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ABSTRACT. Potent inhibitors of human cysteine proteases of the papain family have been made and assayed
versus a number of relevant family members. We describe the synthesis of peytedeheterocyclic
inhibitors that occupy binding subsites'S33 of the cysteine protease substrate recognition cleft and that
form a reversible covalent bond with the Cys 25 nucleophile. X-ray crystal structures of cathepsin K both
unbound and complexed with inhibitors provide detailed information on protease/inhibitor interactions
and suggestions for the design of tight-binding, selective molecules.

Cathepsin K (E.C. 3.4.22.38) is a lysosomal cysteine (11). Inhibitors that bind via a reversible covalent bond to
protease of the papain family. It is synthesized as a zymogen,Cys 25 include peptidic aminomethyl ketond<)( diacyl
which is processed to remove a 99 residue proregion (  aminoketonesl(3), alkoxymethyl ketonesld), diaminopyr-
leaving the active 215 amino acid protease. In nonpatho- rolidinones (5), diacylcarbohydrazidesl6), azepanones
logical situations, it is expressed predominantly by the bone- (17), and the nonpeptidic cyanamidek3). Recently, aryl-
remodeling osteoclast cells. Bone degradation takes placeaminoethyl amides have been documented as noncovalent
when osteoclasts attach to the bone surface and releas@nhibitors of cathepsin KX9). Apart from contacts with the
protons into the resorption lacunae. These protons deminer-catalytic machinery of these enzymes, cysteine protease
alize the substrate and reveal the proteinacious componenténhibitors usually occupy more than one of the linearly
of bone. Collagenolysis is then accomplished through the arranged substrate-binding subsites. Those sites are charac-
activity of cathepsin K, and a pit is formed on the bone terized by available hydrogen bonding partners for peptide
surface. The process of bone degradation is balanced by thesubstrate carbonyl and amide groups and pockets of varying
complementary action of osteoblasts, which rebuild bone. size, shape, and discrimination tailored for side chains of
Disequilibrium in the direction of excessive bone breakdown substrate amino acids. Some inhibitor classes sample only
is characteristic of the disease osteoporosis, suggesting thathe nonprime side of the substrate binding cleft, while others
it might be possible to treat this disease by attenuating boneextend beyond the catalytic ion pair to interact with subsites
degradation. The possible therapeutic value of cathepsin Kbeyond the scissile bond. Herein we describe covalent,
inhibition in osteoporotic patients was suggested by numer- reversible inhibitors that provide potency and selectivity
ous lines of evidence. Standard cysteine protease inhibitorselements on both the prime and the nonprime sides of the
such as E-64 and leupeptin curtail osteoclastic bone resorp-substrate-binding cleft.
tion (2, 3). Inactivating mutations in cathepsin K result in
reduced bone turnover and overly dense and easily fracturingEXPERIMENTAL PROCEDURES

bones in the rare disorder known as pycnodysosta@Bis ( Preparation of recombinant human cathepsin<8),(S

Studies using an antisense oligonucleotide to the coding(21) V (22), and F @3) has been described previously.
sequence of cathepsin K showed decreased bone resorptiofy ;man catﬁepsins B and L were obtained from Athens
as a function of dosebf, and two laboratories have produced Research and Technology (Athens, GA). The substrates Chz-
cathepsin K knockout mice exhibiting the characteristic Phe-Arg-AMC! Boc-Leu-Lys-Arg-AMC, and Chz-Val-Val-
symptoms of osteopetrosis, (7). _ Arg-AMC were purchased from Bachem (King of Prussia,
Active-site directed inhibitors of cathepsin K have been PA). Bovine serum albumin, DTT, and MES (free acid) were
reported by a number of laboratories and feature a variety purchased from Sigma Chemical Company (St. Louis, MO).
of electrophiles found to interact with the catalytic Cys 25
(papain numbering system). Irreversible inhibitors include 1 Abbreviations AMC, 7-amino-4-methylcoumarin; Botert-buty-

the epoxides, of which E-64) is the most studied, the pep-  |oxycarbonyl: BSA, bovine serum albumin; Cbz, benzyloxycarbonyl;
tidyl vinyl sulfones @, 10), and the acyloxymethyl ketones DMSO, dimethyl sulfoxide; DTT p,L-dithiothreitol; E-64,L-trans
(epoxysuccinyl)leucylamido(4-guanidino)butane; EDTA, ethylenedi-
aminetetraacetic acid; MES, 4-morpholine-ethanesulfonic acid; RFU,
* Corresponding author. Tel: (650) 866-6597. E-mail: mary. relative fluorescence unit; MPD, 2-methyl-2,4-pentanediol; Tris, tris-
mcgrath@celera.com. (hydroxymethyl)aminomethane hydrochloride; NaOAc, sodium acetate.
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All other reagents used in this study were of the highest isopropylethylamine in DMF. The produet, was isolated

quality and purity available.

Compound SynthesiSCRA1—morpholine-4-carboxylic
acid [1-(3-benzenesulfonyl-1-phenethyl-allylcarbamoyl)-2-
(4-hydroxyphenyl)ethyl]-amide (Mu-Tyr-HphVSPh).

This compound was prepared as publishéd {H NMR
(CDCly): 1.68 (1H, m), 1.81 (1H, m), 1.93 (2H, m), 2.52
(2H, m), 2.9 (2H, m), 3.28 (4H, m), 3.58 (4H, m), 4.48 (1H,
m), 4.58 (1H, m), 5.36 (1H, m), 5.89 (1H, d,= 16 Hz,
trans-vinyl sulfone CH), 6.64 (1H, d*), 6.66 (2H, d), 6.97
(2H, d), 7.01 (2H, d), 7.057.23 (3H, m), 7.5 (2H, m), 7.58
(1H, m), 7.84 (2H, m).

