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Inhibition of Cathepsin K with Lysosomotropic Macromolecular Inhibitors
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ABSTRACT. Cathepsin K is the major enzyme responsible for the degradation of the protein matrix of
bone and probably for the destruction of articular cartilage in rheumatoid arthritis joints. These processes
occur mainly in the resorption lacuna and within the lysosomal compartment. Here, we have designed,
synthesized, and evaluated new lysosomotropic (water-soluble) pehpattrepsin K inhibitor conjugates.

In particular, we characterized the relationship between conjugate structures and their activity to inhibit
cathepsins K, B, L, and papain. A potent selective cathepsin K inhibitor, 1,8-bisfzyloxycarbonyl-
leucyl)carbohydrazide, was modified to M-penzyloxycarbonylleucyl)-5-(phenylalanylleucyl)carbohy-
drazide () to facilitate polymer conjugation. It was conjugated to the polymer chain termini of two water-
soluble polymerg a-methoxy poly(ethylene glycol), abbreviated as mPHEGsemitelechelic polyfl-(2-
hydroxypropyl)methacrylamide], abbreviated as ST-PHPMRA The conjugation of inhibitor to N-(2-
hydroxypropyl)methacrylamide (HPMA) copolymer side chains was accomplished via either-&(gly
spacer (PHPMA-GG—I) or with no spacer betwedrand the copolymer backbone (PHPMA). Kinetic
analysis revealed that free inhibitbpossessed an apparent second-order rate constant against cathepsin
K (kobd[l] = 1.3 x 1 M~ s71) similar to that of unmodified 1,5-bis(CbZ.eu) carbohydrazide, while

| conjugated to the chain termini of mMPEG and ST-PHPMZOOH had slightly lower values (about

5 x 10° M1 sY). Thekqd[l] values forl attached to the side chains of HPMA copolymers (PHPMA
GG—1 and PHPMA-I) were about 3x 10* M~ s, When tested against cathepsin L, inhibit@nd all

its polymer conjugates producdghd[l] values 1—2 orders of magnitude less than those determined for
cathepsin K, while for cathepsin B and papain, the values weré @ders of magnitude lower. The
ability of mPEG-I and ST-PHPMA-I to inhibit cathepsin K activity in synovial fibroblasts was also
evaluated. Both polymer-bound inhibitors were internalized by endocytosis and were ultimately trafficked
to the lysosomal compartment. ST-PHPMRAwas internalized faster than mPEG The inhibitory activity

in the synovial fibroblast assay correlated with the rate of internalization.

Cathepsin K, a 24 kDa cysteine protease of the papainactivity in osteoclasts induces pycnodysostosis, a rare
superfamily, was first discovered in a rabbit osteoclast cDNA inherited disorder with an osteopetrotic phenotyfe9).
library and named OC-21f. The human equivalent of the  Specific inhibition of cathepsin K expression with antisense
protein was subsequently cloned by several groups andolignucleotides has been shown to produce a3
named cathepsin @), K (3), X (4), and O2 §). By NCIUB reduction in bone resorptiori@). Cathepsin K is the only
recommendation, the protease is now designated cathepsitkknown mammalian cysteine protease capable of cleaving
K. It shares the highest homology in DNA and amino acid native type | collagen in its triple helix regioa1, 12). These
sequence to cathepsins L and3. ( findings clearly demonstrate the unique physiological role

In osteoclasts, cathepsin K is expressed at high level, while of this enzyme in organic matrix degradation during the bone
cathepsins B, L, and S are expressed at relatively low or resorption process. Recently, cathepsin K has also been
undetectable levelsl( 5—7). Deficiency of cathepsin K shown to be able to cleave native type Il collagém, (L3).
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inhibitors have been synthesized and investigated extensivelyScheme 1: Synthesis of Inhibitdr

as well (L8, 19).

Several challenges are faced by the possible clinical
applications of synthetic cathepsin K inhibitors. Oral bio-
availability is one of the critical limitations of inhibitors,
which target chronic disease20). Given the proteolytic
susceptibility of peptide inhibitors, peptidomimetic replace-
ment has been considered to improve their oral bioavailability
(21—23). However, data on biodistribution, in vivo stability
and side effects after the administration of cathepsin K
inhibitors are limited.

The localization and activation of cathepsin K has been
investigated using cytochemical and immunohistochemical
assaysd4, 25). In osteoclasts, cathepsin K was found to be
expressed and processed intracellularly prior to cell attach-
ment and bone resorption. The activation of procathepsin K
is believed to be a mainly autocatalytic process within
lysosomesZ6, 27). Once resorption started, a high level of

cathepsin K was observed in both the resorption lacuna and

the intracellular vesicles. In the osteoclasts of patients with
cathepsin K deficiency, undigested collagen fibers were
observed deposited within lysosomes, which implied the
possible participation of cathepsin K in the terminal break-
down of collagen fibers during transcytotic transport of the
bone resorption product2®). Recently, the expression of
cathepsin K in rheumatoid arthritis-derived synovial fibro-
blasts was found to be mainly in the lysosomal compartment.
Specific inhibition of cathepsin K prevents the intracellular
degradation of collagen, leading to an accumulation of
undigested fibers within subcellullar compartments (most
likely lysosomes) 14). Theoretically, these experimental
observations suggest that lysosomes represent an ide
subcellular target for the delivery of cathepsin K inhibitors.

