels. In addition, the osteoclast
maintains a continuous supply of cytosolic H" and HCO4™ by
the action of carbonic anhydrase Il (CA-1I) [38]. Normal
intracellular pH is also maintained by the bicarbonate/
chloride exchanger [39]. Another approach to inhibit
acidification during the resorption process is to block the
Na/H* antiporter [40]. Any of these strategies to inhibit
acidification of the resorption lacunae are attractive, but
considerations regarding tissue selectivity for these targets
need to be addressed [41,42]. H'-ATPase inhibitors with
moderate osteoclast selectivity demonstrate the feasibility of
resorption impairment via this mechanism [43,44].

Recently anabolic bone agents have been pursued as
useful anti-osteoporotic agents. Although sustained elevation
of parathyroid hormone (PTH) causes bone erosion, pulsatile
administration results in net bone formation via increased
bone remodeling coupled with attenuated osteoblast
apoptosis. This realization has resulted in the development of
a recombinant form of this anabolic bone stimulant called
teriparatide (rhPTH (1-34)) [45,46]. Its high cost,
subcutaneous route of administration, and osteosarcoma risk
limit its usefulness. Since the parathyroid gland specific
calcium-sensing  receptor modulates PTH secretion,
antagonism of this 7-TM protein to stimulate endogenous
production of PTH induces bone turnover [47,48]. Orally
bioavailable antagonists of this receptor could address some
of the limitations of recombinant PTH.

Androgen depletion results in a decrease in bone mass
and osteoporosis. Androgens suppress RANK-L induced
osteoclast differentiation and also are directly involved in
inhibiting the activity of mature osteoclasts [49,50]. The
development of selective, tissue specific androgen receptor
modulators, that can prevent prostrate hyperplasia or cancer
and have the desirable osteoanabolic activities of ba-
dihydrotestosterone (DHT), is an area of increasing research.
Considerable advances have been realized in this endeavor
[61-54]. Furthermore, strategies to stimulate bone
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morphogenic proteins (BMPs) to initiate new bone formation
are also an area of intense research. Sclerostin competes with
BMPs for type | and type 1l BMP receptor binding, resulting
in attenuation of BMP signaling and suppression of
osteoblast activity and subsequent bone formation [55,56]. A
monoclonal antibody to sclerostin increases BMD [57].
Alternatively, BMP-2 modulators such as the widely used
HMG-CoA reductase inhibitors as well as 20S proteasome
inhibitors stimulate bone formation [58], although lower
fracture risk was not noted in patients treated with HMG-
CoA reductase inhibitors. Moreover, the anabolic agent
strontium ranelate inhibits bone resorption and stimulates
bone formation [59,60]. Strontium ranelate has been shown
to reduced vertebral and non-vertebral fractures in
postmenopausal women [61,62].

Recently cell to cell adhesion machinery has been found
to be important in bone morphology [63]. Cadherins on the
surface of one cell can homodimerize with those on a
proximal one to form Ca®*-dependent adherens junctions.
Such cross talk interactions are important for osteoblast
differentiation. For example, disruption of cadherin signaling
using antibodies, antisense RNA, or overexpression of a
dominant negative cadherin transcript impairs osteoclast
differentiation [64-66]. In addition, cell to cell interactions,
involving gap junctions composed of an array of connexin
molecules, form a transcellular junction between osteoblasts
and osteocytes, propagating calcium waves among coupled
cells. These interactions are necessary for development and
maintenance of a differentiated osteoblast phenotype [67-
69].

Several factors control the differentiation of monocyte-
family precursors to mature osteoclasts. The essential role of
RANK-L or its receptor, RANK, in osteoclastogenesis is
underscored by the fact that mice lacking RANK-L or
RANK are devoid of osteoclasts [70,71]. Furthermore,
RANK-L monoclonal antibodies have shown anti-resorptive
benefits in the clinic [72,73]. Membrane bound macrophage
colony stimulating factor (M-CSF) is also a critical
modulator of osteoclast formation, as M-CSF treatment
directly induces RANK expression [74]. Low molecular
weight hyaluronic acid (LMWHA), a component of the
extracellular matrix has been shown to enhance osteoclast
formation via interaction of RANK and RANK-L [75].
Factors independent of RANK/RANK-L signaling are also
important players in this arena. For example, mice deficient
in PU.1, a transcription factor which is essential for early
macrophage maturation, become  osteopetrotic  [76].
Moreover, the differentiation of macrophages to osteoclast is
controlled by a plethora of cytokines including IL-1, IL-3,
IL-4, IL-6, IL-10, IL-13, IL-14, GM-CSF, MS-CSF, and
TNFa. Of these, IL-4, IL-10, IL-13, and IL-14 are known to
inhibit osteoclast formation [77-83]. In addition, the
osteoblast secreted RANK-L decoy receptor OPG is a strong
inhibitor of osteoclast formation [84-86]. Overexpression of
OPG in transgenic mice results in osteopetrosis, whereas
OPG deficient mice have an osteoporotic phenotype [87]. As
RANK-L and OPG have opposing effects, the ratio of
RANK-L to OPG governs osteogenesis. The RANK-L:OPG
is also controlled by TGF-b, which stimulates OPG
formation and suppresses RANK-L expression [88,89].
Tartrate-resistant acid phosphatase (TRAP/Acp5), activated
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by proteolytic cleavage with cathepsin K or cathepsin L, is
highly expressed in osteoclasts [90-92]. Mice deficient in
TRAP are mildly osteopetrotic [93]. In addition, these mice
have altered ruffled borders and disturbed intracellular
vesicular transport [94]. In contrast, mice overexpressing
TRAP display an osteoporotic phenotype [95].

Transcription factors such as activator protein 1 (AP-1)
and NF-kB, both down stream effectors of RANK-L, have
been increasingly recognized as potential targets for
inhibition of resorption, since they promote osteoclast
formation. Furthermore, kinase inhibitors of c-Jun N-
terminal kinase (JNK) and IkB kinase b (IKKb), that down
regulate AP-1 and NF-kB, respectively, might be useful
approaches to modulate osteoclast activity [96,97]. NF-kB
essential modifier (NEMO) is a regulatory component that
associates with the C terminus of the catalytic subunits of
both the a- and b-IkB kinase complex called the NEMO-
binding domain (NBD). Disruption of the association of the
NEMO with the IkB subunits via a NBD peptide results in
inhibition of osteoclastogenesis and inflammatory bone
destruction [98]. Likewise, the high osteoclastic expression
of Src tyrosine kinase coupled with the osteopetrotic
phenotype of c-Src (-/-) mice have made this kinase an
attractive osteoporosis target [99-103]. In addition, the
increased osteoblast numbers and bone formation rates in Src
(-/-) mice indicate that Src tyrosine kinase affects both bone
deposition and bone removal [104]. The effects of Src
inhibition on the bone resorption process are attributed to the
lack of formation of the osteoclastic ruffled border in Src
(-/-) mice as well as a decrease in osteoclast motility [105-
107]. Finally, serine threonine kinase inhibitors, such as
GSK-3 inhibitors, that affect wnt signalling, also increase
bone formation in vitro and in vivo [108].

Bone is a complex organ composed of inorganic mineral,
hydroxyapatite (Ca;o(PO4)s(OH),), and an organic matrix
mainly composed of Type | collagen. Dissolution of the
inorganic phase precedes degradation of the type | collagen
matrix. Several steps are orchestrated before bone resorption
takes place. Osteoclasts, derived from haematopoietic
precursors, utilize integrin proteins to bind bone matrix
proteins containing Arg-Gly-Asp (RGD) motifs to form an
enclosed environment known as the resorption lacunae. The
formation of this ruffled bordered sealed zone results in
polarization of the membrane into basolateral and apical
membranes allowing for dissolution of the inorganic phase
via acidification of the extracellular space. The vacuolar H'-
ATPase, a proton pump embedded in the ruffled border of
the basolateral membrane, secretes the acid with charge
neutrality maintained by the CIC-7 chloride channel. The H*-
ATPase not only leads to the dissolution of hydroxyapatite,
but the lowered pH of the resorption lacunae, results in the
activation of the secreted lysosomal cysteine protease
cathepsin K, a potent collagenase that is unique in its ability
to cleave the triple helical and telopeptide regions of Type |
collagen [109]. The specificity of cathepsin K for collagen vs
gelatin and other substrates depends on the tertiary nature of
the protein, wherein a 1:1 association of five cathepsin K and
chondroitin molecules is necessary for collagenase activity.
Monomeric cathepsin K can cleave non-Type | collagen
substrates [110]. Solubilization of the inorganic mineral by
the acidic solution necessarily precedes exposure of the
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organic matrix to degradation by cathepsin K. Acid
activation of cathepsin K involves autocatalytic cleavage of
the proenzyme resulting in dissociation of the 99-amino acid
propeptide region of the protein which normally binds the
active site and blocks its enzymatic activity [111,112]. The
identification of serum carboxyterminal telopeptide of type |
collagen (CTX) as a cleavage product resulting from the
actions of cathepsin K has led to its proven usefulness as a
bone resorption marker in clinical trials [113]. Interestingly,
cathepsin K has differential effects on bone resorption on
cortical vs trabecular bone. In transgenic mice over-
expressing cathepsin K, there is an increase in osteopenia of
metaphyseal trabecular bone and an increase in porosity of
diaphyseal cortical bone. Further, in addition to increased
porosity of the diaphyseal cortical bone, there was an
increase in its thickness and mineral density [114]. Cathepsin
K is a cysteine protease of the CA C1 family, represented by
?apain, containing a conserved catalytic triad of *Cys,
%His, and '®?Asn and is abundantly and selectively
expressed in osteoclasts. The high expression of this enzyme
in osteoclasts suggests its crucial nature for bone resorption
[115-118]. Mutations in human cathepsin K leading to
pycnodysostosis, a rare osteopetrotic disease characterized
by abnormal bone resorption, have been demonstrated [119-
122]. Moreover, cathepsin K deficient mice exhibit a distinct
osteopetrotic phenotype [123,124]. Contrary to historical
suppositions, cathepsin K, and not cathepsin L, is the major
protease responsible for human osteoclastic bone resorption
[125]. Cathepsin K antisense nucleotides inhibit osteoclast
mediated bone resorption [126]. Furthermore, glycos-
aminoglycans (GAGs) are known to form cathepsin K-GAG
complexes that enhance collagenase activity of cathepsin K
in osteoclast while inhibiting its elastolytic activity [127]. In
addition, cathepsin K overexpression results in high bone
turnover in mice [128]. The importance of cathepsin K, and
not cathepsins B, L and S, towards bone resorption has been
demonstrated using small molecule peptidyl vinyl sulfones
[129,130]. Besides its expression in osteoclasts, cathepsin K
is also expressed in monocyte-derived macrophages [131],
adipocytes [132], thyroid epithelial cells [133], bronchial
epithelial cells [134], ovarian theca cells [135], activated
stellate cells [136], Sertoli cells [137], gastric parietal cells
[138], and synovial fibroblasts [139] as well as several
disease states including rheumatoid arthritis [140], metastatic
prostate cancer [141] and lung tumors [142], lung fibrosis
[134], atherosclerosis [143], and osteoarthritis [144]. As
opposed to osteoclast organic matrix, 90% of which is
composed of type | collagen, cartilage tissue is mainly
composed of type Il collagen and aggrecan. Cathepsin K
efficiently degrades both type Il collagen and aggrecan in
cartilage tissue, such proteolysis is often observed in
rheumatoid arthritis [145-147]. Results from genetic studies
eliminating cathepsin K have been validated using small
molecule inhibitors. The irreversible nonselective cysteine
protease inhibitor E-64 attenuates osteoclastic bone
resorption [148,149]. Furthermore, cathepsin K specific
inhibitors, such as cyclic ketones [150,151], ketoamides
[152,153], and dipeptidyl nitriles [154], exhibit in vivo
activity when administered orally to either rodents or
primates. Finally, several pharmaceutical companies are
currently performing clinical trials, with Novartis having
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reported reductions in bone resorption markers in humans
with one selective cathepsin K inhibitor [155,156].