CRAB3 (iNip-Leu-Hph-ketobenzoxazoles §)-piperidine-
4-carboxylic acid{ 1-[1-(benzooxazole-2-carbonyl)-3-phen-
ylpropylcarbamoyl]-3-methyl-butytamide) (1) is shown
in Scheme 1. Treatment of Boc-homophenylalanijenjth
N,O-dimethylhydroxylamine hydrochloride in the presence
of DCC and triethylamine in dichloromethane afforded the
Weinreb amideZ). This material was deprotected by means
of TFA in dichloromethane to giv8 and was coupled with
CBZ-leucyl-N-hydroxysuccinimidate in the presence of di-

by being poured into ice water, filtered, washed several times
with cold water, and dried in vacuo oves®, in 93% overall
yield.

To a suspension of lithium aluminum hydride (36 mg, 0.9
mmol) in ether (6 mL) at-45 °C was added a solution of
4 (315 mg, 0.67 mmol) in ether (6 mL) over 5 min while
maintaining cooling. The cooling bath was removed, and the
mixture was permitted to warm to &. The solution was
then cooled once more t635 °C, and a saturated solution
of NaHSQ (0.3 mL) was added carefully. The temperature
was allowed to rise to OC, the cooling bath was removed,
and the mixture was stirred at room temperature for 1 h.
The mixture was filtered, the solids were washed with ether
(50 mL), and the combined organics were washed with cold
1 M HCI (2 x 10 mL), saturated aqueous NaHE@ x 10
mL), brine (10 mL) and dried over N&Q,, filtered, and
concentrated in vacuo to give a colorless oil. The yiel& of
was 234 mg (87%).

A solution of 5 (2.75 g, 6.7 mmol) in CkCl, (30 mL)
was purged with nitrogen and was treated with acetone
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cyanohydrin (1.84 mL, 20.1 mmol), followed by triethyl- A solution of Boc-iNip-NHS (4.25 g, 13 mmol) and
amine (0.546 mL, 4.0 mmol) and stirred at room temperature benzylleucinate toluenesulfonate (5.13 g, 13 mmol) in DMF
for 4 h. The solvent was evaporated. The residue was dis-(70 mL) was cooled to OC in an ice/water bath. Diisopro-
solved in ether (150 mL), washed with brine ¥520 mL), pylethylamine (5.48 mL, 27 mmol) was added dropwise. The
dried over MgSQ, filtered, and evaporated. The resulting mixture was stirred at 0C for 30 min, allowed to warm to
crude cyanohydrin was purified by chromatography on silica room temperature, and then was stirred for an additional 4
gel, using 1:1 ethyl acetate/hexane as mobile phase, affordingh. The mixture was diluted with ethyl acetate (200 mL) and

1.93 g (66%) of the produdd. A solution of anhydrous
ethanol (1.22 mL, 30.7 mmol) in chloroform (2 mL) afG
was treated with acetyl chloride (1.24 mL, 17.4 mmol)
followed by a solution 06 (0.5 g, 1.09 mmol) in chloroform

washed with waterl M HCI, saturated NaHC®and brine.
The solution was dried over MgSfiltered, concentrated,
and purified by column chromatography (2:1 hexane/ethyl
acetate) to afford 5.61 ¢~99%) of the intermediate benzyl

(3 mL). The mixture was allowed to warm to ambient ester. This material was dissolved in methanol (200 mL), to
temperature and was stirred overnight. The solvent waswhich 100 mg of 20% palladium hydroxide on carbon was

evaporated, and the crude imidate eStéweight: 0.51 g)
was dried in vacuo to be used in the next step without further
purification.

A mixture of 7 (0.51 g, 1.00 mmol) and 2-aminophenol
(0.100 g, 1.00 mmol) was dissolved in ethanol (5 mL) and
heated at 80C for 5 h. The progress of the reaction was
monitored by TLC (ethyl acetate/hexane, 1:1). After cooling,
the solution was diluted with ethyl acetate (50 mL), washed
with brine, dried over MgSQ) filtered, and concentrated in
vacuo. Chromatography on silica gel (mobile phase, 1:1 ethyl
acetate/hexane) afford&chs a mixture of diastereomers that
could be crystallized from ethyl acetate and hexane to give
125 mg (24% vyield).

A total of 56 mg (0.11 mmol) 08 was dissolved in ethanol
(3 mL), and 20% palladium hydroxide (15 mg) was added.
The solution was exposed to hydrogen in a balloon for 1 h.
The reaction mixture was filtered and concentrated in vacuo.
To this residue was added Boc-isonipecotifthydroxy-
succinimide (Boc-iNip-NHS: 48.5 mg, 0.15 mmol). The
flask was purged with B the contents were dissolved in
DMF (3 mL), the mixture was cooled to OC, and
diisopropylethylamine (DIPEA: 0.026 mL, 0.15 mmol) was
added. The mixture was stirred overnight, diluted with ethyl
acetate (30 mL), washed wwitl M HCI, saturated NaHC$)
and brine, dried over MgSg filtered, concentrated, and
purified by flash chromatography to give 47.2 mg®fn
74% overall yield.