1 Abbreviations: AIBN, 2,2azobisisobutyronitrile; Ba©, di(tert-
butyl)-dicarbonate; CbzLeu—ONp, benzyloxycarbonyl-leucinep-
nitrophenyl ester; CbzPhe-Arg—AMC, 7-amino-4-methylcoumarin,
benzyloxycarbonyl-phenylalanylt-arginine amide; Cbz-Gly-Pro-Arg-
MpBNA, benzyloxycarbonyl-glycyl-prolinyl-L-arginyl-4-methoxys-
naphthylamide; DCC, dicyclohexylcarbodiimide; DCU, dicyclohexyl
urea; DIEA, diisopropylethylamine; DMR,N'-dimethyl formamide;
DMSO, dimethyl sulfoxide; DTTp,L-dithiothreitol; E-64,L-trans-3-
carboxyoxiran-2-carbonyl-leucylagmatine; EDC, 1-ethyl-3-(3-dimeth-
ylaminopropyl)carbodiimide; FPLC, fast protein liquid chromatography;
FITC, fluorescein isothiocyanate; HOBt, 1-hydroxybenzotriazole; HOSu,
1-hydroxysuccinimide; HPMAN-(2-hydroxypropyl)methacrylamide;

I, 1-(N-benzyloxycarbonylleucyl)-5-(phenylalanylleucyl) carbohy-
drazide; MA—-GG—ONp, N-methacryloylglycylglycinep-nitropheny!
ester; MA—Phe-Leu—OH, N-methacryloylphenylanalanylleucine;
mPEG-I, conjugate of and mPEG2000; mPEGFITC, conjugate of
FITC and mPEG2000M,, number average molecular weight, MPA,
mercaptopropionic acid; mPEG, poly(ethylene glycol) methyl ether;
Mw, weight average molecular weight; MWD, molecular weight
distribution; —ONp, p-nitrophenyl ester; OPA, phthalic dicarboxalde-
hyde; —OSu, N-hydroxysuccinimide ester; PHPMA, poN{(2-hy-
droxypropyl)methacrylamide]; P-GG-ONp, pdNA{(2-hydroxypropyl)-
methacrylamideso-N-methacryloylglycylglycings-nitrophenyl ester);
P—, PHPMA polymer backbone; PHPMAGG—I, conjugate ofl to
PHPMA side chain via GlyGly spacer; PHPMA:I, conjugate ofl

to PHPMA side chain with no spacer; RFU, relative fluorescence unit;
SI, stoichiometry of inhibition; SEC, size-exclusion chromatography;
ST-PHPMA-COOH, semitelechelic poli-(2-hydroxypropyl)methacryl-
amide] having a~COOH terminus; ST-PHPMACOOSu, semitele-
chelic polyN-(2-hydroxypropyl)methacrylamide] having\thydroxy-
succinimide ester terminus; ST-PHPMA, conjugate ofl and ST-
PHPMA—-COOH; ST-PHPMA-FITC, conjugate of FITC and ST-
PHPMA—COOH; TFA, trifluoroacetic acid; TNBS, 2,4,6-trinitro-
benzenesulfonic acid. If not specified, all amino acids except glycine
were ofL configuration.

Cbz-LeuzONp NH,NH,

Cbz-LeuzNHNH, COCl,

NH,NH,

1
Boc-PhezLeu-OH  Cbz-Leu-NHNH-C-NHNH,

DCC, HOBt

Boc-Phe-Leu-NHNH-C-NHNH-(Cbz-Leu)
(Inhibitor Boc-I)
TFA
9
H-Phe-Leu-NHNH-C-NHNH-(Cbz-Leu)
(Inhibitor I}

The subcellular location of cathepsin K suggests the
potential for the development of a new class of cathepsin K
inhibitor-conjugates of low-molecular-weight inhibitors and
water-soluble polymeric carriers. Attachment of low-molec-
ular-weight compounds, e.g., anticancer drugs, to macro-
molecules renders them lysosomotro®®)( Macromolec-
ular therapeutics have been successfully applied to cancer
chemotherapy30), with one conjugate approved for clinical
use in Japan3{l) and several other conjugates in clinical
trials (32). Therefore, conjugation to water-soluble polymers
will result in internalization of cathepsin K inhibitors via
the endocytic pathway (for study of endocytosis in osteo-

lasts, see re83) and bring them into contact with the target

nzyme. Incorporation of bone targeting moieties into the
cathepsin K inhibitorpolymer conjugates may greatly
enhance drug accumulation in hard tissud4, (35 and
prevent nonspecific inhibition of cathepsin K activity in other
organs, such as ovary. In addition, the enhanced vascular
permeability of rheumatoid arthritis patients may result in
enhanced accumulation of the conjugates in arthritis joints
(36, 37). Other advantages of polymer conjugation may
include increased intravascular half-time and improved water
solubility of hydrophobic inhibitors.

To test the hypothesis that attachment of cathepsin K
inhibitors to macromolecular carriers would benefit the
design of new effective inhibitors, we must answer critical
qguestions. Will the conjugated inhibitors retain inhibition
activity? If so, how would the structure of the conjugates
influence their activity?