Due to a large number of cysteine proteases identified in
the human genome, selectivity of inhibitors of cathepsin K
versus other cysteine proteases, especially those that are
highly homologous such as cathepsins L (60% identity, 76%
similarity), S (59% identity, 73% similarity) and V (58%
identity, 62% similarity), is always a major concern
[157,158]. Cysteine proteases such as cathepsin S and L are
expressed in the lysosomal compartments of antigen
presenting cells such as dendritic cells, B-cells and
macrophages and are involved in processing of antigenic
peptides and also cleavage of the invariant chain that blocks
the antigen-binding site of the MHC class Il molecule.
Although the former process is mostly redundant since
several cathepsins usually are capable of degrading the same
antigenic peptide, the latter process, i.e. invariant chain
processing, depends on the presence of a particular cysteine
protease [159-161]. The antigenic peptide fragments that are
bound to the major histocompatibility complex (MHC) class
Il are transported to the surface of antigen presenting cells
for recognition by CD4" T cells [162]. Such antigen
processing is crucial for the body’s response to pathogens
but is also sometimes responsible for adverse effects such as
allergies and autoimmune disease. Endothelial progenitor
cells expressing cathepsin L have been found to be extremely
important in neovascularization, an adaptation process to
rescue tissue from critical ischemia. Mice lacking cathepsin
L show impaired functional recovery following hind limb
ischemia [163]. Cathepsin V is expressed in the thymus and
testis and is also involved in MHC class Il antigen
presentation. In addition, cathepsin V along with cathepsins
K and S have potent elastolytic activity resulting in
destruction of elastin matrix in atherosclerotic arteries [164].
In the design of selective cathepsin K inhibitors, there are
several key elements that need to be addressed. These
inhibitors need to be reversible so as to prevent antigenicity
arising from covalent modification of proteins via
irreversible inhibition. Selectivity over other cysteine and
serine proteases is also desirable to prevent adverse side
effects. Most of the cathepsin K inhibitors reported take
advantage of the differences in the S? subsite to gain
selectivity for cathepsin K versus other cysteine proteases.
The differential requirements of the S? subsite, i.e. the larger
S? pockets for cathepsins S and L versus the shallower S°
pocket of cathepsin K, in combination with differences in S*
subsites can afford selective cathepsin K inhibitors
[129,165,150]. Selectivity gains using the S* prime subsite
have also been reported for the ketoamide class of inhibitors
[152,153]. Finally, in the design of cathepsin K inhibitors,
sequence identity/nomology among species needs to be
considered so that a suitable pharmacodynamic model can be
utilized to assist translation to the clinic. For example, in the
design of cathepsin K inhibitors, variations in the S and S°
subsites can affect potency of inhibitors in the human vs rat
orthologs resulting in considerable loss in potency at the rat
enzyme.

ALDEHYDES

Knowing that cysteine protease inhibitors like leupeptin
and E-64 attenuated bone resorption, Larry Miller, an
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osteoporosis expert in GlaxoWellcome's pharmacology
department, was particularly excited about the discovery of
cathepsin  OC-2 in rabbit osteoclasts [115] and the
subsequent identification of the human ortholog, cathepsin K
[116,166,117,167,168]. When additional target validation
was disclosed from Bruce Gelb's laboratory showing that the
osteopetrotic disorder pycnodysostosis was caused by
inactivating mutations in cathepsin K [120], Larry initiated a
cathepsin K inhibitor program for the treatment of
osteoporosis in 1996. As part of that program, a directed
screen of known cysteine and serine protease inhibitors in
the GlaxoWellcome compound collection was pursued. This
screen identified calpeptin 1, Cbz-Leu-Nle-H, as a very
potent cathepsin K inhibitor (ICso = 0.11 nM) [169]. Further
focussed screening of close calpeptin analogs revealed that
the single amino acid derivative Boc-Nle-H 2 was also a
potent cathepsin K inhibitor (ICs, = 51 nM). Although ~500-
fold less potent than calpeptin, this truncated inhibitor's
absence of amide bonds and small size suggested it was an
excellent lead molecule for further optimization.

In addition to synthesizing heavy atom derivatives of
calpeptin to aid in phasing of potential x-ray diffraction
patterns of cathepsin K/inhibitor co-crystals, synthesis of P*
modified aldehydes was instituted to probe the S* subsite of
cathepsin K [169]. The inhibitors were synthesized from the
corresponding tert-butyloxycarbonyl-protected amino acids
via mixed anhydride reduction, followed by oxidation. As
shown in Table 1, the glycine derivative 3 (ICsy = 5,800 nM)
was ~100-fold less active than the starting lead, while the
alanine derivative 4 (ICso = 200 nM) was only ~4-fold less
potent. Longer n-alkyl chains 5, 8, 18, and 19 were
equipotent to the Boc-Nle-H lead. In addition to
enhancements in inhibitory potency from hydrophobic
interactions of the aliphatic chain with the enzyme, the
conformational bias induced by the side chain substituent
may also contribute to the enhanced activity of the alanine
derivative compared to the glycine analog.

Branching at the a-carbon of the P* moiety was
detrimental to activity with the tert-butyl analog 7 (ICsq =
52,000 nM) being ~1,000-fold less active that the starting
lead. Substitution at the b-carbon of the P* group was better
tolerated with the leucine derivative 12 (ICsy = 31 nM) being
equipotent to 2, and the neopentyl analog 13 (ICso = 250 nM)
only suffering a slight decrease in activity. Unsaturation in
the alkyl chain was also explored. The Z-alkene 15 (ICsq =
41 nM) was equivalent to 2, whereas the E-alkene 16 (ICso =
150 nM) and alkyne 17 (ICs, = 410 nM) suffered decreases
in activity, possibly revealing information about the
conformation of the P* alkyl chain.

Probing for potential p-p stacking interactions, aryl rings
were tethered to the P* position. These analogs maintained
good activity with the phenpropyl analog 30 (ICs = 15 nM)
being slightly more potent than 2. The cyclohexyl
derivatives were also active. The modest gains in activity
suggest no p-p stacking interactions were achieved. Further-
more, the improvements were less attractive considering
their synthetic complexity and decreased hydrophilicity.

Heteroatoms were also incorporated into the P* groups to
probe the electronics of the S* subsite. Replacements of the
b- or g-carbon with "hard" heteroatoms like oxygen 20 or 22
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Table1. Aldehyde P! Cathepsin K Inhibition

YT
0 R

# R 1Cso NM
3 H 5800
4 Me 200
5 Et 58
6 i-Pr 160
7 t-Bu 52,000
8 n-Pr 38
9 CH(Me)Et (S) 250
10 CH(Me)Et (R) 130
11 CH,C(CH3)=CH2 79
12 CH,i-Pr 31
13 CHyt-Bu 250
2 n-Bu 51
14 (CH_)sCF; 87
15 Z CH,CH=CHCHjs 41
16 E CH,CH=CHCH; 150
17 CH,C°CCHjs 410
18 n-Pentyl 110
19 n-Hexyl 23
20 CH,OEt 660
21 CH,SEt 83
22 (CH,) ,OMe 680
23 (CH,) ,SMe 78
24 Ph 51
25 cy 26
26 CH,Ph 110
27 CH,Cy 36
28 (CH2):Ph 30
29 (CH,).Cy 26
30 (CH2)sPh 15
31 (CH2)sCy 16
32 CH,OCH_Ph 38
33 CH,SCH_Ph 40
34 CH;NHCO,Me 370
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(Table 1) Contd....
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# R ICso M
35 (CH,) ;NHCO,Me 15
36 (CH,) :2N(Me)COCF, 98
37 (CH,) sN(Me)COCF, 29
38 (CH,):N(H)COCF, Vi1
39 (CH,) sN(Me)COCF, 50

or nitrogen 34 was detrimental to inhibitory activity. In
contrast, the correspondingly "soft" sulfur analogs 21 and 23,
with d orbital occupation leading to more diffuse electron
lone pairs, more closely resemble the carbon analogs and
exhibit equal potency. Hard heteroatoms further removed
from the amino acid backbone are well tolerated with the
lysine-derived methylcarbamate 35 being quite potent (ICso
= 15 nM). The lysine and ornithine derived analogs should
have enhanced aqueous solubility, potentially leading to
better oral absorption.

With exploration of the S* subsite complete, the P!
substituent was fixed as n-butyl and the S% S* subsites were
explored by modifications to the tert-butyl carbamate [170].
The carbamates were synthesized via coupling alcohols to
the isocyanate derived from norleucine methyl ester. The
esters were subsequently converted to the desired aldehydes.
Alternatively, the alcohols were converted to chloroformates
and coupled to the norleucine-derived aminoalcohol, then
oxidized to the desired aldehydes. Since, the lead contained
no P* moiety, an aryl ring was appended to the carbamate by
varying tether lengths hoping to pick-up binding from van
der Waals interactions with the enzyme or p-p stacking
interactions with potential aryl groups in S, S®, or the active
site trough. As shown in Table 2, these aryl analogs 40, 41,
and 42 were less active than the tert-butyl group, but the
apparently more potent phenethyl P? substituent (ICs, = 270
nM) was combined with the tert-butyl P? moiety (ICso = 51
nM), giving a net 4-fold improvement in potency for analog
43 (ICso = 12 nM). To further probe the size of the S? pocket,
the diethyl 45, cyclobutyl 44, cyclopentyl 46, and cyclohexyl
47 analogs were prepared, with the cyclopentyl derivative 46
(ICso = 0.35 nM) being optimal.

To ascertain the importance to enzyme binding of both
methyl substituents in analog 43, the monomethyl
diastereomers were prepared. All of the activity resided in
the (S)-methyl diastereomer 48 (ICs, = 1.8 nM), which was
more potent that the starting gem dimethyl analog 43. In
contrast, the (R)-methyl diastereomer was deleterious to
enzyme activity. Having established the stereospecific
inhibitory nature of these analogs, the active diastereomeric
series was furthered explored, with the ethyl 51 (ICs, = 0.13
nM) and iso-propyl 53 (ICs, = 0.50 nM) derivatives being
optimal.

To ease synthetic complexity, symmetrical P?
substituents lacking a P®> moiety were also investigated. The
di-iso-propyl analog 58 (ICs, = 0.56 nM) was equipotent to
the iso-propyl derivative 53. In these symmetrical analogs

55-60, one substituent likely occupies the S* pocket, while
the other appendage may interact with the active site trough
that normally accommodates the peptide backbone of
substrates.

Several modifications to the aryl P* ring of analog 43
were explored. The cyclohexyl 50 and 3-thiophenyl 65
groups were similar to the phenyl ring. Furthermore,
substitutions 61-64 to alter the electronic properties of the P*
substituent had no effect on potency, suggesting modest
interactions of the P group with the enzyme.

Besides exploring the S!, S? and S® subsites of the
enzyme, the peptide backbone recognition motifs of
cathepsin K were investigated by modifications to the core
chain of analog 2 [171]. Probing the stereochemical
requirements of cathepsin K substrates/inhibitors, the
enantiomer of inhibitor 2 was prepared. The enantiomer of
inhibitor 2 was a substantially poorer inhibitor of cathepsin
K (ICso = 5,900 nM). Since its residual activity might reflect
activity from small quantities of 2 generated by
epimerization under the acidic conditions of the enzyme
assay, further effort was made to test the potential of the
protease to accommodate a D-amino acid derivative. The a-
methyl derivative 66 was prepared. As shown in Table 3, it
was inactive at concentrations up to 13,000 nM, implying
that the activity of the enantiomer of 2 probably arose from
contamination with ~1% of 2.

Many proteases bind the amide bonds of their substrates
with hydrogen bonding recognition motifs. Continuing
efforts to probe the peptide backbone recognition of the
enzyme, the hydrogen bond donor NH of the carbamate was
N-methylated to test this possibility. This analog 69 (ICs, =
12,000 nM) was ~200 times less potent than 2. This suggests
that the proton is crucial for formation of a key hydrogen
bond, although the protease may be unable to accommodate
the methyl group in this region of the enzyme. To further
investigate this potential hydrogen bonding interaction, the
NH of the carbamate was replaced with oxygen 67 (ICsy =
1,900 nM) resulting in a ~37-fold decrease in inhibitory
activity, providing further support for a potential hydrogen
bond interaction with cathepsin K. Moreover, the methylene
replacement 68 (ICs, = 3,500 nM) was also substantially less
active, providing additional evidence for the hypothesis.