A total of 46.3 mg (0.076 mmol) of the hydroxybenzox-
azole9 was then dissolved in dry CEIl, (4 mL). Dess-
Martin periodinane (64.4 mg, 0.152 mmol) was added. After
30 min, wet CHCI, (prepared by dissolution of 0.09 mL of
water in 10 mL of CHCI,) was added dropwise. The mixture

added. The mixture was hydrogenated, filtered, and concen-
trated in vacuo to give compourik®.

CBZ-homophenylalanind,3, was converted to its Weinreb
amide (N,O-dimethylhydroxamatel4) and subsequently to
the aldehydel5 by the method outlined in Fehrentz and
Castro 24) and described in the synthesis of CRA3.
Compoundl5 was then converted to the cyanohydii®as
described in the synthesis dfl above. A solution of
anhydrous ethanol (30.15 mL, 512 mmol) in chloroform (30
mL) was cooled to 0C and treated with acetyl chloride (33
mL, 464 mmol) added dropwise over 15 min. A solution of
16 (5.1 g, 15.53 mmol) in chloroform (20 mL) was added
dropwise. The mixture was allowed to warm to room
temperature and was stirred overnight. The solvents were
removed under reduced pressure, and the residue was dried
by coevaporation with anhydrous toluene under reduced
pressure. The imidate esté, was dried in vacuo and used
without further purification.

A mixture of 17 (2.03 g, 5 mmol) and 1-amino-2-naphthol
(1.59 g, 10 mmol) was dissolved in chloroform (20 mL) and
heated at 60°C for 3 h. The mixture was cooled and
concentrated to give the cyclized naphthoxaza®, This
material was purified by chromatography (hexane/ethyl
acetate), yielding a mixture of diastereomers (yield, 194 mg
(8.4%)), which was taken up in ethanol (5 mL), treated with
20% Pd(OHY/C (80 min), hydrogenated f® h to cleave
the CBZ group, and concentrated to give the free amine in
50% yield. This material was combined will2 (71.8 mg,
0.21 mmol), PyBop (120 mg, 0.24 mmol), and diisopropyl-
ethylamine (0.04 mL, 0.23 mmol) in dichloromethane (5
mL), stirred overnight at room temperature, diluted with ethyl
acetate (30 mL), washed wwitl M HCI, saturated NaHC%)

became cloudy; TLC (3:1 ethyl acetate/hexane) indicated thatand brine, dried over MgSQ filtered, concentrated, and
the starting material had disappeared. The reaction mixturepurified by flash chromatography (40% ethyl acetate/hexane)

was diluted with ethyl acetate (50 mL) and washed with
saturated NaHC@and 10% NaS0; (1:1), water, and brine.
The organic phase was dried over MgS@itered, concen-
trated, and purified to give the ketone by elution on silica
gel using 1:1 ethyl acetate/hexane. The yield@fvas 32.1
mg (67%). This material was dissolved in @& (3 mL),

to give 86 mg (62%) of the coupled hydroxybenzoxazole.
A total of 76 mg (0.12 mmol) of this compound was
dissolved in dichloromethane (5 mL). Deddartin perio-
dinane (102 mg, 0.24 mmol) was added. After 30 min, wet
CHCI; (prepared by dissolution of 0.09 mL of water in 10
mL of CH,Cl,) was added dropwise. The mixture became

and anisole (0.06 mL) was added. The mixture was cooled cloudy; TLC (3:1 ethyl acetate/hexane) indicated that the
to 0 °C, and trifluoroacetic acid (4 equiv) was added. The starting material had disappeared. The reaction mixture was
mixture was stirred for 30 min and concentrated in vacuo to diluted with ethyl acetate (50 mL), washed with saturated
give a white solid that was precipitated from @Hy/ether NaHCQ; and 10% NaS0; (1:1), water, and brine. The
twice, giving 19.9 mg (42% overall from the hydroxyben- organic phase was dried over Mg&®@ltered, concentrated,
zoxazole) of the product,1, M** 505. and purified by elution on silica gel using 1:1 ethyl acetate/
CRA4—piperidine-4-carboxylic acifl3-methyl-1-[1-(naph- hexane to give the ketone, 67 mg, in 88% yield. Last, this
tho[1,2-d]oxazole-2-carbonyl)-3-phenyl-propylcarbamoyl]- material (56 mg) was dissolved in dichloromethane (3 mL).
butyl}-amide trifluoroacetatel@) is shown in Scheme 2).  Anisole (0.03 mL) was added. The mixture was cooled to 0
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°C, and trifluoroacetic acid (4 equiv) was added. The mixture purified by chromatography (hexane/ethyl acetate), yielding
as stirred for 30 min and concentrated in vacuo to give a a mixture of diastereomers, which was taken up in ethanol,

white solid that was precipitated from GEl,/ether twice.
The yield of 19 was 49 mg (86%). NMR'{, de-DMSO,
400 MHz): 0.79 (3H, dJ = 6.4 Hz); 0.80 (3H, dJ=6.4
Hz); 1.42 (2H, m); 1.55 (1H, m); 1.661.86 (4H, m); 2.04
(1H, m); 2.34 (1H, m); 2.46 (1H, m*); 2.742.9 (4H, m);
3.25 (2H, m); 4.39 (1H, m), 5.26 (1H, m); 7.48.32 (5H,
Hph-Ar); 7.67 (1H, t,J = 7 Hz); 7.80 1H, tJ = 7 Hz);
7.98 (1H, d,J = 8 Hz); 8.07 (1H, dJ = 8 Hz); 8.16 (2H,
d,J = 10 Hz); 8.36 (1H, d,) = 8 Hz); 8.26, 8.56 (1H, X
br s); 8.73 (1H, dJ = 7 Hz). MS (M. M + H): 555.
CRA5—piperidine-4-carboxylic acid 3-methyl-1-[1-(1-