To this end, the potent selective cathepsin K inhibitor of
1,5-bis(Cbz-Leu) carbohydrazide3@), was modified in the
present study. This was accomplished by replacing one Chz
group of the inhibitor with a phenylalanine to produceNt-(
benzyloxycarbonylleucyl)-5-(phenylalanylleucyl) carbohy-
drazide (inhibitorl, Scheme 1). Inhibitor was conjugated
to the chain termini of two water-soluble polymefs.-
methoxy poly(ethylene glycol), abbreviated as mPHG
semitelechelic polyy-(2-hydroxypropyl)methacrylamide],
abbreviated as ST-PHPMA }. The conjugation of inhibitor
| to N-(2-hydroxypropyl)methacrylamide (HPMA) copoly-
mer side chains was accomplished via either a-@yy
spacer (PHPMA-GG—1) or with no spacer betwednand
the copolymer backbone (PHPMA). The potency and
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selectivity of inhibitorl —polymer conjugates against cathep- hydrazine hydrate (1 mL, 20 mmol, in 15 mL dioxane).
sins K, B, L, and papain were evaluated with enzyme assays.Orange precipitate (hydrazinium 4-nitrophenolate) was re-
The differences among these conjugates were related to theimoved by filtration. 1,4-Dioxane was evaporated, and the
structures. Furthermore, the cathepsin K inhibitory activity solid residue was recrystallized from ethandlethyl ether
and subcellular localization of two of the most potent with one drop of HCI (37%). The yield was 1.5 g (4.8 mmol,
conjugates were evaluated on a human primary synovial 62%). mp 159-160 °C.
fibroblast cell culture. Chbz-Leu—NHNHCONHNH. Cbz—Leu—NHNH; (1.5 g,
4.8 mmol) and phosgene (20% in toluene, 30 mL, 60 mmol)
EXPERIMENTAL PROCEDURES was refluxed in toluene for 4 h. The intermediate was
Materials. Recombinant human cathepsin &),( N-(2- obtained by evaporation of the solvent and used for the next
hydroxypropyl)methacrylamide (HPMABO), andN-meth- reaction step without purification. TLC revealed one spot
acryloylglycylglycinep-nitrophenyl ester (MA-GG—ONp) (silica gel, chloroform:ethanol 6:R; = 0.6, UV detection).
(40) were prepared as described previously. Papain, bovineThe intermediate (4.8 mmol) was dissolved in absolute
spleen cathepsin B, E-64,L-dithiothreitol (DTT), and ethanol (5 mL) and dropped into hydrazine hydrate (1 mL,
dimethyl sulfoxide (DMSO) were purchased from Sigma 20 mmol, in 10 mL absolute ethanol). The reaction mixture
(St. Louis, MO). CbzPhe-Arg—AMC (7-amino-4-meth- was heated to reflux for 3 h, and then the solvent was
ylcoumarin, benzyloxycarbonyl-phenylalanyt-L-arginine evaporated. The residue was redissolved in ethyl acetate, and
amide) was obtained from Bachem Bioscience Inc. (King the solution was washed with aqueous sodium bicarbonate
of Prussia, PA). CbzGly—Pro—Arg—MfANA (Benzyloxy- to remove any residug@knitrophenol from the first reaction
carbonyt-glycyl—L-prolinyl—L-arginyl—-4-methoxyg-naph- step. The organic layer was dried over anhydrousSda
thylamide) was from Bachem Inc (Bubendorf, Switzerland). The product was isolated after recrystallization from ethyl
Human liver cathepsin L was purchased from Enzyme acetate with a yield of 730 mg (2.16 mmol, 45%).
Systems Products (Livermore, CA). If not specified, all other ~ Boc—Phe-Leu—OH. Phe-Leu monohydrate (1.04 g, 3.5
reagents and solvents were purchased from Aldrich (Mil- mmol), BogO (0.85 g, 3.8 mmol), and NaOH (0.152 g, 3.8
waukee, WI). mmol) were dissolved in water (15 mL) with dioxane (15
Methods. All polymers and inhibitor conjugates were mL) and stirred at 4°C overnight. The solvent was
characterized by size exclusion chromatography (SEC) usingevaporated. The residue was redissolved in water (20 mL)
the AKTA FPLC system (Amersham Pharmacia Biotech) and washed with diethyl ether to remove excess of,Boc
equipped with UV and RI detectors. SEC measurements wereThe water layer was covered with ethyl acetate and carefully
carried out on Superdex 75 or Superose 6 columns (HR 10/acidified to pH 2 with ag. KHS@ The organic extract was
30) with PBS (pH 7.3) as the eluent. The average molecular washed with ag. NaCl, dried over anhydrous,8l@, and
weights of the polymers were calculated by calibrations using filtered. The title compound was isolated as a white powder
PHPMA or mPEG standards. (1.3 g, 100%) after the evaporation of the solvent. mp
IH NMR spectra of all synthesized compounds were 148°C.
recorded on a Varian Unity 500 MHz NMR spectrometer. = Boc—Phe-Leu—NHNHCONHNH-(Cbz-Leu) (Boc-1).
The solvent peak was used for reference NSO, 2.49 Boc—Phe-Leu—OH (720 mg, 1.9 mmol), DCC (392 mg,
ppm). 1.9 mmol), DIEA (0.65 mL. 3.8 mmol), HOBt (0.291 mg,
Mass spectra of all synthesized compounds were obtainedl.9 mmol), and CbzLeu—NHNHCONHNH, (700 mg, 2
using a Finnigan LCQ DECA Mass Spectrometer interfaced mmol) reacted in DMF (10 mL) at 4C for 2 days. The
to an ESI source. precipitated DCU was filtered off. DMF was evaporated
To determine the content of inhibitdr we performed under reduced pressure, and the residue was dissolved in
amino acid analyses of the inhibitepolymer conjugates as  ethyl acetate. The solution was washed with ag. NakCO
follows. Fully hydrolyzed and OPA-derivatized samples ag. citric acid, again aq. NaHGCand ag. NaCl. The organic
(0.02 mL) were injected to a VARIAN C18 (Microsorb MV layer was dried over anhydrous D, filtered, and
300 A, 250x 4.6 mm) column at a flow rate of 1 mL/min.  concentrated to yield 520 mg (0.75 mmol, 40%) of very soft
The elution signal was monitored with a Waters 474 white crystalline solid which was isolated by centrifugation.
Scanning Fluorescence Detector (excitation 330 nm, emissionStructure was confirmed byH NMR (500 MHz, d-
420 nm). A gradient program was used with solvent A (0.05 DMSO): 6 (ppm)= 0.85 (m, 12H, CH-Leu), 1.28 (s, 9H,
M sodium acetate containing 25 mL of acetonitrile in 1 L, Boc), 1.47 (m, 4H, Leu), 1.63 (m, 2H, Leu), 2.71 (m, 1H,
pH adjusted to 6 with acetic acid) and solvent B (4.1 g of -Phe), 2.93 (m, 1H3-Phe), 4.07 (m, 1Ha-Leu), 4.17 (m,
sodium acetate in 300 mL water mixed with 700 mL of 1H, a-Leu), 4.38 (m, 1Hp-Phe), 5.00 (s, 2H, C}D), 6.92
methanol). The gradient was programmed to start at 30%(d, 1H, NH-Boc), 7.17#7.34 (m, 10H, arom.), 7.43 (d, 1H,
B, which increased to 80% over 42 min (hold for 10 min) NH—Cbz), 7.90 (d, 1H, NH-amide), 8.16 (d, 2H, NH-
and then decreased to 30% in 5 min (hold for 5 min). The carbohydrazide), 8.72 (d, 2H, NH-carbohydrazide).