To further explore the requirements of the main chain of
the inhibitor class, the importance of the carbamate oxygen
was also investigated. The sulfur replacement provided the
thiocarbamate 72 (ICsg = 2.2 nM) which was equipotent to
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Table 2.  Aldehyde P? - P® cathepsin K inhibition
R HW
-, O\“/ H o
1R nBu
# R R! R? ICso NM
2 Me Me Me 51
40 Ph H H 540
41 PhCH, H H 270
42 Ph(CH,), H H 600
43 PhCH, Me Me 12
44 PhCH; (CHy)s 24
45 PhCH, Et Et 2.1
46 PhCH, (CHy)4 0.35
47 PhCH; (CHy)s 20
48 PhCH, Me H 1.8
49 PhCH, H Me 100
50 CsH11CH, Me H 2.7
51 PhCH, Et H 0.13
52 PhCH, nPr H 15
53 PhCH, iPr H 0.50
54 PhCH, iBu H 6.5
55 PhCH, PhCH, H 71
56 H Et Et 4.0
57 H nPr nPr 0.87
58 H iPr iPr 0.56
59 H iBu iBu 11
60 Me iPr iPr 4.7
61 3-MeO-Ph CH, Me Me 5.4
62 4-MeO-Ph CH, Me Me 2.9
63 2-CI-Ph CH, Me Me 3.1
64 4-ClI-Ph CH, Me Me 4.6
65 3-thiophenyl CH, Me Me 7.6

the carbamate 71 (ICsq = 1.8 nM). In contrast, substitution of
the oxygen with a methylene as in amide 70 (ICs, = 930 nM)
resulted in a ~18-fold reduction in potency relative to the
carbamate 2. Attempts to replace the oxygen with NH were
thwarted by its intramolecular cyclization onto the aldehyde
warhead during oxidation of the alcohol. Blocking the
nitrogen with a methyl substituent allowed the synthesis of
urea 73 (ICsp = 3,300 nM), but it was ~1,800-fold less potent
than the carbamate. The N-methyl of the urea may clash

sterically with the surface of the active site of cathepsin K
reducing its inhibitory potential.

Since selectivity is an important concern when designing
potential drugs to avoid undesired toxicities, several of these
aldehyde-based inhibitors were assayed versus the
commercially available CA1 family cathepsins B & L [170].
As shown in Table 4, all of these inhibitors were better
inhibitors of cathepsin K than cathepsins B or L.
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Table 3.  Aldehyde Peptide Backbone Analog Cathepsin K Inhibition
X Y,
R0
O nBu

# R X Y R? IC5 nM

2 t-Bu (0] NH H 51

66 t-Bu (0] NH Me >13,000
67 t-Bu (0] (6] H 1,900
68 t-Bu (0] CH; H 3,500
69 t-Bu (0] NMe H 12,000
70 t-Bu CH; NH H 930
71 (S)-PhCH,CHMe (0] NH H 1.8

72 (S)-PhCH,CHMe S NH H 2.2

73 (S)-PhCH.CHMe NMe NH H 3,300

Table 4.  Aldehyde Cathepsin B, K, and L Inhibition and Selectivity
R N
O\“/ \-AO
R R2 nBu
# R R R? CatB CatK CatL
1C5o NM 1C5o NM 1Cso NM

44 PhCH, (CHy)s 3,400 24 1,200
45 PhCH, Et Et 2,200 2.1 110
46 PhCH, (CH2). 810 0.35 2,000
47 PhCH, (CHy)s 12,000 2.0 8,500
48 PhCH, Me H 460 1.8 740
50 CgH1,CH, Me H 400 2.7 270
51 PhCH, Et H 72 0.13 15

Furthermore, the cycloalkyl inhibitors 44, 46, and 47 were at
least 500-fold more potent cathepsin K inhibitors than
cathepsin B or L inhibitors. These results gave encouragem-
ent that selective cathepsin K inhibitors could be developed.

As shown in Figure (1A), Lisa Shewchuk solved an
internal X-ray structure of cathepsin K co-crystallized with a
para-bromo-derivative of calpeptin in 1997, the same year
Axys [165] and SmithKline Beecham [172] disclosed their
initial cathepsin K structures. This structure further validated
conclusions drawn from the SAR. The presumed P? iso-butyl
substituent did indeed occupy the S? pocket with the P! n-
butyl moiety forming van der Waals interactions with the S*
wall, and the P* phenyl group interacting with the S* groove.

As expected based on papain x-ray structures with
aldehydes, the hydroxyl of the hemithioacetal formed by
addition of the active site thiol to the carbonyl occupies the
oxy-anion hole where it is stabilized by hydrogen bonds to
the backbone amide of °Cys, the side chain of *GIn, and the
side chain of *®?His. Furthermore, there were two hydrogen
bonds formed between the peptide recognition motif of the
enzyme and the inhibitor confirming the backbone SAR
data. The amide NH formed a hydrogen bond to the
backbone carbonyl of ***Asn, while its carbonyl oxygen
accepted a hydrogen bond from the backbone NH of ®Gly.

As expected based on their reputation, these aldehydes
were rapidly metabolized during rat S9 liver incubations and
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not detected after 15 minutes when dosed to male Han
Wistar rat iv or po [170]. Despite these limitations, these
efforts provided valuable structure/activity relationship
information that it was hoped could be applied to the design
of other cathepsin K inhibitors with different warheads.

SEMICARBAZONES

Since semicarbazones had been previously described as
cysteine protease inhibitors [173], it was decided to explore
this class of inhibitor. It was surmised that semicarbazones
could provide access to S* and S® subsite binding
interactions as well as potentially improve drug properties
like aqueous solubility versus aldehydes. Numerous semicar-
bazones, derived from Boc-Nle-H 2, were synthesized [174].
As shown in Table 5, most of the terminally monosubstituted
semicarbazones (74-81) were slightly less active than the
starting aldehyde 2 with 1Cses ranging from 160-490 nM.
Proximal substitution of a distally monosubstituted
semicarbazone, as in analog 82, substantially decreased
potency relative to phenylethyl derivative 81. In contrast, the
terminally disubstituted semicarbazones (83-89) (ICsy = 35-
72 nM) exhibited similar cathepsin K inhibitory activity to
the starting aldehyde 2.

Current Topics in Medicinal Chemistry, 2005, Vol. 5, No. 16 1647

The semicarbazones were generally stable in plasma with
good membrane permeabilities. Furthermore, they had
improved solubility in fasted state-simulated intestinal fluid
(FS-SIF) relative to the parent aldehyde. Unfortunately, they
were rapidly hydrolyzed to the starting aldehyde in simulated
gastric fluid (SGF) as well as rapidly metabolized during rat
S9 liver incubations. This in vitro instability translated to in
vivo studies as these inhibitors had short terminal half-lifes,
moderate to high clearances, moderate steady state volumes
of distribution, and poor oral bioavailabilities in male Han
Wistar rats. Like many different warhead inhibitor classes of
cathepsin K inhibitors, the semicarbazones were
substantially less potent inhibitors of the rat enzymes
compared to the human ortholog. Despite these liabilities,
several of these semicarbazones were able to attenuate bone
resorption in an ex vivo rat calvaria resorption assay.

Many of these inhibitors were incubated with cathepsin

K with the hope of obtaining co-crystals of sufficient
diffraction quality for structural elucidation. Thirteen such
crystals were identified, but structure refinement revealed
aldehzyde inhibitors with little or no electron density for the
semicarbazide-derived portion of the inhibitor. For
example as shown in Figure (1B), a co-crystal structure of a
semicarbazone derivative of aldehyde 53 incubated with

Table 5. Semicarbazone Cathepsin K Inhibition
>(O\“/ y \n/Y\ Rl
B
# X Y R! R? ICso NM
74 NH N H H 350
75 NH N Me H 280
76 NH N Et H 490
77 NH N i-Pr H 170
78 NH N t-Bu H 160
79 NH N Ph H 400
80 NH N PhCH, H 410
81 NH N Ph(CH,). H 260
82 NMe N Ph(CH,), H 11,000
83 NH N Ph(CH,). Me 45
84 NH N Me Me 72
85 NH N Et Et 40
86 NH 1-pyrrolidine - - 36
87 NH 1-piperidine - - 58
88 NH 4-morpholine - - 35
89 NH 2,3-2H-indole - - 48
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cathepsin K revealed electron density for the aldehyde 53,
but not the semicarbazide portion. The active site thiol of the
protease attacked the aldehyde carbonyl in a similar manner
as in the calpeptin derivative structure, with the hydroxyl of
the hemithioacetal in the oxyanion hole. As surmised, this
structure proved that the iso-propyl P? group occupied the S?
pocket, with the n-butyl chain making van der Waals
interactions with the S* wall. The P*® phenyl moiety inhabits
the active site trough, pointing toward the S* subsite.

Although these structures provided greater insight into
S'-S® subsite preferences which could impact inhibitor
design, they raised the possibility that the semicarbazone
inhibitors were merely pro-drugs for aldehydes. This
hypothesis was supported by the relatively flat SAR and the
lack of semicarbazone inhibitors with greater potency than
their parent aldehydes. Investigations to test this hypothesis
revealed that the semicarbazones, unlike their parent
aldehydes, were substantially less active inhibitors of
cathepsin K at pH = 7.0 versus pH = 5.5. Finally, *C NMR
experiments with a semicarbazone with cathepsin K gave a
resonance corresponding to a hemithioketal adduct with
cathepsin K, while no thioaminal resonance was detected
between cathepsin K and the semicarbazone. These
experiments provided strong support for the semicarbazone
pro-drug hypothesis. Since the semicarbazones were likely
acting as pro-drugs and did not lead to improvements in
potency or selectivity while only modestly improving the
inhibitor pharmacokinetic profiles, further efforts in this
inhibitor class were curtailed.

CYANAMIDES

Co-current with the directed screen of known serine and
cysteine protease inhibitors, a high throughput screen (HTS)
of the GlaxoWellcome compound collection was also
initiated. In addition to the identification of aldehydes, b-
lactones and b-lactams, Michael acceptors, nitriles, a-
halomethylketones, diazomethanes, and epoxides, two
intriguing hits were identified. The first hit was a library of
a-a’-diacylaminoalcohols [175]. These alcohols were
inactive upon resynthesis. Surmising that the active species
were the ketones, generated from air oxidation after
prolonged storage in dimethyl sulfoxide, the corresponding
ketones were also prepared. These N-acylated N’-Cbz-valine
capped diaminoketones 90 were ~100 nM reversible
inhibitors of cathepsin K. Unfortunately, subsequent
disclosure of similar inhibitors by SmithKline Beecham
[176] later that year led to the abandonment of this series.

(0] (0]
I v i
(0] N
©/\ N \"/
0 90 (e}
Structure 90.

The second interesting HTS hit was a PDE 1V inhibitor
[177] 91 which was also a reversible and substrate co
mpetitive inhibitor of cathepsin K (ICsg = 430 nM) [178].
Since nitriles were well documented warheads for cysteine
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proteases, a hypothesis was formulated that the cyanamide
was an important feature of the inhibitor. Stripping away the
side chains from the pyrrolidine ring gave the N-
pyrrolidinecarbonitrile 92 (ICs, = 2,100 nM) which still
functioned as a reasonable inhibitor of cathepsin K with only
a ~5-fold loss in activity from the starting lead.

O
\ N~

o

: 91 CN

O

Structure 91.

Starting from this key pharmacophore 92, a strategy was
implemented to append substituents to the a or b positions of
the pyrrolidine ring to gain binding energy through
interactions with the S* and S® subsites of the enzyme.
Borrowing from the aldehyde SAR, the P? tert-butyl moiety
was attached to the pyrrolidine ring. The (S)-proline derived
a-series cyanamide 93 (ICsp = 60 nM) was 35-fold more
potent cathepsin K inhibitor than 92, while its (R)-proline-
derived enantiomer 94 was 5-fold less potent than 93. Since
the enantiomers exhibited significant differences in
inhibitory potency, the aza-proline analog 95 was prepared.
The aza-proline 95 (ICsg = 380 nM) was similar to the (R)
enantiomer 94, and significantly less activity than the (S)
proline-derived inhibitor 93.

In addition to the importance of the a-stereocenter, the
ester oxygen was also necessary for maintaining good
inhibitory activity as the amide 96 (ICso = 8,100 nM) was
over 100-fold less potent than the corresponding ester 93.
Furthermore, the addition of a P* element to the cyanamide
inhibitor class also enhanced potency. Incorporation of the P
group from aldehyde 50 into the cyanamide template
resulted in a 30-fold increase in activity for cyanamide 97
(ICso = 1.8 nM) relative to the tert-butyl analog 93.

The effect of ring size on inhibitory activity versus
cathepsin K was also explored. As shown in Table 6, the
four-membered aziridine ring was optimal for cathepsin K
inhibition. A comparison of the piperidine 98 with
pyrrolidine 93 indicates that the six-membered ring is
inactive at concentrations up to 13,000 nM. In contrast, the
aziridine 99 (ICsy = 0.048 nM) is greater than 30-fold more
potent than its five-membered ring congener 97.

In the b-substituted series, the (S)-enantiomer 100 (ICso =
81 nM) was equipotent to the more active a-series analog
93. In contrast to the a series, the b series (R) enantiomer
101 (ICsy = 200 nM) had similar activity to its (S)-
enantiomer. Incorporation of a P* moiety into the b series
also enhanced potency. Thus, analog 102 (ICsp = 12 nM) was
6-fold more active than its tert-butyl analog 100, but less
potent than its corresponding a series analog 97.

