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Cathepsin K is the key regulator in the osteoclast-mediated bone resorption. Here, we found the correla-
tion between the inhibitory activities of carbonitrile derivatives in the enzymatic activity of cathepsin K
and their binding scores predicted using FlexX-Pharm docking program. The binding pattern of [1-(2-
cyano-tetrahydro-pyridazine-1-carbonyl)-2-methy-propyl]-carbamic acid benzyl ester (8), one member
of this series, was similar to that of the reference. In a bone pit formation assay, compound 8 was shown
to dose-dependently inhibit the bone resorptive activity of mature osteoclasts.

� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. The cyanamide structure as the main pharmacophore of cathepsin K
inhibitors.
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Bone mass is maintained through bone remodeling in which old
bone is removed from skeleton by osteoclasts and new bone added
through the process of mineralization by osteoblasts.1 However, an
imbalance in bone remodeling that is caused by increased bone
resorption over bone formation leads to most skeletal diseases
including osteoporosis. The development and progress of osteopo-
rosis then increase the risk for fractures (particularly in the hip)
that are a serious problem with many adverse consequences such
as substantial skeletal deformity, pain, functional limitation, in-
creased mortality, and severe economic burden.2

The attachment of osteoclasts to bone surface triggers osteo-
clast-mediated bone resorption. After attaching to the bone sur-
face, a tightly sealed resorption lacuna is created and then
several proteolytic enzymes expressed in osteoclasts are secreted
into the lacuna for the removal of bone mineral and the degrada-
tion of organic matrix proteins.3

Interestingly, cathepsin K is the most abundant cysteine prote-
ase expressed in osteoclasts and capable of degrading type I colla-
gen, the major component of bone matrix.4 The finding of
cathepsin K deficiency in pycnodysostosis, an osteopetrotic disor-
der characterized by decreased bone resorption, further under-
scores the importance of cathepsin K as a potential target for
developing agents to treat osteoporosis and other disorders charac-
terized by increased bone resorption.5
All rights reserved.
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In a previous study, researchers in GlaxoSmithKline and
Merck/Celera had reported the discovery of cathepsin K inhibitors
based on cyanamide (Fig. 1).6 These observations prompted us to
explore new cathepsin K inhibitors that possess the N-cyano-tet-
rahydro-pyridazine structure (Fig. 2). Therefore, in this study, we
evaluated the activity of derivatives of novel N-cyano-tetrahydro-
CN
R2

Figure 2. The core structure of new cathepsin K inhibitors containing N-cyano-
tetrahydro-pyridazine.
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Figure 3. The correlation plot of experimental IC50 versus ChemScore values
obtained from docking study.
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Scheme 1. Reagents and conditions.
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pyridazine compounds as cathepsin K inhibitor, and analyzed
their interaction pattern with cathepsin K using the commercial
docking program.

A series of novel N-cyano-tetrahydro-pyridazine derivatives
were selected using docking study and synthesized as shown in
Scheme 1. Coupling amino acids with tetrahydropyridazine using
EDCI in the presence of triethylamine, and subsequent N-cyanation
of the tetrahydro-pyridazine moiety by the addition of cyanogen
bromide and sodium acetate led to the N-cyano-tetrahydro-pyrid-
azine amino acid derivatives.7

In the following experiment, the inhibitory activities of N-cya-
no-tetrahydro-pyridazine derivatives (1–8) were evaluated by
using in vitro enzymatic activity assay for cathepsin K as well
as cathepsin B and L that are also lysosomal acid cysteine prote-
ases located in osteoclastic resorption lacunae. Most of com-
pounds showed strong inhibitory activities for cathepsin K
(Table 1) and interestingly, compound 8 with strongest inhibitory
activity for cathepsin K in tested compounds was shown to have
the specificity for cathepsin K (IC50 = 1 nM); its inhibitory activi-
ties for cathepsin B and L were 10 to 145 times less than that
for cathepsin K.

For docking of N-cyano-tetrahydro-pyridazine derivatives (1–
8), 1YK7.pdb6b was used as a reference complex structure. In
addition, the binding score value was calculated using Sybyl7.1/
ChemScore8 method with relax molecule algorithm. As shown in
Figure 3, the good binding model showing a high correlation
(R2 = 0.8) between the binding score (ChemScore) and the inhibi-
tory activity was obtained. The binding pattern of compound 8,
which was the most potent cathepsin K inhibitor, as predicted,
was very similar to the reference complex structure (Fig. 4), keep-
ing important interactions with cathepsin K as reported in other
researcher’s studies.6

In the next experiment, the effect of compound 8 on the
bone resorptive activity of mature osteoclasts was evaluated
by using both RAW264.7 cells and mouse bone marrow-de-
rived macrophages (BMMs).9 The receptor activator of nuclear
factor jB (NF-jB) ligand (RANKL)-induced mature osteoclasts
resorbed bone matrices, but the whole area of resorption pit
Figure 4. Compound 8 (gray element color) is docked in the active site of the
known crystal structure deposited in the Brookhaven Protein Data Bank, 1YK7.
Compound shown with green color is the complexed original ligand in 1YK7. This
figure was generated using Accelrys Discovery Studio2.0.