amount ofl was calculated by calibration with standaréhe H—Phe-Leu—NHNHCONHNH-(Cbz-Leu) (I). Boc—I
andL-Leu. (0.5 g, 0.72 mmol) was dissolved in trifluoroacetic acid
Synthesis of Inhibitot. The inhibitor was synthesized (TFA) (5 mL, 65 mmol) with a small crystal of phenol as a
according to a method reported previous88,(41) with scavenger. After 30 min, TFA was evaporated, the residue
modifications. The synthetic method is depicted in Scheme was redissolved in MeOH, evaporated, then dissolved in
1 and described in detail below. water. The solution was further washed with diethyl ether

Cbz-Leu—NHNH,. Cbz—Leu—ONp (3 g, 7.8 mmol) was  then lyophilized. Yield (400 mg, 56%). mp 18C. The
dissolved in dioxane (10 mL) and added dropwise into structure was confirmed byH NMR (500 MHz, d-
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Scheme 2: Structure of Macromolecular Inhibitors
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DMSO): 6 (ppm)= 0.88 (m, 12H, CH-Leu), 1.46 (m, 4H, chloride was evaporated, and the product was purified, first
Leu), 1.64 (m, 2H, Leu), 2.89 (dd, 1H5-Phe), 3.08 (dd, on a Sephadex LH-20 column with MeOH as the eluent,
1H, 5-Phe), 4.06 (m, 2Hy-Leu), 4.43 (m, 1Hp-Phe), 5.00 then on a Superdex 75 (prep.) column to remove any traces
(d, 2H, CHO), 7.23-7.35 (m, 10H, arom.), 7.44 (d, 1H, of freel. The polymer fraction was dialyzed (MW cutoff
NH-Cbz), 8.09 (bs, 3H, Nkf), 8.22 (d, 2H, NH-carbohy- 1000 Da) and lyophilized to obtain 170 mg (80%) of purified
drazide), 8.68 (d, 1H, NH-amide), 9.79 (s, 1H, NH- conjugate mPEGI used in enzyme study. The contentl of

carbohydrazide), 9.85 (s, 1H, NH-carbohydrazide). in the final purified conjugate was determined by amino acid
Synthesis of Polymetnhibitor ConjugatesConjugates ~ analysis.
mMmPEG-I, ST-PHPMA-I, and PHPMA-GG—1 were syn- Conjugate ST-PHPMAI. ST-PHPMA-COOH and ST-

thesized by the aminolysis of active esters (OSu or ONp) in PHPMA—COOSu were prepared as reported previousdy. (
the corresponding polymer precursors. PHPMAwas ST-PHPMA-COOSu M, = 5400, 50 mg, [-OSu]=
synthesized by multistep polymer analogous reactions starting9.34 x 10® mol) and! (8.6 mg, 1.21x 105 mol) were
from the copolymer of HPMA andl-methacryloylphenyl- mixed in DMF (0.5 mL), followed by addition of DIEA (6
analanylleucine (MA-Phe-Leu). The structures of the ul, 3.7 x 1075 mol). The reaction mixture was stirred
conjugates were depicted in Scheme 2, and the syntheses abvernight at 25°C, then diluted with water (10 mL), and
these conjugates are described in detail as follows. dialyzed (MW cutoff 1000 Da). The lyophilized product was
Conjugate mPEGI. The terminal hydroxy group of further purified with a procedure similar to the_one des_,(;ribed
mPEG M, = 2000, 6.3 g, 3.15 mmol) was activated by for mPEG—I. About 51 mg (930_/0) of the flnal_ purified
phosgene (20% in toluene, 30 mmol) overnight. After conjugate ST—PHPMAI was obtfauned and used in enzyme
evaporation of the toluene and phosgene, the residue was$tudy. The content df in the conjugate was determined by
redissolved in methylene chloride. HOSu (0.4 g, 3.5 mmol) @mino acid analysis.
was added into the solution, followed by DIEA (450 mg, Conjugate PHPMAGG—I. P-GG—ONp was prepared
3.5 mmol). After 2 h at 25°C, the solution was concentrated, as reported previousiyt(). It (M, = 15000, 20 mg,+ONp]
and the crude product was precipitated with diethyl ether, = 7.3 x 10°® mol) was mixed withl (5.2 mg, 5.84x 10°©
yielding 7 g of white polymer (stored at-18 °C). The mol) in DMSO (0.5 mL), followed by addition of DIEA (12.8
activated mPEG (173 mg, 0.08 mmol active ester) la(til uL, 7.3 x 1075 mol). It was stirred overnight at 28. The
mg, 0.1 mmol) were dissolved in DMF (3 mL), and DIEA resulting solution was further diluted into water (10 mL) and
(0.03 mL, 0.3 mmol) was added in 2 portions. Af&eh at then dialyzed against water for 1 day (MW cutoff 1000 Da).
25 °C, the solvent was evaporated. Residue was dissolvedA purification procedure similar to the one described for
in methylene chloride and washed with ag. NaCl. Methylene mPEG-1 was used to remove remainipenitrophenol and
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any possible freé. The final purified product was lyophilized
to yield 21 mg (88%) of conjugate PHPMAGG—I. The
content ofl in the conjugates was determined by amino acid
analysis.