oxa-3-aza-cyclopenta[a]naphthalene-2-carbonyl)-3-phenyl-

propylcarbamoyl]-butyl-amide trifluoroacetate?(l) is shown
in Scheme 2. A mixture of the previously described imidate
17 (2.03 g, 5 mmol) and 2-amino-1-naphthol (1.59 g, 10

treated with 20% Pd(OH/C, hydrogenated fa2 h tocleave
the CBZ group, and concentrated to give the free amine. A
similar procedure to that used fd© was employed in
converting this material to the final produ@]l. NMR (*H,
ds-DMSO): 0.79 (3H, dJ = 6.4 Hz), 0.81 (3H, dJ =6.4
Hz), 1.41 (2H, m), 1.621.85 (4H, m), 2.03 (1H, m), 2.29
(1H, m), 2.46 (1H, m*), 2.682.9 (4H, m), 3.25 (2H, m),
4.40 (1H, m), 5.25 (1H, m), 7.167.3 (5H, m, Hph-Ar), 7.72
(1H, dt,J = 7.1, 1 Hz), 7.77 (1H, dt) = 7.1, 1 Hz), 7.95
(1H, d,J = 9 Hz), 8.03 (1H, dJ = 9 Hz), 8.05 (1H, d*J
= 8 Hz), 8.17 (1H, dJ = 8 Hz), 8.26 (1H, dJ = 8 Hz),
8.21, 8.48 (1H, 2xbr s), 8.75 (1H, d, = 6.4 Hz). MS:
(Mt M + H): 555.

Ki'" DeterminationsTypical human cathepsin K, mutant
rabbit cathepsin K, and human cathepsin L inhibition studies

mmol) was dissolved in chloroform (20 mL) and heated at were performed in 50 mM MES (pH 5.5), 2.5 mM EDTA,
60 °C for 3 h. The mixture was cooled and concentrated to 2.5 mM DTT, and 10% DMSO. The substrate used to

give the cyclized naphthoxazol@0. This material was

monitor cathepsin K and L activity was Cbz-Phe-Arg-AMC.



15022 Biochemistry, Vol. 42, No. 51, 2003

McGrath et al.

In both cases, the substrate concentration was fixed at theduring a 1 hincubation. CRA4 was supplied at 2M during

Km (40 uM for cathepsin K and 1M for cathepsin L).
Cathepsin B inhibition studies were performed in 50 mM
MES (pH 6.0), 2.5 mM EDTA, 2.5 mM DTT, 0.001%

Tween-20, and 10% DMSO. The substrate used to monitor

cathepsin B activity was Boc-Leu-Lys-Arg-AMC (supplied

the incubation phase. Following the incubation phase, the
reaction was diluted 100-fold into buffer containing substrate
such that the final concentration of CRA4 was 250 nM.

Crystallography and ModelingCathepsin K was com-
plexed with inhibitors as previously described0). All

at theKm, 190 uM). Cathepsin S inhibition studies were  cystals were obtained by hanging drop vapor diffusion. For
performed in 50 mM MES (pH 6.5), 2.5 mM EDTA, 100  the complex with CRA3 (Table 1), crystals were obtained
mM NaCl, 2.5 mM 2-mercaptoethanol, 0.001% BSA, and from 109 2-propanol buffered with 0.1 M NaOAc, pH 4.5.
10% DMSO. The substrate used to monitor cathepsin S pqr the CRA4 complex structure, crystals were grown in
activity was Cbz-Val-val-Arg-AMC (supplied at thién, 60 g9, PEG 8000 with NaK phosphate buffer, pH 6.2, and 0.2
uM). Typically, the evaluation of a given inhibitor’s potency 1 NaCl. Human cathepsin K/CRAL formed diffraction-
was determined with the cathepsin of interest supplied at 1quality crystals in 16% MPD, 0.1 M Tris pH 7.0, 0.1 M
nM (active site concentration determined by titration with \ieg pH 6.0. Data for these tﬁree complexes weré collected
E-64). Enzyme was incubated with inhibitor, present at using a Raxis IV image plate with a Rigaku RU-200
varying conc_entraﬂons, for 30_ min at room temperature generator (Table 2). A mutant of rabbit cathepsin 20)(
(21—24 °C) in 96-well microtiter plates to allow for \yaq hrepared as a potential alternative crystallizable form
equilibruim to be achieved for slow binding inhibitors. After ¢ tha protein. Mutant rabbit cathepsin K (which provided

preincubation, reactions were initiated with the addition of yhe ncomplexed structure described herein) was crystallized
the fluorogenic substrate specified previously. The hydrolysis ¢.0m 2096 MPD. 0.1 M Tris pH 7.0 and 0.1 M MES, pH
of this substrate yields AMC, which was monitored fluoro- ¢ - crystals were flash frozen in a nitrogen stream after

metrically (filter pair: excitation 355 nm, emission 460 NM) i reaging the MPD concentration to approximately 30%
using an FMAX Il<|net|c M|cr:oplat|e Readerh(Molerc]:ular (while holding buffers constant). Data were collected on a
Devices, Sunnyvale, CA). The velocity of the cathepsin ginqie crystal at beamline 7-1 at the Stanford Synchrotron

catalyzed reaction was obtained from the linear portion of paiation Laboratory under cryocrystallographic conditions.
the progress curves using a response factor of 275 AU/ o
(determined experimentally under the standard assay condi- Daté for the three inhibitor complex structures were