X-ray co-crystal structures of aldehyde inhibitors with
cathepsin K revealed a key hydrogen bond between the
carbamate NH of the inhibitor and ‘**Asn of the enzyme
[170,169]. These cyclic cyanamides of the a series are
incapable of forming a similar interaction. Speculating that
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Table 6. Cyclic Cyanamides Cathepsin K Inhibition
R— )<()y;N— CN
07

# R X y z 1Cso NM
91 430
92 H CH 3 0 2,100
93 t-BuO(C=0) (S)-CH 3 0 60
% t-BuO(C=0) (R)-CH 3 0 300
95 t-BuO(C=0) N 3 0 380
96 t-BUNH(C=0) (S)-CH 3 0 8,100
97 (S)-CyCH,CH(Me)O(C=0) (S)-CH 3 0 1.8
98 t-BuO(C=0) (S)-CH 4 0 >13,000
99 (S)-CyCH,CH(Me)O(C=0) (S)-CH 2 0 0.048
100 t-BUO(C=O)NH (S)-CH 1 2 81
101 t-BUO(C=O)NH (R)-CH 1 2 200
102 (S)-CyCH,CH(Me)O(C=0)NH (S)-CH 1 2 12
103 Cbz-Leu-NH CH 1 2 19

additional binding energy could be obtained by introducing
such an interaction, this hypothesis was investigated [179].
The acyclic cyanamides 104 and 105 were prepared to avoid
the conformation bias imposed by the ring. A comparison of
the methylene acyclic cyanamide 104 (ICs, = 26 nM) which
lacks a hydrogen bond donor to the aza-cyanamide 105 (ICs
= 0.009 nM) that contains a hydrogen bond donor revealed
that the hydrogen bond donor analog was over three orders
of magnitude more potent, even though the methylene
acyclic cyanamide 104 was still a effective cathepsin K
inhibitor. To further explore this hydrogen bond hypothesis,
the methyl analogs 106, 107, and 108 were prepared. The N-
methyl derivative 106 (ICsy = 62 nM) had similar inhibitory
activity to the methylene analog 104, while the (S)-methyl
analog 107 (1Cso = 2,300 nM) and the (R)-methyl analog 108
(ICso = >13,000 nM) were substantially less active. These
results supported the hypothesis than the carbamate NH of
105 forms a hydrogen bond interaction with ***Asn. In
addition to the hydrogen bond, the slightly different
conformation of the inhibitor arising from the sp? geometry
of the carbamate nitrogen may also contribute to the large
increase in inhibitory potency of the azacyanamide 105. The
sp? orientation of substituents attached to the a-carbons of
esters 104, 107, and 108 may be poorly accommodated by
the protein. Regardless of the orientation of substituents at
this position, there appears to be little room for alkyl groups
(Compare 104 to 107 and 108 or 105 to 106).

Desiring to make a direct comparison of the cyanamide
warhead to a nitrile warhead, cyanides 109, 110, and 111
were prepared. The nitrile 109 (ICso = 7,900 nM) was over

five orders of magnitude less potent than the cyanamide 105,
and the a-methyl nitriles 110 and 111 were even poorer
inhibitors of cathepsin K. The greater electrophilicity of the
cyanamide warhead accounts for most of this difference, but
the sp? geometry of the cyanamide may also afford a better
fit with the enzyme.

The amide 112 (ICs, = 830 nM) was also synthesized. It
was 30-fold less potent than the ester 104. This result was
similar to the cyclic cyanamide analog 96 underscoring the
detrimental effect of a sp® amide nitrogen relative to a sp®
orientation at this position. The higher penalty to desolvate a
NH versus an O may also contribute to the loss in inhibitory
activity.

The effect of P! substituents on enzyme inhibition was
also explored. Qualitatively, the P* SAR nparalleled the
results of the aldehyde inhibitors from Table 1. Increased
steric bulk adjacent to the cyanamide decreased inhibitor
potency (Compare 113 to 114 and 115). In contrast,
branching farther down the P' chain was better tolerated
(Compare 117 or 119 to 118 or 120).

As shown in Table 8, these inhibitors were quite
selectivity versus the aminopeptidase cathepsin H [179,178].
In contrast, they were good inhibitors of the closely related
endoprotease cathepsin L, with the selectivity against the
carboxypeptidase cathepsin B being moderate. In general,
the nitrile 104, although being less potent than the
cyanamides, was more selective than the much more
electrophilic cyanamides.
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Table 7. Acyclic Cyanamide Cathepsin K Inhibition
Rl )QZ
X\II/'Y\Z\/CN
O/\r o R R
# X Y R! R? z R? R* ICso NM
104 0 c H H N Me 26
105 0 N H - N Me 0.009
106 0 N Me - N Me 62
107 0 c Me H N Me 2,300
108 0 c H Me N Me >13,000
109 0 N H c H H 7,900
110 0 N H c Me H >13,000
111 0 N H c H Me >13,000
112 NH c H H N Me 830
113 0 N H N Et 0.003
114 0 N H - N i-Pr 0.019
115 0 N H N t-Bu 1,500
116 0 N H N Cy 0.016
117 0 N H N n-Pr 0.004
118 0 N H N i-Bu 0.004
119 0 N H N n-Bu 0.007
120 0 N H N Bn 0.006
25, H
Table8. Cyanamide Cathepsin B, H, K, and L Inhibition and hyd_rogen bonds from the bacllébone NH_O_f Cys and the side
Selectivity chain carbonyl oxygen of ~GIn stabilize the NH of the
isothiourea. Moreover, the S® pocket formed by residues
Tyr, %Met, *Ala, **Ala, and *®Leu is inhabited by the
# CatK CatB CatH CatL tert-butyl P? fragment. Furthermore, the backbone NH of
ICs NM ICs NM ICs NM ICs M %Gly donates a hydrogen atom to the carbonyl oxygen of the
carbamate, while the backbone carbonyl oxygen of ***Asn
97 18 310 580 130 accepts a hydrogen atom from the carbamate NH of the
inhibitor. Finally, the P* methyl group points down the S*
99 0.048 2.4 40 0.71 LI
groove comprised of *Gly, *Ser, 6‘PGIy, and ®Gly. The
102 12 680 8,300 81 acyclic, aza-cyanamide inhibitors are virtually superimpos-
able on the corresponding aldehyde inhibitor structures, as
104 %6 2,600 >13,000 1,500 shown for aldehyde 53 in Figure (1B), underscoring the
105 0.009 0.077 14 0.025 similar binding modes of these two inhibitor classes.
114 0.019 13 0.46 0.79 The acyclic aza-cyanamides were rapidly metabolized by

As shown in Figure (1B), a X-ray co-crystal structure of
t-BuO(C=0)NHN(Me)CN with cathepsin K helped confirm
molecular modelling predictions. The cathepsin K active site
thiol of *Cys forms a covalent isothiourea intermediate with
the cyanamide moiety of the inhibitor. Additionally, two

S9 liver preparations, whereas the pyrrolidine cyanamides
were relatively stable [180]. Furthermore, the aza-
cyanamides were rapidly degraded in plasma, probably
owing to their excellent electrophilicity. In spite of these
liabilities, several aza-cyanamides were able to attenuate
bone resorption in the rat calvarial resorption assay. Further
work in this series could possibly lead to developable drug
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candidates, but with limited resources, efforts were shifted to
the more promising ketoamide series.

KETOHETEROCYCLES

In addition to the warheads described above, these
laboratories also evaluated the use of ketoheterocycles as
electrophiles for inhibitors of cathepsin K [181]. The
increased metabolic stability of ketoheterocycles versus
aldehyde- and semicarbazone-based inhibitors made this
approach attractive. In the design of ketoheterocyclic
inhibitors, the use of potent P*, P? and P* enzyme recognition
motifs derived from aldehyde-based inhibitors was
expedient. As shown in Table 9, the unsubstituted thiazole
121 was a low micromolar inhibitor of cathepsin K. Addition
of electron withdrawing groups to the thiazole, as in
examples 123-125, afforded inhibitors with varying degrees
of inhibition with the 4-substituted ester 123 being the most
potent analog (ICsg = 230 nM). The enhanced potency of
analog 123 indicates that there may be a preferred binding
mode for the carbonyl group to the enzyme. Replacement of
the chiral P? moiety in the ketothiophene 126 with an achiral
symmetrical P? piece afforded an equipotent inhibitor
(compare 126 to 121). In addition to these thio-based
heterocycles, other aromatic rings were investigated.
Furthermore, substitution of alternative P* and P? groups into
these inhibitors were also explored. None of these changes
provided more potent analogs than ester 123. Since other
efforts involving ketoamide-based inhibitors were yielding
more promising results that seemed to allow exploitation of
the aldehyde SAR, it was decided to put more focus on
ketoamide-based electrophiles.

KETOAMIDES

Using the norleucine-derived aldehyde lead 2 as a
starting point, preliminary efforts to explore ketoamide
warhead-based inhibitors focussed on the S' subsite of
cathepsin K [182]. As shown in Table 10, the prototype
ketoamide 127 was substantially less potent than the
aldehyde lead. Simple alkyl substituents appended off this

Table 9. Ketoheterocycle Cathepsin K Inhibition
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amide did not result in additional gains in potency. In
addition, incorporation of a more sterically demanding tert-
butyl group, analog 131, on the amide resulted in the loss of
activitgl. In order to probe potential p-p stacking interactions
with ***Trp on the S* subsite, various amides with tethered
phenyl groups were prepared. While the analog having the
benzyl group 133 was fairly active (ICsp = 2,900 nM),
addition of a a-methyl group to stabilize the active
conformation showed the (R)-antipode 135 to be the more
potent inhibitor. N-methylation of the (R)-antipode as in 137,
afforded an inactive inhibitor implying the inability of the
enzyme to accommodate additional steric bulk in this space.

In the case of aldehyde-based inhibitors, it was observed
that probing deeper into the S® subsite afforded extremely
potent inhibitors such as 46 (ICsp = 0.35 nM), 51 (ICs = 0.13
nM), and 58 (ICs, = 0.56 nM). As modification in the P*
region afforded fairly modest improvements, it was decided
to explore potency enhancing P? aldehyde groups in the
ketoamide series. As shown in Table 11, homologation of
the tert-butyl group in 135 to probe deeper into the S® pocket
resulted in a 35-fold 139 to 60-fold 140 boost in potency. In
addition, with evidence that the S® subsite could afford
further gains in potency based on the aldehyde SAR, it was
decided to append various phenyl linkers off the P? backbone
of 139. More than 20- to 30-fold improvements were
achieved from additional interactions with the S° subsite
with the activity residing in the (R)-antipode analogs 141
and 143. To reduce the synthetic complexity, symmetrical P
groups were explored such as analogs 145-150, with analogs
147 (ICsp = 2.5 nM) and 149 (ICsy = 0.71 nM) being the
most active.

Having improved the P?> moiety of the ketoamide
inhibitors, efforts were redirected to the P* group in order to
enhance aqueous solubility [183]. As shown in Table 12,
substitution of the a-methyl benzyl moiety with various
heterocycles generally resulted in a loss in activity with the
exception of analog 160 (ICs, = 1.0 nM). The enhanced
potency of analog 160 may arise from a hydrogen bond
between the piperidine carbonyl oxygen and the indole NH
of ***Trp in the S*" subsite of the enzyme.

(0]
H
Rl/o\“/N . S,
: I Q
(¢} nBu X R?