Conjugate PHPMA-I. HPMA (0.95 g, 6.63x 102 mol,
95 mol %), MA—Phe-Leu—OH (0.121 g, 3.5 104 mol,
5 mol %), MPA (6.82x 10°° mol), and AIBN (0.052 g)
were dissolved in acetone (10 mL) and copolymerized for
24 h to yield 0.8 g of poly[HPMAco-MA —Phe-Leu—OH].
The copolymer (100 mg, 3.1k 10°° mol, COOH) and
carbohydrazide (283 mg, 3.24 102 mol) were dissolved
in HO. EDC (0.596 g, 3.1% 102 mol) and HOBt (0.42
g, 3.11x 102 mol) were dissolved in DMF andJ® mixture
(5 mL+ 2.5 mL), and this solution was added into a polymer
solution. The mixture was stirred at°€ for 4 h and then
25°C for 24 h. The solution was dialyzed againstOH(pH
2, adjusted with 6M HCI) for 24 h and then againstCH
(pH 7) for 12 h. It was lyophilized to yield 106 mg of
P—Phe-Leu—NHNHCONHNH,. With TNBS assay, the
amount of NHNH— side chains was determined as 1:94
10* mol/g. The hydrazide containing polymer (50 mg, NH
NH— = 9.75 x 106 mol) and TEA (56 mL, 3.8% 10
mol) was dissolved in DMF (1 mL). CbZ_eu—ONp (75.15
mg, 1.95x 104 mol) was dissolved in DMF (0.5 mL). The
two solutions were mixed and stirred at 25 for 12 h. The
solvent was removed, and the solid was dissolved in MeOH.
A purification procedure similar to the one described for
mPEG-1 was used to remove any remaining low-molecular-
weight compound. Finally, 50 mg (93%) of lyophilized pure
conjugate PHPMA-I was obtained for enzyme study. The
amount of unreacted NINIH— was determined with TNBS
assay (less than 2% left).

Synthesis of PolymetITC ConjugatesFluorescein ca-
daverine was conjugated to mPEG and ST-PHPMA follow-
ing a similar strategy as the synthesis of mPHGnd ST-
PHPMA—I. The same mPEG and ST-PHPMA polymeric
precursors were used. They were purified with a similar
procedure as well.

Enzyme AssaysStandard enzyme assay and inhibition
studies were performed at 3T in acetate buffer (0.1 M,
pH 5.6) containing 2.5 mM EDTA and 0.03% Brij35 (except
the case of papain, in which 0.1 M phosphate buffer with
pH 6.5 was used instead). CbPhe-Arg—AMC was used
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0.5 nM in all cases. All progress curves were fitted to the
equation

[AMC] = v¢d + (vg — ved[1 — exp(—Kypd)l/ Kops T Ao
(1)

where, is the initial reaction velocityyssis the final steady-
state ratef is the background fluorescence, anglis the
rate of inactivation. By relatindps With inhibitor final
concentration [l], an apparent second-order rate conkjght

[1] can be obtained to evaluate the selectivity and potency
of the inhibitors.

Assuming the inhibitors are purely competitive, an ap-
parent inhibition constantk(,.,) can be obtained for the
formation of the initial reversible enzyménhibitor complex
prior to inactivation:

V0= Vinad SI/(Kn(1 + [11/ K ) + [S]) ()

Since the inactivation is done with [S} Ky, eq 2 can be
reduced into

Vo= Vma>!(2 + [I]/K i,ap;) (3)

By relatingvo with different concentrations of inhibitor,
Ki,app Can be obtained. This kinetic treatment and its
application to cathepsin K inhibitors have been reported
previously @4, 45).

Stoichiometry of inhibition (SI) for the interaction between
all inhibitors synthesized and cathepsin K and papain was
determined as follows. Fixed amounts of enzymes (0.5 nM)
were activated with DTT and incubated with different
concentrations of inhibitors (based on the potency of the
inhibitors) for 30-60 min. The substrate (Cb2he-Arg—
AMC) was then added to start the reaction. The observed
residual enzyme activity was plotted versus inhibitor con-
centration, and the Sl values, which resulted in complete
enzyme inhibition, were calculated.

Inhibition of Cathepsin K in Synaal Fibroblasts. The
cathepsin K inhibition activities of the low-molecular-weight
inhibitors ( and Boe-1) and the inhibitor-polymer conju-
gates (MPEGI and ST-PHPMA-I) were evaluated in
primary human synovial fibroblast cultures using an in situ
fluorogenic substrate, CbzZGly—Pro—Arg—MpNA, as de-
scribed previously Z4). Low-molecular-weight inhibitors
were tested at one concentration (M), while both

as the substrate in all cases. AMC released was monitoredmacromolecular inhibitors were tested at two concentrations

with a SPECTRAmax, GEMINI XS microplate spectro-
fluorometer system (excitation/emission 380/450 nm, cutoff

420 nm). Automix (3 s) was done prior to each measurement.