tions with freshly prepared AMC stock solutions). Apparent Processed with Biotex (version 6.0, MSC, Inc.). Electron
inhibition constantsK’, were calculated from the velocity ~d€nsity maps were visualized using Xsight (Accelrys, Inc.).
data generated at the various inhibitor concentrations using”Sight was also used to obtain molecular replacement
the software package, Batéh (Biokin Ltd., Pullman, WA) solutllons for the CRAS and CRA4 crystal fqrms, using a
(25, 26). Batch K; provides a parametric method for the prewoulsly.d_etermlned structure of cathepsin K (without
determination of inhibitor potency using a transformation of Pound inhibitor and waters) as the search modi).(
the tight binding inhibition model described by Morrison Refinement for the three inhibitor complexes was carried
(27), in which data are fitted to eq 1 where is the out usmg.XpI.or(Sl) with the X-ray target and incorporating
uninhibited reaction velocity, [E] is the concentration of CroSS validation32). Data for the unbound structure were

enzyme active sites, [I] is the concentration of inhibitor, and Processed using HKL (HKL Research, Inc.). CN3G[ was
K is the apparent inhibition constant. used to refine the unbound cathepsin K structure using cross

validation with a maximum likelihood targe34). In addition
to the standard minimization, grouped temperature factor
refinement, and simulated annealing scripts, the latter
structure was also subjected to occupancy and individual
\/([E] - - Ki')2 + 4[EIK") (1) temperature factor refinement. Comparison of the overall
structures was carried out via multiple structure alignment
Progress Cuve Analysis and Rersibility Assessment.  over 215a carbon positions using the Homology module of
The analysis of slow, tight-binding inhibitors was performed Insight (Accelrys, Inc.)
according to the method of Morrison and Wals&8) Ab initio calculations were performed using Hartrdeoch
Progress curves were measured under the standard conditiongieory and the 6-3t+G** basis set in the following
described previously. Progress curves were obtained bymanner. The systems were simplified for the calculation to
starting the reaction with the addition of mRab cathepsin K include only the heterocycle and methyl ketone portion of
to assay mixtures containing substrate and CRA4. Thethe inhibitors (CRA3, 4, and 5). Methanethiol was added
concentration of CRA4 was varied from 0 to 250 nM. into the ketone to afford the thioacetal observed in the crystal
Product/time data were fitted to eq 2 in which P is the product stryctures. An acetamide was used to approximate the Gin
concentration at time v, is the initial rate of the substrate 19 side chain, and a methylacetamide served as the surrogate
hydrolysis, us is the final steady-state rate, akghs is the  for the Asn 158 backbone carbonyl group. The geometries
apparent first-order rate constant for the transformation of of each of these individual elements were optimized inde-
the E-I complex to form the EI* complex. pendently, constraining the inhibitor/methanethiol dihedral
angles and €S bond distance to those seen in the crystal
structures. The individual optimized elements were then
overlaid onto the respective crystal structures (for CRA3 both
rotamers about the aryl bond were utilized), and the resulting
energy of the complex was calculated.

Yo

~ 2]

v (Bl -[] —K'+

)

The reversibility of mRab cathepsin K inhibition by CRA4
was carried out by preforming the enzysimdibitor complex

P =0t — (15— v)(1 — €k,
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Table 1: Structure and Enzyme Activity of Selected Cathepsin Inhibitors

Entry |[Compound No. P3 E CATHEPSIN K |CATHEPSINB |CATHEPSINL CATHEPSIN S
CRA (Ki, uM) (Ki, uM) (Ki, uM) (Ki, uM)
H [e]
N
a 11 -

b | APc3328( 2)'

S
-0
0.0095 2.15 0.03 --

c 3
(o]
O 0"
d 4 0.0029 0.64 0.02 0.0066
(o)
SN Ny,
4 0
e 5 0.08 9.94 0.19 0.04
[e]
f 6 0.0085 7 0.07 0.03
(o]
() D 0aYe
HN o \NHz
g 7 0.04 0.09 0.22 0.04
o]
O 0
HN
h 8 28.1 235 90.1 -

&LO\Q
0.0036 0.06 0.0014 0.02

S [ o | [ || - [ )
b
q

HO‘( X OH
j 10 0.22 8.75 0.68 0.49
(o}
K 11 HO}( '%Jk 0.58 120 0.72 2.84
o
| ‘ 12 . HOY | ___ ’{\N 35 341 24 120
RESULTS AND DISCUSSION mutant rabbit cathepsin K was 1. To address inhibitor

L i . ) ) potency, th&;" of CRA4 was measured for human cathepsin

Kinetic AnalysesMutation of rabbit cathepsin K residues i« 5n4 mytant rabbit cathepsin K under identical conditions.
Ty_r61to Asp an_d_ Va_I157 to Leu (correspondlng to the amind e K of CRA4 against the human and mutant rabbit
a<_:|d at_tha_t position in the h“”_‘a”_ e_nzyme) y.'?"?'ed aprotein enzymes is 1.1 and 1.8 nM, respectively.
with kinetic constants and inhibitor specificity profiles
essentially equivalent to the human ortholog. For the kinetic  Inhibition of cathepsin K by CRA4 was determined to be
parametek.o/Knm, the value for human cathepsin K was 5.4 time-dependent and fully reversible. Addition of cathepsin
x 10° M~1s71, and the value for mutant rabbit cathepsin K K to assay mixtures containing 7250 nM CRA4 yielded
was 7.6x 10° M~1 s71. For the kinetic parametdf,,, the a family of biphasic progress curves (Figure 1). This behavior
value for human cathepsin K was @88, and the value for is explained by the establishment of equilibria between the
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Table 2: Crystallographic Data for Cathepsin K/Inhibitor Complexes