# R! X R? ICs NM
121 (S)-CyCH,CH(Me) N H 3,100
122 (S)-CyCH,CH(Me) N 4-Ph 7,100
123 (S)-CyCH,CH(Me) N 4-CO.Et 230
124 (S)-CyCH,CH(Me) N 4-Me-5-CO,Et >10,000
125 (S)-CyCH,CH(Me) N 4-CF4 13,000
126 (i-Pr),CH C H 1,900
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Table 10. Ketoamide P* Cathepsin K Inhibition
0 R
H | |
>|/O\“/N N
O nBu O
# R! R? ICs NM
127 H H 5,900
128 H Me 21,000
129 H Et 18,000
130 H i-Pr 9,100
131 H t-Bu >100,000
132 H Ph 6,300
133 H CH,Ph 2,900
134 H (CH,) ,Ph 5,000
135 H (R)-CH(Me)Ph 1,200
136 H (S)-CH(Me)Ph 4,200
137 Me (R)-CH(Me)Ph >100,000
138 H CH,-2-thiophene 3,400
Table 11. Ketoamide P2-P® Cathepsin K Inhibition
O
H
R1\|/o\n/ N N
R? nBu O
# R! R? ICs NM
139 H t-Bu 34
140 Me t-Bu 20
141 Ph(CH>)» (R)-t-Bu 11
142 Ph(CH>) (S)-t-Bu 912
143 Ph(CH>) s (R)-t-Bu 0.79
144 Ph(CH>) s (S)-t-Bu 1,400
145 Et Et 76
146 n-Pr n-Pr 32
147 i-Pr i-Pr 2.5
148 i-Bu i-Bu 69
149 t-Bu t-Bu 0.71
150 cp cp 6.3
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Table 12. Ketoamide PY' Cathepsin K Inhibition
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O u 0o
# X R 1Cso NM
151 CH, 2-pyridyl 44
152 CH, 3-pyridyl 23
153 CH, 4-pyridyl 30
154 CH, 2-(1,3,4-oxadiazolyl) 19
155 (R)-CH(Me) 2-(1,3,4-oxadiazolyl) 59
156 CH, 2-thiazolyl 18
157 CH, 5-thiazolyl 14
158 CH, 4-thiazolyl 13
159 CH, 5-isoxazolyl 14
160 (S)-3-(2-piperidinonyl) 1.0

As shown in Table 13, the introduction of heterocyclic
moieties into P! resulted in higher MDCK permeability
coefficients, better solubilities, and enhanced oral
bioavailability compared to parent compound 147. The total
clearances of analogs 154, 157, 159, and 160 increased
relative to 147 ranging from 28-44 mL/min/kg, attenuating
gains in absorption.

_In addition to methylene linked heterocyclic groups in
PY, heterocyclic moieties linked directly to the amide group
were also studied as shown in Table 14 [152]. Initial efforts
focussed on securing an interaction with ***Trp, which is
conserved among the cysteine cathepsins. Various five and
six membered heterocycles were studied. The six membered
pyridines 161 and 162 were less active than their five
membered ring pyrazoles 169 and isoxazoles 168. Fusion of
an additional ring to give the isoquinoline 165 resulted in a
boost in potency (ICso = 4.8 nM). In contrast, the site of ring
attachment made a difference in activity as the quinoline 164
(ICs = 250 nM) was substantially less active, indicating that
favorable p-p stacking interactions with the tryptophan
demanded optimal substitution. The five membered
heterocycles containing an appropriately displayed hydrogen
bond acceptor/donor were generally more potent with the
isoxazole 168 (ICsy = 5.1 nM) and the pyrazole 169 (ICso =
0.77 nM) being the most potent in this series.

It was tempting to explain these effects based on steric
and electronic arguments. Further insights into the binding of
these heterocycles and the ketoamide inhibitors in general
were first obtained from the X-ray co-crystal structure of
compound 169 bound to cathepsin K as shown in Figure
(1D). Although, the orientation of the P* and P? groups were
in line with modelling predictions, the P* pyrazole moiety in
compound 169, besides an interaction with the indole of

%Trp, had an additional binding contribution from **GIn
through two water molecules. Another surprising aspect was
that the hydroxyl of the hemithioketal was not oriented into
the oxyanion hole of the protein. Instead, it interacts with
%2Hjs of the catalytic triad, as well as '*'Asn, while the
amide moiety resides in the oxyanion site. Thus, the active
site thiol attacks the electrophile carbonyl group from the
opposite face to that observed for previously reported
aldehyde and ketone cathepsin K co-crystal structures
[150,170,169,174].

With further exploration of the P*' pyrazole group, it was
found that the position of a methyl group made a huge
difference in terms of potency and selectivity. N-methyl
pyrazole 170, although not as potent due to the loss of a
hydrogen bond with ***Trp, was a very selective compound
against the other cathepsins (See Table 15), while N-methyl
pyrazole 171 retained its potency with no enhancement of
selectivity. Encouraged by these results, a number of P* N-
alkyl/aryl substituted pyrazoles were investigated. Although
SAR of the N-alkyl/aryl substitutions was quite flat in terms
of potency, large differences in selectivity over the other
highly homologous cathepsins were evident with analogs
177 and 179 being >100-fold selective over all the other
cathepsins. The N-cycloalkyls were generally more selective
than the N-aryl compounds. Steric probes from other
positions of the pyrazole such as in analogs 183-186 and the
constrained indazole 187, while potent, did not provide any
increases in selectivity.

As can be seen in Table 16, the directly attached P*
heterocyclic compounds had enhanced solubility in fasted
state-stimulated intestinal fluid relative to 147 with the
pyridine 161 and the pyrazole 169 having the highest
solubility. These higher solubilities also led to increased oral
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Table 13. Ketoamide P*" Pharmacokinetics Data
# MDCK Sol. 773 C Vss F
Papp FS-SIF
nm/sec mg/mL min mL/min/kg mL/kg %
147 57 0.012 290 8.7 1,900 3.1
151 510 0.028 77 5.2 240 10
153 - 0.062 240 7.1 90 5.2
154 510 0.15 21 33 980 16
157 480 0.051 150 28 1,300 55
159 410 0.063 52 29 1,200 32
160 310 0.35 220 44 1,600 20
Table 14. Ketoamide PY Cathepsin K Inhibition
o]
H\/LNH\
O\I( : .
o H
# R 1Cso NM
161 2-pyridyl 32
162 3-pyridyl 95
163 2-pyrazinyl 52
164 2-quinolyl 250
165 2-isoquinolyl 4.8
166 2-thiazolyl 40
167 2-(1,3,4-thiadiazolyl) 83
168 3-isoxazolyl 51
169 3-(1H-pyrazolyl) 0.77
170 2-(1-methyl-1H-pyrazolyl) 32
171 3-(1-methyl-1H-pyrazolyl) 0.41
172 2-(1-ethyl-1H-pyrazolyl) 26
173 2-(1-isopropyl-1H-pyrazolyl) 17
174 2-(1-isobutyl-1H-pyrazolyl) 39
175 2-(1-cyclopropylmethyl-1H-pyrazolyl) 27
176 2-(3,3-dimethylbutyl-1H-pyrazole) 62
177 2-(1-cyclobutyl-1H-pyrazolyl) 15
178 2-(1-cyclopentyl-1H-pyrazolyl) 20
179 2-(1-cyclohexyl-1H-pyrazolyl) 22
180 2-(1-phenyl-1H-pyrazolyl) 15
181 2-(4-pyridinyl-1H-pyrazolyl) 25
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(Table 14) Contd....

# R 1Cso NM
182 2-(2-pyridinyl-1H-pyrazolyl) 62
183 2-(3-methyl-1H-pyrazolyl) 0.47
184 2-(4-methyl-1H-pyrazolyl) 0.71
185 2-(3-phenyl-1H-pyrazolyl) 0.21
186 2-(4-phenyl-1H-pyrazolyl) 0.65
187 3-(4-fluoro-1H-indazolyl) 0.26
Table 15. Ketoamide Cathepsin B, H, L, S, and V Selectivity

Cat K B/K H/K L/K S/IK VIK

1Cso NM
169 0.77 670 30 40 3.0 21
170 32 >400 >400 250 91 50
171 0.41 >610 ND 56 7.8 29
172 26 >490 >490 220 43 4.2
173 17 >760 >760 260 78 66
174 39 >320 >320 260 59 120
175 27 >470 >470 220 41 63
176 62 >200 >200 68 13 46
177 15 >830 >830 290 130 140
178 20 >630 ND 190 55 71
179 22 >560 >560 190 140 130
180 15 >820 >820 250 69 65
181 25 >500 >500 44 5.4 19
182 62 >200 ND 40 8.3 19
183 0.47 1,100 2,100 26 1.7 14
184 0.71 ND ND ND 4.6 ND
185 0.21 1,200 1,700 25 4.1 10
186 0.65 520 18 ND 7.0 20
187 0.26 ND ND ND 2.3 ND

bioavailability. Surprisingly, the unsubstituted pyrazole 169
had a higher rate of clearance compared to the N-methyl
pyrazole 170, implying that the methyl group increases
metabolic stability.

In addition to modifying P*, it was decided to test the
effect of the ketoamide warhead on the P* group SAR
derived from the aldehyde inhibitors. Like in the aldehyde
series, the glycine derived analog 188 (ICs, = 12,000) was a
weak inhibitor as shown in Table 17. Increasing the length of
the P* substituent improved potency. Once again, the n-butyl
derivative 195 was optimal, and branching in the alkyl chain

was better tolerated b, rather than a, to the peptide backbone
(Compare 190 and 192 to 191 and 193).

Simultaneously with the optimization of the P* and P*
regions, variations that might afford better P> moieties were
also pursued. Aaron Miller investigated a structural
screening approach [184]. This exploration involved an ACD
search of secondary alcohols that were filtered on the basis
of size and cost, and then docked into the cathepsin K active
site. The ‘grow’ algorithm within the MVP program was
utilized with the active site of cathepsin K fixed during the
docking process. Table 18 shows the binding energies
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Table 16. Ketoamide P*" Pharmacokinetics Data

# cLogP Sol. tun C Vss F

FS-SIF

mg/mL min mL/min/kg L/kg %
161 5.0 1.0 130 36 1.2 58
166 4.8 0.074 170 41 35 18
167 3.6 0.035 170 28 0.65 15
169 4.6 0.27 700 68 15 41
170 4.6 0.064 240 26 2.0 28

Table 17. Ketoamide P! Cathepsin K Inhibition

g

O
# R 1Cs50 NM
188 H 12,000
189 Me 360
190 i-Pr 47
191 i-Bu 24
192 s-Bu 87
193 CH,Cy 14
194 CH,Ph 27
195 n-Bu 9.2

Table 18. Ketoamide P? Cathepsin K Inhibition

R
=
pan
} o
pan

nBu O
# R' ICso NM Calc. Bind.

Energy
135 t-Bu 1,200 -188.5
196 cis-3,5-dimethylcyclohexyl 350 -193.7
197 trans-3,5-dimethylcyclohexyl 190 -189.7
198 (S)-1-(2,3-dihydroindanyl 100 -193.2
199 (S)-1-(1,2,3,4-tetrahydronaphthalyl) 32 -194.2
200 norborneolyl 26 -190.5
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(Table 18) Contd....

# R IC5 NM Calc. Bind.
Energy
201 fenchyl 5.7 -175.4
202 adamantany!| 7.2 -176.2
203 (S)-pantolactonyl 3.0 -194.5
204 (S)-pantolactamyl 25

obtained from the docking procedure, as well as the
inhibitory potencies versus cathepsin K. The P? moieties that
exhibited good calculated binding energies relative to the
starting tert-butyl group were selected for synthesis. As can
be seen in Table 18, all the virtual screening analogs
synthesized afforded potent cathepsin K inhibitors. Although
hydrophobicity played a role in some cases such as analogs
200-202, the presence of a hydrogen bond as in 203 between
the lactone carbonyl and the backbone NH of ®Gly in
cathepsin K, as suggested by the docking calculations, also
allowed for the accommodation of small P? groups with
better potency. There was no correlation between the
calculated binding energies and the measured inhibition
constants. Such a disconnect could be due to the static nature
of the protein active site model that did not allow for
conformational changes in the subsites to accommodate
larger substituents in the P? pocket. As shown in Table 19,
these analogs were quite selective versus the exopeptidase
cathepsins B and H, with good selectivity versus
endoproteases cathepsins L and V, and moderate selectivity
versus cathepsin S.

Of the several more potent cathepsin K inhibitors 201-
203, analog 203 was selected for pharmacokinetic studies
since its ¢ Log P (5.5) was lower than those of 201 (7.9) and
202 (7.3). As shown in Table 20, compound 203 had a very
high clearance (C; = 460 mL/min/kg) resulting in a shorter
half life (t;, = 11 min) and no systemic exposure when
dosed orally. In vitro plasma studies indicated that lactone
203 was rapidly hydrolyzed to the hydroxyl acid. To
improve the plasma stability of analog 203, lactam 204 was
synthesized. This modification resulted in a compound that
was equipotent to the lactone, but with a lower clearance (C,
= 48 mL/min/kg) and better half life (t;, = 62 min). In
addition, compound 204 had a better systemic exposure after
oral dosing.

Since the structural screening approach led to the
discovery of a novel and potent inhibitor with reasonable
drug properties, it was decided to further investigate the
pantolactam 204. The strategy involved incorporation of a P*
substituent into the pantolactam template [185,186]. Initially,
a combinatorial approach was taken, in which the pyrrolidine
derived from reduction of the lactam was coupled to acid
chlorides, chloroformates, isocyanates, and sulfonyl
chlorides to produce amides, carbamates, ureas, and
sulfonamides. As shown in Table 21, the length of the tether
to a P® phenyl ring had little effect on inhibitory activity as
the one atom linker was similar to the two or three atom
linkers (compare 210, 213 and 216 or 209, 212, and 215).