All curve fitting was performed using Kaleida Graph 3.09
software.

The concentrations of active protein in all enzymes that
used in this study were determined by titration with E-64
(43). The kinetic constant¥nya.x and Ky, were obtained by
nonlinear regression analysis, atg and Kea/Km were
calculated thereafter.

Enzyme inactivation assays were performed in 96-well
plates. Enzyme and DTT (2.5 mM, final) were mixed and
preincubated for 5 min at 37C. Premixed substrate and
inhibitor were then added to initiate the reaction. The
substrate concentration used was equivalei.t¢final) for

(1 and 10uM). Briefly, the inhibitor treated synovial
fibroblasts were incubated with a mixture of 1 mg/mL Cbz-
Gly-Pro-Arg-MBNA, 1 mM 5-nitrosalicylaldehyde, 1 mM
DTT, 2.7 mM L-cysteine, 0.25 mM EDTA in 100 mM
acetate buffer (pH 5.5) for 30 min. The generation of the
insoluble fluorescent product was monitored using a Nikon
Eclipse E800 fluorescence microscope (excitation-4@0

nm and emission above 510 nm). To address the uptake of
polymer into the cells, we used polymer-FITC conjugates.
The cells were incubated with the conjugates (100) in

5% CQ incubator at 37°C for 5 h. After washing three
times with PBS, the intracellular fluorescent signal was
detected by fluorescence microscopy.

RESULTS

each enzyme. Inhibitor concentrations used were adjusted Synthesis and Characterization bfand Its Conjugates

according to potency. The final enzyme concentration was

with Water-Soluble Polymerdnhibitor | was synthesized
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Ficure 1: HPLC chromatograms of amino acids (derivatized with
phthalic dicarboxaldehyde and thio glucose). (panel 1) Calibra-
tion: 27.99 p-Phe), 30.204-Phe), 34.56-Leu), and 36.20 min
(L-Leu). (panel 2) Hydrolyzed conjugate mPEG 30.74 (-Phe),
32.64 (unknown), 36.35.{Leu), and 37.9 min (unknown).

Table 1: Characterization of Inhibitors

molecular content of number ofl per
inhibitor weight inhibitor |2 polymer chain
| 597.71 - -
Boc—I 697.85 - -
mPEG-I 2700 3.60x 104 mol/g 1.0
ST-PHPMA-I 4230 1.44x 10“*mol/g 0.6
PHPMA-GG-I 7700 1.49x 10 mollg 11
PHPMA—I 15500 1.91x 10“mol/g 2.9

a Determined by amino acid analysis, except PHPMAwhich was
analyzed by TNBS assay Number average molecular weights were
determined by SEC.

at high yield using the procedure described in Scheme 1. In

salt form (~NH3;™-CRCOQO"), | was water-soluble. Race-
mization was not observed Inand its polymer conjugates.
In a typical HPLC chromatogram of hydrolyzed conjugate

Wang et al.

Table 2: Kinetic Parameters for Enzymes Using
Cbz—Phe-Arg—AMC as the Substrate

enzyme Keat (S71) Km (uM) KealKm (M~1s7Y)
cathepsin K 19.3 39.2 492 000
cathepsin L 16.5 5.87 2810000
cathepsin B 48.4 202 240 000
papain 21.1 76.4 276 000
a All data were obtained with platereader assay.
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FiGure 2: Inhibition progress curves of cathepsin K-catalyzed
hydrolysis of Cbz-Phe-Arg—AMC in the presence of the inhibitor
Boc—I| at 37°C in acetate buffer (0.1 M, pH 5.6) containing 2.5
mM EDTA, 2.5 mM DTT, and 0.03% Brij35. The substrate
concentration was 6.7% 107> M. The final concentration of
cathepsin K was 0.5 nM. The following inhibitor concentrations
were used: 0€), 1.5 ©), 7.5 @), and 15 nM Q). The
fluorescence generated (released AMC) was monitored with a
microplate spectrofluorometer (excitation/emission 380/450 nm,
cutoff 420 nm). RFU, relative fluorescence unit.

presence of unsubstituted polymer chains is possible. The
concentration of polymeric inhibitors in enzyme study was

MPEG-I (panel 2 in Figure 1), no peak can be assigned to calculated based on the contentlof

D-Phe om-Leu according to the calibration (panel 1 in Figure
1). Peaks with retention times at 30.74 and 36.35 min in
panel 2 can be assigned tePhe and.-Leu, respectively.

Kinetic Parameters for Cathepsins, K, B, and Papain
Using Cbz-Phe-Arg—AMC as SubstrateKinetic param-
eters such ak.o, K, andkeo/Km determined with platereader

Their ratio was close to 0.5, which is in a good agreement assay are shown in Table 2. Al./Kn, values for the tested

with the composition ol. From this, it can be concluded
that intactl has been conjugated to the polymer. Two very

enzymes with Cbz-Phe-Arg-AMC as the substrate are in the
same range as previously published data, indicating the

small peaks at 32.6 and 37.9 min in panel 2 may be assignedsubstrate is better for cathepsin L than for the other three

to unknown impurities from the OPA derivatization of
hydrolyzed mPEGI|. The final calculation of inhibitor
content in all conjugates was basedieamino acid peak-
areas.