CRA3 CRA4 uncomplexed CRA1
space group P212,2; Cc2 P212,2; P2:2:2;
unit cell (A)
a 45.07 76.23 37.62 40.57
b 70.95 73.81 49.63 50.77
c 140.95 44.86 102.27 104.33
b (deg) 101.30
molecules per 2 1 1 1
asymmetric unit
X-ray source Rigaku Rigaku SSRI1 Rigaku
resolution (A) 2.0 1.9 1.4 2.4
observations/reflections 61849/26168 28361/15877 529145/35829 16128/9226
completeness in 60 50 87 58
highest shell (%)
Runerge 0.057 0.044 0.022 0.097
Rerystiiree 0.186/0.276 0.20/0.254 0.19/0.20 0.17/0.27
rms deviation bonds/angles 0.010/1.7 0.011/1.8 0.004/1.2 0.011/1.8
number of ordered waters 362 105 280 74
1000 Scheme 3
ki ks
800
E+I El EI*
= 600
g ko Ky
g
3 400 Table 3: Root-Mean-Square Deviations betwee@arbon Positions
& for Human and Mutant Rabbit Cathepsin K Structures
200 CRA2 CRA3A CRA3B* CRA4 mutant rabbit
cat KICRA2 0.26 0.28 0.29 0.28
0 cat KICRA3A 0.26 0.20 0.23 0.33
: ) ) ) ) . ) ) cat K/ICRA3B 0.28 0.20 0.19 0.32
0 500 1000 1500 2000 2500 3000 3500 cat K/CRA4_ 0.29 0.23 0.19 0.30
Time (s) mutant rabbit  0.28 0.33 0.32 0.30

aCrystal form for CRA3 complex has 2 mol/asymmetric unit,

FIGURE 1: SlOW'binding inhibition of mutant rabbit Cathepsin K independenﬂy refined and referred to here as A and B.

by CRAA4. Progress curves were obtained by starting the reaction
with the addition of substrate, 25¢), 167 ), 111 ), 74 ©),

and 0 @) nM CRA4. To address reversibility, mutant rabbit
cathepsin K preincubated with 281 CRA4 was diluted 100-fold

into assay buffer containing substra®) (Each line represents the
best fit of eq 2 to the data.

an initial complex, formed by the rapid and reversible binding
of the enzyme and inhibitor, followed by a slow, reversible
isomerization to a more tightly bound complex.

Unbound Cathepsin KReplacement of rabbit cathepsin
K Tyr 61 with Asp and Val 157 with Leu as found in the
enzyme, the inhibitor, and their complexes occurring slowly human enzyme yields a protein with kinetic characteristics
as compared to equilibria involving the enzyme and substrate.highly similar to human cathepsin K. The remaining differ-
The development of inhibition, which is observed experi- ences between the two enzymes (human/rabbit: AL1T, V5lI,
mentally as the approach to the steady-state rate, is describe&77R, E92D, S152N, N154S, N180S), all far from the active
by eq 2 @8, 35, 36). This equation also applies to the site, provide a protein with slightly different surface char-
recovery of enzymic activity that occurs upon dilution of acteristics and therefore an additional source of tractable
the inhibited complex into an assay mixture containing crystal forms. These two forms of cathepsin K are very
substrate. Decay of a reversibly inhibited complex occurs similar and directly comparahlén fact, the four structures
until equilibrium is reached, reflected by the approach to described herein were obtained from three distinct crystal
the steady-state rate. Thus, for any given inhibitor concentra-forms (Table 2), yet they superimpose with only very small
tion, the final steady-state rates, is independent of the  deviations (Table 3). For the CRA3 structure, there is no
direction from which equilibrium is approached. Figure 1 significant difference in the positions of inhibitor atoms when
illustrates mRab cathepsin K progress curves in the presenceahe two molecules of the asymmetric unit are compared.
of CRA4 and demonstrates the slow and reversible nature The structure of unbound cathepsin K provides a picture
of the inhibition. Several kinetic mechanisms could be fit of an empty substrate-binding cleft but cannot be described
equally well to eq 2, and they can be distinguished by the as a noninhibited structure. Previous cysteine protease
behavior of the parametets, vs, andkg,s as a function of structures have shown that in the absence of inhibitor, the
inhibitor concentration 35, 36). The experimental data labile catalytic cysteine is easily oxidized. Most uncomplexed
collected for the interaction between mRab cathepsin K and structures reveal the sulfur to be oxidized to the sulfonic
CRA4 conforms to a two-step slow-binding mechanism acid (37, 38). Serendipitously, in this structure approximately
(Scheme 3) in which we observed a hyperbolic dependencetwo-thirds of Cys 25 is present as the sulfinic acid, while
of kobs 0N CRA4 concentration. This mechanism involves approximately one-third is found as the unusual mono-
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FiGure 2: Electron density corresponding to oxidized Cys 35-S
There is full occupancy of the oxygen on the right and only partial
oxidation seen for the second site, on the left.

oxygenated sulfenic acid (Figure 2). There is no evidence B
for a third oxygen. This result provides a snapshot of an
oxidation pathway that may be physiologically relevant. A
recent study39) indicated that mitigation of bone resorption

following treatment of osteoclasts with nitric oxide and

related molecules may be due to oxidation of Cys 25 of
cathepsin K initially to the sulfenic acid and then beyond.