Ultimately, an X-ray crystal structure of analog 220 revealed
that the isoxazole P* group was solvent exposed, explaining
the flat SAR in the tether region. In contrast, the nature of
the linkage to the pyrrolidine ring did affect potency. The
ureas 210, 213, and 216 were more active than the
corresponding carbamates 209, 212, and 215, implying that a
hydrogen bond donor was important to the ~5-fold increase
in activity. The sulfonamide 207 and the amide 208 were
also potent inhibitors. As seen in other ketoamide inhibitors,
replacement of the P* phenylethyl moiety with a pyrazole
increased potency (compare 217 to 222). Directly attached
aryl rings such as 221 (ICsy = 0.81 nM) were also well
tolerated.

As shown in Table 22, these pantolactam derived
inhibitors were quite selective against the cathepsin
exopeptidases B and H, and good selectivity was obtained
versus cathepsins L and V for several inhibitors. In contrast,
the analogs were only moderately selective versus cathepsin
S with carbamate 212 being the most selective.

The pharmacokinetic properties of selected pyrrolidines
were determined as shown in Table 23. Most of the analogs
had acceptable solubility in FS-SIF. Several analogs also
exhibited excellent permeabilities in the MDCK assay. In
contrast, analogs 220 and 222 had moderate permeabilities.
The isoxazole 220 had poor systemic exposure after oral
dosing, probably reflecting limited absorption as well as a
high first pass effect due to its high clearance. Strangely, the
analogs with the best solubilities, 220-222, had the lowest
oral bioavailabilities, possibly arising from high clearances.
Analogs with more moderate clearances and good absorption
generally exhibited better oral systemic exposure, with
pyridine 219 giving the highest oral exposure.

Co-current with the structural screening work in P
efforts to modify the P> moiety of analogs like 141 and 143
to decrease synthetic complexity were pursued [187]. As
shown in Table 24, inhibitor design involved replacing the
tert-butyl group with achiral groups. The gem dimethyl
analog 223 (ICso = 630 nM) and the cyclobutyl analog 224
(ICso = 710 nM) were moderate inhibitors of cathepsin K.
Since the S* subsite is a fairly hydrophobic pocket,
increasing the size of the P? moiety, as in analogs 225-227,
to increase lipophilic contacts resulted in a 3-25-fold boost in
potency.

For optimal S* binding, molecular modelling studies
indicated that addition of a methylene spacer could help put
the P? group deeper into the S® pocket. This methylene
extension resulted in a ~10-fold increase in inhibitory
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Table 19. Ketoamide Cathepsin K, B, H, L, S, and V Inhibition
# Cat K CatB CatH CatL CatS CatV
1Cso NM 1Cso NM 1Cso NM 1Cso NM 1Cso NM 1Cso NM
196 350 >13,000 >13,000 4,400 63 2,800
197 190 >13,000 >13,000 6,800 290 2,000
198 100 >13,000 >13,000 460 280 290
199 32 >2,000 >2,000 660 79 340
200 26 >13,000 >13,000 1,000 19 190
201 5.7 12,000 >13,000 1,700 30 180
202 7.2 >5,000 >5,000 2,600 16 390
203 3.0 >500 >500 410 13 79
204 2.5 1,400 >13,000 150 18 29
Table 20. Ketoamide P? Pharmacokinetics Data
# clLogP Sol. ti C Vss F
FS-SIF
mg/mL min mL/min/kg mL/kg %
203 5.5 0.24 11 460 3400 0
204 4.6 0.80 62 48 1300 25
Table 21. Ketoamide P Cathepsin K Inhibition
H i H
R‘X\Y\ N O\"/ N\E)I\Ir N\Rl
(6] nB (6]

# R X Y R! ICso NM
205 Ph CH, (R)-CH(Me)Ph 21
206 Ph co (R)-CH(Me)Ph 65
207 Ph SO, (R)-CH(Me)Ph 8.3
208 Ph CH, co (R)-CH(Me)Ph 3.0
209 Ph o] co (R)-CH(Me)Ph 29
210 Ph NH co (R)-CH(Me)Ph 43
211 Ph CH, SO, (R)-CH(Me)Ph 17
212 PhCH, o] co (R)-CH(Me)Ph 24
213 PhCH, NH co (R)-CH(Me)Ph 3.8
214 Ph(CH,) CH, co (R)-CH(Me)Ph 27
215 Ph(CH,) o] co (R)-CH(Me)Ph 32
216 Ph(CH,) NH co (R)-CH(Me)Ph 6.6
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(Table 21) Contd....

# R X Y R! ICso NM
217 4-CF4-Ph NH co (R)-CH(Me)Ph 2.1
218 Morpholino CO (R)-CH(Me)Ph 16
219 3-pyridyl co (R)-CH(Me)Ph 14
220 4-(3,5-Me,-isoxazolyl) NH CO (R)-CH(Me)Ph 15
221 2-benzthiazolyl 3-pyrazole 0.81
222 4-CF3-Ph NH CO 3-pyrazole 0.42

Table 22. Ketoamide Cathepsin B, H, L, S, and V Selectivity

# B/K H/K L/K S/IK VIK
207 7,100 >13,000 74 16 79
208 4,300 >13,000 76 17 140
210 2,900 >13,000 1,400 45 120
211 5,200 >13,000 910 12 79
212 >10,000 >10,000 1,300 83 170
213 4,600 >13,000 1,200 46 130
216 5,200 >13,000 760 26 85
217 >120 >120 >120 11 43
218 210 >800 81 2.8 15
219 360 >890 52 4 11
220 270 >810 39 3 9
221 >310 >310 >310 7 32
222 >600 >600 >600 7 36

Table 23. Pantolactam Derivative Ketoamide Pharmacokinetics Data
# MDCK Sol. 773 C Vss F
Papp FS-SIF

nm/sec mg/mL min mL/min/kg mL/kg %

207 150 27 2100 25
208 410 0.068 63 26 1500 29
213 210 0.053 61 32 1400 21
219 210 0.085 94 34 550 45
220 12 0.32 35 83 1400 8.8
221 250 0.16 180 65 2200 14
222 18 0.14 75 77 2600 26
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activity (compare 223 to 228), reinforcing the modelling
hypothesis. In addition, modelling studies also suggested that
addition of a methylene spacer between P?> and P* would
enhance binding interactions with the S® subsite. To confirm
this speculation, analog 229 was synthesized, the addition of
a methylene was found to enhance the potency by another
5-fold over analog 228. Constrained analogs of 229, such as
230 and 231, did not offer any additional boost in potency.
Since extension of the chain as in analogs 141 (ICso = 1.1
nM) and 143 (ICs, = 0.79 nM) afforded potent inhibitors of
cathepsin K, similar modifications afforded compounds 232
(ICso = 24 nM) and 233 (ICs, = 17 nM), but no additional
gain in potency resulted, possibly due to higher entropic
costs for binding.

Although potent compounds resulted from this work,
there were solubility concerns due to the increasing
lipophilicity of these inhibitors. Utilizing P* and P* SAR
from previous ketoamide inhibitors to design better
inhibitors, hydrophilic groups were substituted singly or in
combination at these positions (See Table 25). The pyrazole
analog 234 (ICsp = 0.83 nM) was an extremely potent
inhibitor compared with analog 230 (ICs, = 8.5 nM).
Addition of water solubilizing groups at P* as in analogs 236
and 237 did not affect the overall potency versus 230.
Furthermore, substitution of a pyridine group at P* along
with a substituted lysine at P* resulted in about 5-fold loss in
potency when compared to 230.

Representative examples from this series with P*, P? and
P® modifications were also profiled in a selectivity panel as
shown in Table 26. Although selectivity against
exopeptidases B and H was easily achievable, and good
selectivity was obtained versus cathepsin L, the analogs were
only moderately selective versus cathepsin S.

A number of analogs containing water solubilizing
groups were profiled in male Han- Wistar rats for
pharmacokinetic parameters as shown in Table 27. All
compounds had good permeability values with the exception
of analog 238 (Papp = 14 nm/sec). Analogs 235 (FS-SIF Sol.
= 0.032 mg/mL) and 236 (FS-SIF Sol. = 0.027 mg/mL) had
poor solubility in FS-SIF resulting in poor oral exposure. In
contrast, analogs 234 (FS-SIF Sol. = 0.15 mg/mL) and 237
(FS-SIF Sol. = 0.098 mg/mL) had better FS-SIF solubilities
than analogs 235 and 236 and this property might be
reflective of their better oral bioavailability. Analog 238,
although being twice as soluble as analog 234, had poor oral
systemic exposure, underscoring the importance of
membrane permeability for oral bioavailability.

As shown in Figure (1C), further insights into the
binding of these inhibitors were derived from an X-ray co-
crystal structure of cathepsin K with analog 234. As in the
X-ray co-crystal structure of analog 169 described
previously, quite similar binding modes were observed with
the S* subsite and the active site thiol. Also, as expected, the
P! pyrazole formed a hydrogen bond with the indole NH of
%Trp. In contrast to the iso-propyl group of 169, the
cyclobutyl moiety of 234 does not fit as deeply into the S°
pocket. Its larger P* phenyl group does extend farther up the
active site trough toward the S® subsite, partially
compensating for this less favorable habitation of the S°
subsite.

Deaton and Tavares

With the incorporation of P heterocycles affording
selective inhibitors of cathepsin K over other highly
homologous cathepsins, concomitant efforts were directed
towards combining optimal selectivity enhancing PY
moieties with potent P?/P* groups in the hope of obtaining
additional gains in potency and/or selectivity due to
differences in steric requirements in the S® subsites of
cathepsins K, L, S, and V. As shown in Table 28,
incorporation of non-selective P* groups with a P?/P® gem
dimethyl group as in analogs 239, 240, and 242 afforded
fairly potent inhibitors with analog 240 being the most
potent (ICs, = 1.6 nM) [188]. As expected from previous
work, incorporation of P'" unsubstituted pyrazoles as in
analogs 240, 244, 249, 253, and 257 provided the most
potent cathepsin K inhibitors. Addition of a- N-methyl
pyrazole as in analog 241 (ICs, = 1200 nM) resulted in a
dramatic loss in potency, probably resulting from the loss of
a hydrogen bond to the indole of **Trp. Reaching deeper
into the hydrophobic S? subsite by the use of constrained
analogs such as cyclobutyl and cyclopentyl resulted in
enhancements in potency. Furthermore, inclusion of
heteroatoms in P2 as in analogs 248-251 was not detrimental
to the enzyme activity. Although some loss in potency by the
N-methylation of the P* pyrazole was expected (compare
245 to 244 and 254 to 253), the complete loss in activity of
analog 258 versus 257 suggested that accommodation by one
subsite resulted in shifts in binding at other subsites that
were less favorable for binding to cathepsin K.

A quick look at the selectivity profile of pyrazoles
containing varied P%/P® moieties is shown in Table 29. There
was no gain in selectivity from steric differences in these
P?/P? groups, despite the literature precedent that steric
differences in the S? pocket can be exploited for enhanced
cathepsin K selectivity [154]. These inhibitors have a
carbamate linker that forces the P? substituent one atom
further away than the corresponding dipeptide-based
inhibitors, resulting in altered binding conformations which
could influence their selectivity.

Knowing from previous work (See Table 15) that N-
substitution of the pyrazole moiety can result in more
selective cathepsin K inhibitors, it was gratifying to find that
changes in the P*/P* group, along with N-methyl pyrazole in
the P' region, afforded a fairly potent and selective
cathepsin K inhibitor 245. Thus, a number of N-substituted
pyrazole analogs were prepared as shown in table 28 (see
analogs 262-271). Although the potency of these analogs
was generally comparable, there were significant differences
in selectivity between them and the unsubstituted pyrazole
244, Interestingly when compared to analogs having an
isopropyl P?/P? substituent 177 (ICso = 15 nM) and 179 (ICso
= 22 nM) with over a 100-fold selective for cathepsins B, H,
L, Sand V, the cyclobutyl P%/P? analogs 268 (ICs, = 45 nM)
and 270 (ICsp = 58 nM) are considerably less selective
versus cathepsins S and V. Analogs 245 and 262 were
amongst the most selective inhibitors for this P*/P°
cyclobutyl series. Although the S* subsite of these enzymes
are very similar, it is interesting to note that changes in the
P substituents can effect selectivity of these inhibitors.