Synthesized conjugates were carefully purified by column
chromatography and dialysis. Their purity was confirmed

enzymes§, 46). TheK, values for cathepsin K and papain
were higher than some of the published d&a4(7); this
could be attributed to a higher amount of DMSO (5 v/v%)
used in this study48).

Inhibition Activity of Inhibitors | and Boc-lI Against
Cathepsins KL, B, and PapainBoth| and its Boc protected

by their respective SEC profiles, which indicated the absencederivative possessed inhibitory activities similar to unmodi-

of low-molecular-weight compounds trapped physically in

fied 1,5-bis(CbzLeu) carbohydrazide. The effect of various

the conjugates. The molecular weight and inhibitor content concentrations of Boel on the rate of hydrolysis of the
of the conjugates are summarized in Table 1. As one canfluorescent substrate CbPhe-Arg—AMC by cathepsin K

see from the data, blank polymer with hattachment was
abundant in conjugate ST-PHPMA (about 40%), since the
average number df per polymer chain in the conjugate is

is shown in Figure 2. The nonlinear character of these
progress curves indicated that Belcis a time-dependent
inhibitor of the enzyme like 1,5-bis(CbZ.eu) carbohy-

only 0.6. Although all other conjugates had on average more drazide and. These inhibition curves were fit into eq 1 to

than onel moiety attached to each polymer chain, the

determine the inactivation ratie,s and initial hydrolysis
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Table 3: Inhibition of Papain Superfamily Members by Compoundsd Boc-12

| Boc—1
) Ko (M) ) Ko (M)
catK 1.3x 10F (3.5x 109 9.7 5.9x 10° (1.2 x 109 6.0
catL 4.1% 10°(5.9 x 10%) 12x 10 1.1x 10 (5.6 x 109) b
catB 1.8x 10?(36.3) 5.1x 10° 22x 100 (4.3 x 1% 5.1x 107
papain 2.7x 1C° (108) 2.3x 10° 3.9x 10°(63.5) 1.2x 10°

2 Errors calculated from curve fitting are shown in parenthegstial hydrolysis rates did not change enough to deterning,

Table 4: Inhibition of Papain Superfamily Members by Conjugates mPEGT-PHPMA-I, PHPMA-GG—I, and PHPMA-12

MPEG-| ST-PHPMA-| PHPMA—GG—I PHPMA—|
kodlT(M 25 Kiapp (M) KoodlT(M 25 Kiapp (M) kodlT(M 25 Kiapp (M) knd[T (M 25 Kiapp (M)
catK 5.5x 10°(3.1x 10 6.6 45x 1°(1.5% 109 11.3 2.9x 10°(5.7 x 109 392 3.4x 10°(6.2 x 109) 270
catL 3.1x 10°(1700) b 1.2 x 10°(750) b 6.3x 107(31) b 1.3 x 10°(66.6) 1.2x 10¢
catB  3.9x 10°(207) 1.6x 10° 2.8 x 10°(86.6) 2.7x 10° 5.7 x 10%(101) 6.9x 10° 5.6 x 101(1.7) 1.1x 108
papain 3.1x 10°%(95.2) 2.4x 10° 2.7 x 10%(75.7) 1.9x 10° 3.4x 107(20.9) 1.2x 10* 2.5x 107(10.2) 1.3x 10¢

aErrors calculated from curve fitting are shown in parentheses; concentrations of macromolecular inhibitors are exptesgat/aents.
b Initial hydrolysis rates did not change enough to deternking,

velocity. Analysis of initial rates of substrate hydrolysis as PHPMA—I, PHPMA-GG—I, and PHPMA-I as well.
a function of inhibitor concentration yielded an apparent Similar patterns of inhibition progress curves were observed
inhibition constantK;,app for a reversible association of the  with conjugates mPE&I, ST-PHPMA-1, PHPMA-GG—
inhibitor with cathepsin K prior to the time-dependent step. |, and PHPMA-I when they were tested against cathepsin
All the enzymes tested showed similar time-dependent L, cathepsin B, and papain. With valueskgiJ[l] of about
inhibition progress curves as those depicted in Figure 2.5 x 10° M~ st andK,appin the range of 611 nM, it was
Second-order rate constants for inhibitikyad[l] and Ki,app suggested that the inhibitory activity of conjugates mPEG
of I and Boc-1 against cathepsins K, L, B and papain are and ST-PHPMA-I (in which | was attached to the polymer
summarized in Table 3. Both Bed and| showed potent  terminus) against cathepsin K was only slightly reduced
inactivation of cathepsin K. Thel,app values were in the  compared to the inhibition by unboundsee Table 4).
nanomolar range, which indicated a strong inhibition of the  gimilar values 0kopd[1] and K app determined for mPEGI
initial rate of substrate hydrolysis. A high value for the 5,4 ST-PHPMA-I indicate that the different chemical
second-order rateicl:o[]lstalmbsl [1] of the two inhibitors ( compositions of each polymer did not show any apparent
and Boc-1; ~10° M~ s7) suggests that they are potent time- j,quence upon the inhibitory activity against cathepsin K.
dependent inhibitors of cathepsin K, as well. These values Tpair kend[I] values against cathepsin L were 1 order of
are very close to those found for 1,5-bis(Gizu) carbo-  agnitude lower than the values for cathepsin K. When they
hydrazide, as reported previous§9. , were tested against cathepsin B and papain, the values were
The high selectivity of Boel andl toward cathepsin K g5, 5 orders of magnitude lower than those with cathepsin
was demonstrated when they were tested for inhibitory Apparently, both conjugates showed similar pattern of

activity toward other members of papain superfamily. ynency and selectivity against cathepsin K as inhibitors
Cathepsin L was inactivated by compouridand Boc-1 and Boc-1.