Inhibitor ComplexesThe inhibitors described herein are
comprised of a peptidic scaffold with side chains that map
to positions P3 through P140). Related peptidyb-keto-
heterocycles have previously been described as serine
protease inhibitors with nanomolar potency (vs human
neutrophil elastaset). CRA3, CRA4, and the previously
described APC 3328 (CRA2B0() are very similar on the
nonprime side.

P3. The S3 pocket of cathepsin K is formed predominantly Ficure3: (A) Surface representation of the active site of cathepsin
by Asp 61 and Tyr 67. The X-ray structures show that the K, with bound inhibitors CRA2 (orange), CRAL (purple), and CRA3
P3 moieties of these inhibitors fit into a pocket defined by and 4 (both colored by atom type) shown and binding subsites
the side chains of Asp 61 and Tyr 67. The P3s are all labeled. (B) Structures of cathepsin K bound to CRA3 (cyan) and

. . X . ; CRA4 (orange) with key hydrogen bonds shown.
heterocyclic amides or ureas: CRAZ2 is a piperazine urea,

while CRAL1 features a morpholine urea, and CRA3 and 4  p1.P1 rests in a shallow, solvent-exposed binding subsite.
have a P3 piperidine amide. All are well-tolerated in S3, The P1 for all four inhibitors is homophenylalanine (Figure
although P3 is not optimized for binding in the cathepsin K 33). This side chain works well because the methylene chain
S3 pocket. Consequently, it is not surprising to find different avoids close contact with the carbonyl group of Gly 23,
orientations of the heterocyclic ring in the four crystal which would unfavorably contact & or y-branched side
structures described (Figure 3A). This is clearly a part of chain. No particularly favorable binding interactions are made
the inhibitor that could be changed to yield more potent and petween the homophenylalanine and cathepsin K. It is not
selective compounds. clear how P1 might be changed to improve binding or
P2. The P2/S2 interaction provides considerable binding selectivity since the S1 binding pocket does not vary much
potency to the small molecule cysteine protease inhibitors. among the human cathepsins.
The S2 binding subsite is comprised of Tyr 67 (shared with  P1'. Benzoxazole Binding in SBStructure determination
S3), Met 68, Ala 133, Leu 157, Ala 160, and Leu 205. Since of the complex with CRA3 revealed an ambiguity in the
S2 is a true binding pocket and well-sequestered from binding mode of the ketobenzoxazole at.Flhe heterocycle
solvent, the right P2 group can also confer selectivity against could be oriented such that either the oxazole N or the O
other cysteine proteases to a small molecule inhibitor. The closely approaches the P1 amide of the inhibitor and the
P2s of the inhibitors described in this paper are lipophilic carbonyl oxygen of Asn 158. The other oxazole heteroatom
with CRA1 having a P2 Tyr while the others have Leu at would be proximal to the side chain of GIn 19. GIn 19 is
this position. The P2 Tyr of CRA1 superimposes well with not restrained to a particular rotomer and consequently does
the Leu-containing structures out tg3CThe Tyr rotamer not dictate the orientation of the benzoxazole. This binding
observed in this structure allows the side chain OH to be mode differs greatly from the predicted benzoxazole binding
fully solvent accessible. Hydrogen bonds comparable to thosepose of the serine protease inhibitors, in which the oxazole
that stabilize5 sheet structures are formed between the amide nitrogen is believed to form a hydrogen bond with an
NH of the inhibitors’ P2 and the carbonyl of cathepsin K's imidazole nitrogen of catalytic His 5741).
Gly 66, between P2-CO and Gly 66- NH, and between the Identification of the Heterocyclic Atom that Bonds with
P1 amide NH and the Asn 158-CO (Table 4 and Figure 3B). Asn 158:0.Two compounds were synthesized to resolve the
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Table 4: Relevant Hydrogen Bonding Distances at the Active Site of Cathepsin K/Inhibitor Complexes

P1NHto P2 COto P2 NH to P1 Oelto P1 Oel to P1 Oel to

N 158 O G66N G660 H 159 No1 N 158 O P1NH
cat K/ICRA2 3.0 3.0 3.1 32 3.2 3.»
cat K/ICRA3 3.2 3.0 3.0 3.2 2.7 3.0
cat K/ICRA4 3.1 3.0 3.0 3.0 2.9 3.1
cat K/ICRAL 35 3.2 3.6 3% 3.68 3.2

aFor CRA 2 and 1, the PJatom is a methylene carbon, not ar10

Table 5: Relative Preferences of Human Cysteine Proteases for significantly altered from normal valuesl?), and in the

CRA 4 and 5 absence of substrate or inhibitor, these groups form a thiolate/
CRA4/5 preference imidazolium ion pair 43). While Cys 25 participates in a
, covalent bond in these inhibitor structures and is uncharged,
ggﬁﬂgggzﬂf ;8 His 159 may still provide a positively charged milieu to
cathepsin S 13 facilitate the interaction of the oxygens.
gztﬂggzm E g‘é To gain insight into the binding mode displayed by these
cathepsin V 15 inhibitors, anab initio computational study was undertaken.