Having explored modifications in the P%P° regions
coupled with P'" heterocycles that resulted in selective
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Table 24. Ketoamide P2-P® Cathepsin K Inhibition
o}
R N y
\X/ \Z/O\[ > I
Bu O
# R X Y Z 1C5o NM
223 Ph CH, C(Me), 630
224 Ph CH, Cbh - 710
225 Ph CH, Cp - 25
226 Ph CH, C(Et), 150
227 Ph CH, Cy - 210
228 Ph C(Me), CH, 65
229 Ph CH, C(Me), CH, 13
230 Ph CH, Ch CH, 8.5
231 Ph CH, Cp CH, 26
232 Ph (CH2): Cb CH, 24
233 Ph (CHy)s Cb CH, 17
Table 25. Combination Ketoamide Cathepsin K Inhibition
O
H H
R O\[]/N NS g
0 ( o}
Rl
# R R! R? ICsonM
234 4-F-Ph H 3-pyrazolyl 0.83
235 4-F-Ph Me;NSO,NH CHy-3-Py 40
236 2-F,6-F-Ph MeNHCONH (S)-CH(Me)Ph 24
237 4-F-Ph MorpholinoCONH (S)-CH(Me)Ph 13
238 4-Py MorpholinoCONH (S)-CH(Me)Ph 7.6
Table 26. Ketoamide Cathepsin B, H, L, and S Inhibition
# CatB CatH CatL Cat$S
1C5o NM 1C5o NM 1C5o NM 1C5o NM
225 > 12,000 > 12,000 3,000 430
228 > 5,000 > 5,000 3,000 270
229 > 5,000 > 5,000 1,200 20
230 3,600 > 5,000 1,300 20
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(Table 26) Contd....

# CatB CatH CatL Cat S
1Cso NM 1Cso NM 1Cso NM 1Cso NM
231 > 5,000 > 5,000 2,200 11
232 > 2,000 > 2,000 1,600 34
233 > 2,000 > 2,000 1,300 17
234 > 500 >500 330 5.2
235 > 5,000 > 5,000 > 5,000 130
237 > 5,000 > 5,000 680 27

Table 27. Combination Ketoamide Pharmacokinetics Data

# MDCK Sol. tin C Vss F
Papp FS-SIF

nm/sec mg/mL min mL/min/kg mL/kg %

234 150 0.15 120 45 31
235 69 0.032 270 9.6 420 18
236 140 0.027 94 33 1600 15
237 470 0.098 110 43 4200 38
238 14 0.30 74 27 660 8.1

Table 28. Ketoamide P? and P! Cathepsin K Inhibition

(0]

\/X\/O\"/H\_)‘\r( H\R
O nI:3u o}

# X R 1Cso NM
239 C(Me), (R)-CH(Me)Ph 36
240 C(Me), 2-(1H-pyrazolyl) 1.6
241 C(Me), 2-(1-methyl-1H-pyrazolyl) 1200
242 C(Me), 3-isoxazolyl 25
243 Cb (R)-CH(Me)Ph 71
244 Cb 2-(1H-pyrazolyl) 1.9
245 Cb 2-(1-methyl-1H-pyrazolyl) 62
246 Cb 2-(4-phenyl-1H-pyrazolyl) 6.2
247 Cb 3-isoxazolyl 20
248 CH,OCH, (R)-CH(Me)Ph 68
249 CH,0OCH;, 2-(1H-pyrazolyl) 17
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# X R 1Cso NM
250 CH,0OCH, 3-isoxazolyl 350
251 CH,0OCH, 2-(4-phenyl-1H-pyrazolyl) 10
252 Cp (R)-CH(Me)Ph 68
253 Cp 2-(1H-pyrazolyl) 1.8
254 Cp 2-(1-methyl-1H-pyrazolyl) 135
255 Cp 2-(4-phenyl-1H-pyrazolyl) 22
256 ch (R)-CH(Me)Ph 140
257 Ch 2-(1H-pyrazolyl) 18
258 Ch 2-(1-methyl-1H-pyrazolyl) >12000
259 Ch 3-isoxazolyl 120
260 Ch 3-(6-chloro-1H-indazolyl) 1.6
261 Cb 3-(1-methyl-1H-pyrazolyl) 34
262 Cb 2-(1-ethyl-1H-pyrazolyl) 52
263 Cb 2-(1-isopropyl-1H-pyrazolyl) 54
264 Cb 2-(1-isobutyl-1H-pyrazolyl) 76
265 Cb 2-(1-cyclopropylmethyl-1H-pyrazolyl) 51
266 Cb 2-(1-benzyl-1H-pyrazolyl) 65
267 Cb 2-(3,3-dimethylbutyl-1H-Pyrazolyl) 71
268 Cb 2-(1-cyclobutyl-1H-pyrazolyl) 45
269 Cb 2-(1-cyclopentyl-1H-pyrazolyl) 83
270 Cb 2-(1-cyclohexyl-1H-pyrazolyl) 58
271 Cb 2-(1-phenyl-1H-pyrazolyl) 63

Table 29. Ketoamide Cathepsin L, S, and V Inhibition
# CatL CatS CatVv
1Cso NM 1Cso NM 1Cso NM

240 16
244 37 1.4 10
245 12,600 4,000 9,300
246 - 11 -
253 54 1.8 15
257 5.9
260 11 13 5.2
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Table 30. Ketoamide Cathepsin B, H, L, S, and V Selectivity

Deaton and Tavares

# B/K H/IK L/K SIK VIK
245 >200 >200 >200 65 150
261 3700 3700 38 1.3 8.5
262 >240 >240 >240 44 89
263 >230 >230 >230 30 65
264 >170 >170 >170 14 89
265 >250 >250 >250 33 102
266 >200 >200 130 7.2 34
267 >180 >180 160 10 43
268 >280 >280 270 14 49
269 >150 >150 130 8.5 32
270 >220 >220 150 10 33
271 >200 >200 240 33 62

cathepsin K inhibitors irrespective of the P> moiety, efforts
were then directed towards extension of the side chain on the
P? cyclobutyl moiety to potentially interact with ¢’ Tyr in the
S® subsite, possibly enhancing the potency, selectivity,
and/or physiochemical properties of this class of inhibitors.
As shown in Table 31, N-methyl-imidazole analog 272 (ICsq
= 61 nM) with reduced conformational flexibility was more
potent than its flexible counterparts 273 and 274 [189].
Addition of a phenyl substituent either at the 5- or 1-position
in the hope of optimizing a ®'Tyr interaction did not result in
potency enhancements (see analogs 275 (ICsy = 230 nM) and
276 (ICsp = 87 nM)). Replacement of the N-methyl
imidazole with the thiazole 277 provided a 3.6-fold more
potent inhibitor than analog 272. The increase in potency
could be attributed to reduced cost of desolvation to remove
associated water molecules or due to more favorable binding
interactions in the absence of the methyl substituent.
Incorporation of six-membered heterocycles resulted in more
potent inhibitors of cathepsin K. The pyrimidine 279 (ICso =
11 nM) as well as the 4-chlorophenyl substituted pyrimidine
280 (ICsp = 9.5 nM) analogs were well tolerated relative to
imidazoles 272 and 276.

The oxygen linked analogs 281-291 were also profiled.
Although the thiazole incorporation afforded an equipotent
inhibitor (see 281 and 277), the heteroatom substitution in
the P® pyrimidine inhibitors (compare 282 to 279) resulted in
a 23-fold loss in potency. Attachment of the oxygen linker to
the 4-position of the pyrimidine gave analog 283 (ICsq = 85
nM). As observed in the five-membered sulfur linked
analogs, an increase in conformational flexibility resulted in
a loss in potency for compound 284 (ICs, >12,000 nM). In
the hope of increasing water solubility, analogs 285-287
were synthesized and were found to be equipotent inhibitors
of cathepsin K. As in the five-membered sulfur linked series,
there was no loss in activity on movement of the phenyl ring
adjacent to the heteroatom linker (compare 290 and 291 to

275 and 276). The carbon linked thiazole analogs 292 (ICsy =
7.9 nM) and 293 (ICso = 5.5 nM) with less conformational
flexibility than 281 were the most potent inhibitors in this
heterocyclic cyclobutyl series.

At the same time as the structural screening and synthetic
complexity reduction efforts were being investigated, the
effect of conformational constraint of the P?/P* linker of
analog 143 was also explored [153]. As shown in Table 32,
initial inhibitor design involved replacement of the flexible
P2-P® tether with various heterocyclic ring systems in the
hope of improving potency, selectivity, and/or pharmaco-
kinetic properties. Analog 294 (ICs, = 0.24 nM) was a
picomolar inhibitor of cathepsin K that was slightly more
potent than compound 143. Although a higher enthalpic cost
is paid to desolvate the water molecules that associate with
an oxadiazole ring, the lower entropic cost on constraining
the P°-P® tether more than compensates for this enthalpic
energy loss. As expected based on previous work, the P? (R)-
antipode (ICsp = 460 nM) was a >1000-fold less active
inhibitor of cathepsin K than 294. Substitution of the tert-
butyl group with other hydrophobic substituents such as iso-
propyl 295 (ICsy = 0.83 nM) or tert-amyl 296 (ICso = 1.5
nM) did not offer any potency advantages. With a preferred
P? tert-butyl substituent in place, substituents in the phenyl
P® moiety such as para-fluoro 297 and para-trifluoromethyl
298 were studied primarily to block any metabolism by
Cyp*® enzymes. As these substitutions did not affect the
potency of these inhibitors, they were incorporated into
future analog work.

As the P* aryl group did not offer any solubility
enhancement, its replacement with P*" heterocycles offering
favorable potency, selectivity, and/or pharmacokinetic
characteristics were_investigated. Based on previous SAR,
incorporation of a P*" pyrazole moiety 299 led to an increase
in inhibitory activity versus cathepsin K. Furthermore, the
oxadiazole ring was not a unique constraint as other
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Table 31. Ketoamide P* Cathepsin K Inhibition
I
S Z H H
R X\Y O\n/ N\:)J\’( Nj@
(6} nl=3u O

# R Y X 1Cso NM
272 2-(1-methyl-1H-imidazolyl) CH, S 61
273 2-(1-methyl-1H-imidazolyl) (CHp). S >12000
274 2-(1-methyl-1H-imidazolyl) (CHp)s S 1900
275 2-{5-(4-chlorophenyl)-1-methyl-1H-imidazolyl} CH, S 230
276 2-(1-phenyl-1H-imidazolyl) CH, S 87
277 2-(1,3-thiazolyl) CH, S 17
278 2-(1,3-benzoxazole) CH, S 51
279 2-(pyrimidinyl) CH, S 11
280 2-{4-(4-chlorophenyl)-pyrimidinyl} CH, S 9.5
281 2-(1,3-thiazolyl) CH, o] 37
282 2-(pyrimidinyl) CH, (e} 260
283 4-(2-chloro-pyrimidinyl) CH, (e} 85
284 4-(2-chloro-pyrimidinyl) (CHp)s (¢} >12000
285 4-{2-(4-methyl-1-piperazinyl)pyrimidinyl} CH, (e} 54
286 4-{2-(4-phenyl-1-piperazinyl)pyrimidinyl} CH, (e} 31
287 4-{2-(4-morpholino-1-piperazinyl)pyrimidinyl} CH, (e} 54
288 4-(thieno{3,2-d}pyrimidinyl) CH, (e} 98
289 2-{4-(4-methylphenyl)-1,3-thiazolyl} CH, (e} 150
290 5-(3-phenyl-1,2,4-thiadiazolyl) CH, (e} 50
291 3-(6-methyl-4-phenylpyridazinyl) CH, (e} 57
292 2-(4-trifluoromethyl-1,3-thiazolyl) CH, 7.9
293 2-(4-phenyl-1,3-thiazolyl) CH, 55

Table 32. Constrained Ketoamide Cathepsin K Inhibition
R
o
H H
\©\X/Y\|/O\“/ N\-)J\l( NS e
R 0 nBu O