Table 1
Inhibitory activity of N-cyano-tetrahydro-pyridazine derivatives against cathepsin K,
B, L and S

Compound Structure IC50
a (nM)

R1 R2 B L K

1 -i-Propyl -NH-Ph 53 625 25
2 -i-Propyl -NH-Ph-(4-Cl) 110 610 24
3 -i-Propyl -NH-Ph-(3-Cl) 32 240 11
4 -i-Propyl -NH-Ph-(3-CF3) 23 48 23
5 -i-Propyl -NH-Ph-(3-CN) 40 730 4
6 -i-Propyl -NH-Ph-(3-CH3) 32 355 6
7 -i-Propyl -NH-COO-(tert-Butyl) 38 130 55
8 -i-Propyl -NH-COOCH2Ph 11 145 1

a IC50 values were determined from the direct regression curve analysis.
excavations by mature osteoclasts was dramatically inhibited
by the treatment of compound 8 in a dose-dependent manner
(Fig. 5).

In conclusion, N-cyano-tetrahydro-pyridazine derivatives could
be developed as the specific inhibitors of cathepsin K and further
used for the treatment of disorders characterized by increased
bone resorption.
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Figure 5. Effect of compound 8 on the bone resorptive activity of mature osteoclasts derived from RAW264.7 cells and BMMs. (A) The bone resorptive activity was measured
by using BioCoat Osteologic multitest slides. The resorbed areas on the slides were observed under a microscope. (B) Quantification of resorbed area was performed by using
Image Pro-plus program.
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(Calbiochem) and 20 nM recombinant human cathepsin K (1–329 amino acid)
were used in each assay. Cell culture and induction of multinucleated
osteoclasts. Osteoclast generation was achieved using either mouse monocyte/
macrophage RAW264.7 cells or the primary cultures of mouse BMMs with
modifications. RAW264.7 cells were purchased from American Type Culture
Collection and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM,
HyClone, UT) supplemented with 10% fetal bovine serum (FBS, HyClone), 100 U/
ml of penicillin, and 100 mg/ml streptomycin with a change of medium every
3 days in humidified atmosphere of 5% CO2 at 37 �C. In order to differentiate
osteoclasts, RAW264.7 cells were suspended in a-minimal essential medium
(aMEM, HyClone) supplemented with 10% FBS and 100 ng/ml RANKL (R&D
Systems Inc., MN), and plated in a 96-well plate at the density of 1 � 103 cells/
well. Then, after 3–4 days, multinucleated osteoclasts were observed. For the
generation of bone marrow-derived osteoclasts, monocytes were isolated from
femur and tibiae of BALB/c mice (Central Lab. Animal Inc., Korea), seeded, and
cultured in aMEM with 10% FBS and 10 ng/ml macrophage colony stimulating
factor (M-CSF; R&D Systems Inc.) for 1 day. Suspended cells at this stage were
considered M-CSF-dependent BMMs and used as osteoclasts precursors.
Induction of differentiation to osteoclasts was achieved by culturing those
cells plated into a 96-well plate at the density of 3 � 105 cells/well in aMEM
with 10% FBS, 100 ng/ml RANKL, and 30 ng/ml M-CSF. Multinucleated
osteoclasts were observed on the differentiation day 6. Pit formation assay.
RAW264.7 cells were suspended in aMEM with 10% FBS and 100 ng/ml RANKL,
and plated on BioCoat Osteologic multitest slides (BD Biosciences, MA), which
were coated with submicron synthetic calcium phosphate thin films, at the
density 1 � 103 cells/well. The medium was replaced with a fresh one every
3 days. Multinucleated osteoclasts were observed from the differentiation day 3,
and at that time, compound 8 was treated into multinucleated osteoclasts
derived from RAW264.7 cells. After the incubation for 3 days, the slides were
washed with 6% sodium hypochloride solution to remove cells. The resorbed
areas on the slides were observed under a microscope. M-CSF-dependent BMMs
were plated and cultured in aMEM with 10% FBS, 100 ng/ml RANKL, and 30 ng/
ml M-CSF. The medium was replaced with a fresh one every 3 days.
Multinucleated osteoclasts were observed on the differentiation day 6, and at
that time, compound 8 was added every 3 days. On the differentiation day 15,
the slides were washed and observed as described above. This experiment was
performed in triplicate. Quantification of resorbed area was performed by using
Image Pro-plus program, version 4.0 (Media Cybernetics Inc., MD).
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