Comparisons of the two benzoxazole rotamers of CRA3 to
ambiguity and to further characterize’'SCRA4 and CRAS each other and CR_A4 with CRAS reveal tha_t the isomer with
differ from CRA3 only in the substitution of benzoxazole the oxygen of the five-membered oxazole ring closest to the
with either naphtho[1,2] or -[2,1-d]oxazole. The two naph- carbonyl group representing Asn 158 was found to have the
thoxazoles can be described as isosteric but with the positiond®Wer energy (the\E for the two rotamers of compound 3
of the oxazole N and O atoms switched. These compounds?/as 5-51 kcal/mol and for CRA 4 vs CRAS was 11.74 kcal/
were assayed versus a panel of papain-like cysteine protease&1!)- The difference in energy between the two systems is
As shown in Table 5, CRA4 was preferred by a factor of likely due to the hydrogen bond between the acet_am|de (GIn
13-70 for a panel of six cysteine proteases. The greatest19) and the nitrogen of the CRA 4 oxazole that is not seen
preference for CRA4 over CRAS was observed for cathepsin N the CRAS structure due to the differing Gln 19 side chain
K. The 1.9 A structure of the complex of cathepsin K bound tréjectory. Examination of the structures suggests that one
to 4 reveals that the preferred orientation of the oxazole POSSible explanation for this preferred rotamer may be the
places the oxygen 2.9 A from the carbonyl oxygen of Asn dipoles of the oxazole and the oxyanion bond. In both Fhe
158 and 3.1 A from the amide nitrogen of the inhibitor P1 CRA3 and the CRA4 structures, the bond to the oxyanion
residue (Table 4). The hydrogen bond between Asn 158:0 eclipses one of the heteroatom bonds_of t_he oxazole (Figure
and P1:NH is maintained (3.1 A). The oxazole nitrogen lies 3B)- When the oxygen of the oxazole is directed away from
3.1 A from a terminal side chain atom, eitheeNor Oel, Asn 158, it eclipses the oxyanion bond while in the observed
of GIn 19. The GIn 19 ambiguity exists for this particular cOnformation, it is antiperiplanar to it. In this latter binding
complex because of a 9@otation abouy3 (with respect to mode,_ the dipoles of the two vicinal moieties are d|re<_:ted
the CRA3 structure), which orients the terminal side chain OPPOSite to one another and thereby cancel, whereas in the
atoms such that they are approximately equidistant from the former geometry they are additive and are therefore disfa-
oxyanion of the bound inhibitor. Apart from this difference, Vvored.

the distances are very similar to those measured for the P21 —S1 Interactions.The crystal structures show that the
cathepsin K/CRAS3 structure. The proximity of Asn 158:0 benzoxazole of CRA3 and naphthoxazole of CRA4 occupy
to the oxazole oxygen is unexpected. This propinquity may the S1 pocket of cathepsin K. The oxazole moieties lie
be tolerated because of the unusual electrostatic environmentlirectly over catalytic His 159 such that the oxazole oxygen
at the active site of cysteine proteases. TKgspf Cys 25 is just 3.1 A from Nb1 of the imidazole in both structures.
and His 159 in the papain-like cysteine proteases areln the complex with CRA4, the additional aryl ring of the

A B_

Ficure 4: Cathepsin K/inhibitor complexes: gree@RA4; orange-CRA3; white—no inhibitor; cyar-CRA2; and red-CRA1L. (A) Trp
177 adjusts to accommodate larger Ribieties. (B) Asn 158 carbonyl rotates away froni Bilresponse to Plklements.
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naphthoxazole extends more deeply into the prime side,groups such as sulfonamide (Table 1, entry g) except for
partially covering the side chain of Trp 177. The ring systems cathepsin B. The prime side architecture of cathepsin B,
of the two inhibitors do not lie in exactly the same plane. however, is significantly different from the other cathepsins
The naphthoxazole is canted slightly upward (equivalent (38). The sulfonamide of CRA7 would extend toward His
atoms differ in position by 0:30.4 A), with respect to 111 of the occluding loop of cathepsin B, perhaps forming
CRAZ3, as it approaches Trp 177. If it did not take a slightly a favorable hydrogen bond with the imidazole. The side chain
different trajectory, atoms of the distal ring would closely of Asn 158 that forms most of the proximal wall of 'St
approach Trp 177. Trp 177 also appears to have adjusted itanany of the cathepsins is replaced in cathepsin B by Gly
position to more favorably approach the planar Ble- and a dramatic change in strand direction, which would have
ments: indole atoms on the distal edge have shifted by an impact on binding of PImoieties directed toward this
approximately 0.7 A when the structures of CRA3 and 4 side of S1 Removing the electrophilic carbon yielded a
are compared with the Pfhenyl sulfone-containing CRA2  minimally active compound (CRA12, Table 1, entry I). Other
and CRA1 (Figure 4). Partial stacking of the 3-ring’ P1 substitutions off the two or three ring examples presented
element on the indole of Trp 177 may account for some of here could clearly be useful for increasing potency and for

the increased potency seen for the naphthoxazole as comgaining selectivity in the context of a drug discovery
pared with the benzoxazole when tested against cathepsingrogram.

B, K, and L (Table 1).

Repositioning is also seen for main chain atoms of Asn ACKNOWLEDGMENT

158. In the absence of inhibitor, the carbonyl points intb S1
In the presence of a nonbulky Pduch as methyl phenyl
sulfone (CRA2 and CRAL1), the carbonyl torsions away from
S1. Juxtaposition of a planar ring with Asn 158-O results
in greater retreat by the latter from'Sduch that the oxygen
is displaced by as much as 0.7 A when compared with the
uncomplexed cathepsin K structure (Figure 4). This flexibility
at the heart of the active site is most likely unnecessary
during substrate catalysis but is peculiar to the nonnatural
P1 constituents of these inhibitors and appears to be well-
tolerated.
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