# R X Y R' R? ICsonM
294 H 1,3,4-oxadiazole CH, t-Bu (R) CHMePh 0.24
295 H 1,3,4-oxadiazole CH, i-Pr (R) CHMePh 0.83
296 H 1,3,4-oxadiazole CH, t-Am (R) CHMePh 15
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(Table 32) Contd....
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# R X Y R' R? ICsnM
297 F 1,3,4-oxadiazole CH, t-Bu (R) CHMePh 0.37
298 CF; 1,3,4-oxadiazole CH, t-Bu (R) CHMePh 0.41
299 CF; 1,3,4-oxadiazole CH, t-Bu 3-pyrazole 0.029
300 CFs 1,3-pyrazole CH, t-Bu 3-pyrazole 0.072
301 CFs 1,4-pyrazole CH, t-Bu 3-pyrazole 0.032
302 CF; 1,4-imidazole CH, t-Bu 3-pyrazole 0.026
303 CF; 1,3-imidazolidinone CH, t-Bu 3-pyrazole 0.34
304 F 1,3,4-oxadiazole CH, t-Bu 2-Me-3-pyrazole 49
305 F 1,3,4-oxadiazole CH, t-Bu (S) 3-d-lactam 0.65
306 F 1,3,4-oxadiazole CH, t-Bu CH,-3-pyridine 2.8
307 CF; 1,3,4-oxadiazole CH, t-Bu 3-oxazolidinone 0.13
308 CFs 1,3-pyrazole CH, t-Bu 2-pyridine 8.1
309 CF; 1,4-imidazole CH, t-Bu 2-thiazole 5.8
310 CF; 1,3-pyrazole CH, t-Bu CHy-5-isoxazole 0.42
311 CF; 1,3,4-oxadiazole t-Bu 3-pyrazole 0.22
312 CF; 1,3,4-oxadiazole (CHy) . t-Bu 3-pyrazole 0.63

heterocyclic rings such as pyrazoles 300 and 301, imidazole
302, and 1,3-imidazolidinone 303 could be substituted while
maintaining good potency. In addition to the Pl’pyrazole,
other heterocycles were also substituted into the P*" region of
these inhibitors. Gratifyingly, N-methyl pyrazole analog 304
(ICso = 4.9 nM), although less potent, was quite selective
over other cysteine proteases (Table 33). The 2-piperidone
305 (ICso = 0.65 nM), oxadiazolidinone 307 (ICsq = 0.13
nM), and the more water soluble pyridines such as 306 (ICs,
=2.8nM) and 308 (ICs, = 8.1 nM) were also less active than
their corresponding pyrazole containing analogs, presumably
due to loss of at least one of the hydrogen bonding
interactions. The length of the P#P® tether was also
examined [190]. Both the one atom shorter analog 311 and
the one atom longer analog 312 were slightly less active than
the lead 299. But gratifyingly, as shown in Table 33, the
more rigid analog 311 was more selective than 299 or 312.
With the exception of the N-methyl pyrazole derivative 304
and the short tether analog 311, these inhibitors lacked
selectivity versus the cathepsin endopeptidases.

The pharmacokinetic parameters of the constrained
analogs are shown in Table 34. In general, the compounds
had quite good MDCK values except for analog 307 (P app =
15 nm/s), however, this moderate permeability did not limit
its oral systemic exposure (F = 79%). Moreover, most of the
compounds had good terminal half-lifes ranging from t;, =
140 min 305 to t;;; = 530 min 299. The shorter half-life of
analog 304 could be attributed to N-demethylation of the
pyrazole nitrogen. The cyclic urea 303 was extensively
metabolized resulting in a high rate of clearance (C, = 55

mL/min/Kg). Although some of the analogs were more
soluble in FS-SIF compared to other analogs, this plus did
not translate to increased systemic exposure upon oral
dosing. Thus, solubility of these inhibitors was probably
adequate to not seriously influence oral bioavailability.
Many of these compounds exhibited excellent pharmaco-
kinetic properties for profiling the pharmacodynamic effects
of cathepsin K inhibitors in osteoporotic animal models.

Insights into the binding mode of these constrained
heterocyclic ketoamides were obtained by a co-crystal
structure of the inhibitor 307 in the active site of cathepsin K
as shown in Figure (1C). Consistent with the binding of
other ketoamides, the amide carbonyl in the oxyanion hole is
stabilized by hydrogen bonds to the side chain NH of **GIn
and the backbone NH of **Cys. As expected, the n-butyl P*
chain occupies the S* groove with the tert-butyl moiety in
the S* pocket of the enzyme. Supporting modelling
predictions, the P* oxazolidinone carbonyl oxygen forms a
hydrogen bond with the indole NH of ®*Trp. Finally, the
para-trifluoromethyl-phenyl oxadiazole interacts with the
active site trough, as well as pointing into the S* subsite
formed by ®°Asn, ®*Asp, ®Gly, ®Gly, and *'Tyr.

PHARMACODYNAMIC STUDIES

The ex vivo pharmacodynamic properties of
representative analogs from several classes of inhibitors were
determined in the rat calvaria bone resorption assay,
including aldehydes 1, 46, and 48, semicarbazones 86, 88,
and 89, cyanamide 105, and ketoamides 147, 169, 299-302
[182,152,174,153,179,191]. These inhibitors were all less
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# CatK CatB CatL CatS CatVv
1Cso NM 1Cso NM 1Cso NM 1Cso NM 1Cso NM
294 0.24 12 10 0.75 1.6
295 0.83 31 17 3.7 5.6
296 15 56 17 0.72 2.8
297 0.37 9.8 33 0.53 34
298 0.41 32 190 1.6 5.0
299 0.029 45 69 0.52 1.2
300 0.072 20 8.7 0.21 0.17
301 0.032 10 36 0.078 0.43
302 0.026 27 10 0.16 0.13
303 0.34 60 37 0.54 1.7
304 4.9 3,500 3,800 110 230
305 0.65 6.2 15 0.81 1.3
306 2.8 18 130 2.7 14
307 0.13 5.2 160 1.2 7.1
308 8.1 107 240 3.7 4.5
309 5.8 870 1,000 19 36
310 0.42 23 69 0.12 0.89
311 0.22 29 100 14 20
312 >0.63 >250 240 6.2 5.0
Table 34. Combination Ketoamide Pharmacokinetics Data
# cLogP MDCK Sol. ti C Vss F
Papp FS-SIF
nm/sec mg/mL min mL/min/kg mL/kg %
299 3.34 290 0.061 530 11 1900 50
300 5.55 91 0.11 320 9.6 1600 42
301 5.34 120 0.097 340 9.1 2100 45
302 5.08 160 0.13 460 15 2400 55
303 4.80 - 0.043 340 55 5000 27
304 2.59 350 0.058 150 33 3600 88
305 3.10 - 0.62 140 35 1400 17
306 3.53 280 0.49 230 11 1400 46
307 4.42 15 0.17 410 11 3100 79
308 5.96 180 0.38 210 41 1800 34
309 5.33 76 0.048 280 15 1800 43
310 5.99 180 0.064 400 3.2 1700 40
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active against the rat ortholog of cathepsin K. For example,
ketoamides 300 (rat ICso = 1.3 nM) and 302 (rat 1Cso = 1.0
nM) are 20-40-fold less potent inhibitors of the rat enzyme
than the human enzyme. Mutations in the active site of the
rat and human cathepsin K (*Asp® Tyr in S* and
133Ala® Ser in S?) rationalize these results. As expected
based on rat cathepsin K ICsgs, the various inhibitor classes
were significantly less potent in attenuating deoxy-
pyridinoline crosslink release in the ex vivo rat calvarial
resorption assay (ICsg = 100-10,000 nM) [192,193].

Subsequent to the early inhibitor discovery efforts, a
human osteoclast assay was also set-up [194]. Human
peripheral blood monocyte cells were differentiated into
osteoclast-like cells by placement on bone chips in media
followed by treatment with RANK-L and M-CSF. Then,
comparisons of calcium release into media during bone
resorption were made between vehicle and a cathepsin K
inhibitor. Several ketoamides were assayed, including 299
(ICs0 = 690 NM), 300 (ICsp = 120 nM), 301 (ICsp = 190 M),
and 302 (ICso = 570 nM) [153]. These ketoamide were an
order of magnitude more active in the human osteoclast
assay than the rat calvaria assay.

Furthermore, two ketoamides were tested in an ex vivo
osteoarthritis model, the bovine cartilage plug assay [195].
Cylindrical articular cartilage cored from bovine patellae is
placed in media and treated with IL-1b, to stimulate
protease-induced cartilage degradation, with or without
inhibitor. Subsequently, proteoglycan or hydroxyproline
concentrations in the media are compared. Ketoamides 147
and 304 were able to attenuate proteoglycan and
hydroxyproline release at 10,000 nM in this osteoarthritic
model [196].

In spite of this species-specific loss in inhibitory activity,
several ketoamides were tested in an in vivo model of
osteoporosis, the thyroid-parathyroidectomized hypocal-
cemic rat assay (TPTX) [197]. The data for two of these
inhibitors is shown in Table 35. In this model, PTH secretion

Table 35. Ketoamide rat TPTX Hypocalcemic Resorption Assay

Deaton and Tavares

is prevented by removal of the parathyroid gland, altering
maintenance of calcium homeostasis via PTH-stimulated
bone resorption. Then, sources of dietary calcium
supplementation are eliminated, resulting in rapid depletion
of serum calcium. A rapid recovery in serum calcium levels
can be achieved by infusion of hPTH (1-34) @ 30,000
ng/kg/h. The PTH-stimulated calcium increase in this model
can be dose-dependently attenuated by oral administration of
cathepsin K inhibitors 300 or 302 which block collagen
matrix degradation after the initial removal of the top layer
of hydroxyapatite [153]. Statistical significance was reached
at the 100 mg/kg p.o. dose. In addition to the calcium
released from the bone surface via mineral dissolution to
expose collagen fibrils, additional sources of serum calcium
could arise from compensation for the attenuation of
cathepsin K activity by osteoblastic MMP-13 and MMP-14
[198]. In spite of these counteractions, treatment of the rats
with cathepsin K inhibitors clearly inhibited calcium release
from bone in this very severe osteoporotic model.

SUMMARY

Desiring to develop new therapeutics for the treatment of
osteoporosis, a novel target, cathepsin K, was chosen and
aldehyde and cyanamide leads were discovered through
directed and high throughput screening, respectively. Rapid
SAR development in the aldehyde series led to X-ray
structural data. This SAR and structural information were
applied to the cyanamide series, as well as new series
derived from warhead substitution, including semicarbazone,
ketoamide, and ketoheterocycle classes. After preliminary
explorations of these series, the ketoamide inhibitors were
selected as the most promising series based on potency,
selectivity, and pharmacokinetic criteria. Modifications to
PY, P% and P?® resulted in potency and selectivity
improvements as well as acceptable oral exposure.
Combinations of these changes coupled with conformational
constraint of the P?-P? linker afforded picomolar cathepsin K

Serum Calcium
t Veh. PTH 300 300 302 302
hr 30° 100° 30? 100°®
0 Avg. 1.07 1.07 1.05 1.07 1.12 1.14
S.D. 0.07 0.06 0.10 0.04 0.08 0.09
2 Avg. 0.98 1.19 1.14 1.10 1.21 1.16
S.D. 0.03 0.08 0.13 0.03 0.09 0.06
4 Avg. 0.94 1.41 1.30 1.21° 1.42 1.31°
S.D. 0.06 0.06 0.07 0.02 0.05 0.07
6 Avg. 0.90 1.64 1.57 1.34° 1.63 1.51°
S.D. 0.04 0.04 0.20 0.07 0.04 0.07

*Dose, mg/kg
®p < 0.05 to compared PTH control
°p < 0.01 to compared PTH control
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Fig. (1). A. Active site of the X-ray co-crystal structure of a para-bromo-derivative of calpeptin 1 bound to Cathepsin K. The cathepsin K
carbons are colored magenta with inhibitor carbons colored orange. B. Active site of the X-ray co-crystal structure of aldehyde 53 and t-
BuO(C=0)NHN(Me)CN bound to Cathepsin K. The cathepsin K carbons are colored magenta with the aldehyde carbons colored cyan and
the cyanamide carbons colored white. The hydrogen bonds are depicted as yellow dashed lines. C. Active site of the X-ray co-crystal
structure of ketoamide 234 and ketoamide 307 bound to Cathepsin K. The cathepsin K carbons are colored magenta with the ketoamide 234
carbons colored yellow and the ketoamide 307 carbons colored pink. The semi-transparent white surface represents the molecular surface. D.
Active site of the X-ray co-crystal structure of ketoamide 169 bound to Cathepsin K. The cathepsin K carbons are colored magenta with the
ketoamide carbons colored green. The hydrogen bonds are depicted as yellow dashed lines. This figure was generated using PYMOL version

0.93.

inhibitors with good pharmacokinetic properties and
moderate selectivity. The ketoamide-based inhibitors
attenuated bone resorption in relevant animal models of
osteoporosis. Further improvements in selectivity in this
series were precluded by strategic decisions at the merger of
GlaxoWellcome and SmithKline Beecham terminating the
GlaxoWellcome cathepsin K project. Nevertheless, these
efforts demonstrated the viability of ketoamide-based
inhibitors as potential drugs for the treatment of
osteoporosis. With at least GlaxoSmithKline [156], Merck
[199], and Novartis [155] conducting clinical trials, and
Novartis reporting reductions in CTX in postmenopausal
women, the future for cathepsin K inhibitors looks bright.
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