30 to 50-fold less efficiently than cathepsin K, which was )

reflected by the value Okobsl[ll and Kiaapp (Table 3) Both PHPMA-GG—I and PHPMA-I were relatlvely
Inhibition parameters determined for cathepsin B and papainPC0r (compared to mPE& and ST-PHPMA-1) but selec-
were about 24 orders of magnitude lower than those found tive inhibitors of cathepsin K. TheiksJ[l] values (about
for cathepsin K. This is consistent with the fact that cathepsin 3 * 10° M™* s%) were generally +2 orders of magnitude

L has the highest DNA and amino acid sequence homology [oWer than those of mPES and ST-PHPMA-I, while
to cathepsin K among the papain superfaméy. ( Ki,app Values were about-12 orders of magnitude higher.

The presence of Ndin | did not reduce its inhibition The influence of the Gly-Gly spacer was notsignifica_nt an_d
activity against cathepsin K. In fact, inhibitorshowed a  Was only observed when tested against cathepsin B, in which
higherkosd[l] than that of Boe-1 and was close to the value ~ C@S€ conjugate PHPMA (without spacer) showed about a
of a similar molecule reported previousKd). Interestingly, ~ 10 times lowerko,d[I] and a 20 times higheki,ap, than
the influence of Boc protection over NHin | was observed =~ PHPMA—GG—I (with spacer).
only during the inhibition of cathepsin B, in which case, the  Stoichiometry of inhibitior(SI). Sls for cathepsin K and
kond[l] value of Boc—I was about 2 orders of magnitude papain were determined with all inhibitors synthesized (Table
higher than that fot. 5). For cathepsin Kl,, Boc—I, mPEG-1, and ST-PHPMA-|

Inhibition Activity of Conjugates mPEGI, ST-PHPMA- possessed S| values of about 1, while the two conjugates
I, PHPMA-GG—I, and PHPMA-I Against Cathepsin K baring inhibitorl on the side chains of the polymer backbone
L, B, and PapainLike inhibitor I, conjugate mPEGI was (PHPMA—-GG—1 and PHPMA-1) showed slightly higher
a time-dependent inhibitor of cathepsin K, typically produc- values of about 2 and 5. However, the high Sl data obtained
ing nonlinear progress curves as those shown in Figure 2.for papain indicate that all inhibitors were poor inhibitors
This feature was shared by the other conjugates ST-of papain.
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H

Ficure 3: Inhibition of cathepsin K activity in human synovial fibroblasts wittBoc—1, mMPEG-I, and ST-PHPMA-I. A, no inhibitor;

B, I (1 uM); C, mPEG-I (1 uM); D, mPEG-I1 (10uM); E, mMPEG-FITC (100uM); F, no inhibitor; G, Boe-I (1 uM); H, ST-PHPMA-|

(1 uM); 1, ST-PHPMA-I1 (10 uM); J, ST-PHPMA-FITC (100«M). The inhibition activities of the inhibitors and inhibitepolymer
conjugates were demonstrated by the reduction or disappearance of insoluble fluorescent product from cathepsin K hydrolysis of Cbz
Gly—Pro—Arg—MpNA (Nikon Eclipse E800, excitation 446600 nm and emission above 510 nm). Control studies on polymer cellular
entry were performed by incubating cells with mPERETC and ST-PHPMA-FITC (with concentrations of 100M) in 5% CGO, incubator

at 37°C for 5 h. After three washings with PBS, the intracelluar fluorescent signal was detected by fluorescent microscopy. Concentrations
in parentheses refer to eitheor FITC.

Table 5: Stoichiometry of Inhibition for Cathepsin K and Papain DISCUSSION
inhibitor Cathepsin K Papain Modification of 15-BigCbzLel) Carbohydrazide for
[ 1.10 11.3 Polymer ConjugationRedesign of an available inhibitor may
B‘)ngérl 8-33 2%34 be necessary before its conjugation to polymers. When not
gT_PHPMA_| 0.98 50.2 available, an attachment site (functional group) has to be
PHPMA—-GG—I 2.24 57.0 created. To minimize the impact on the inhibitory activity,
PHPMA-I 5.00 141 the structural modification should be at a site with little
influence on the formation of the enzymmhibitor complex
The Inhibition of Cathepsin K in Synial Fibroblasts.The Crystallographic analysis of cathepsin-K,5-bis(Cbz-

intracellular cathepsin K inhibition activities of low-molec- Leu) carbohydrazide complex at 2.2 A resolution showed
ular-weight inhibitors (‘and Boe-I) and inhibitor polymer  {h4¢'the central urea carbonyl group of the inhibitor binds to
conjugates (MPEGI and ST-PHPMA-I) were demon- iy catalytic cysteine thiol of cathepsin K. The inhibitor is
strated with a fluorescent substrate cleavage assay (Figurg,ong across both the and S subsites of the active site.

3) (24). In the ab_sence of any inhibitor, a_bundant msolubl_e On theSside, Leu is bound tightly in th&;, pocket, and the
quoresc_e_nt precipitate from the hydrolysis of the cathepsin phenyl portion of Chz appears to participate in an edge-faced
K specific substrate, CbzGly—Pro-Arg—MfNA, was . interaction with Tyr-67. On thé side, Cbz is oriented
observed, indicating a strong lysosomal cathepsin K activity participate in ar—zx interaction with Trp-184, whereas

in synovial fibroblasts. Preincubation of synovial fibroblasts 1,4 isobuty! group is involved in a hydrophobic interaction

Wi.th 1 uM low-molecular-weight inhib.itorsl(pr Boc-l, 30 with one face of the active site composed of GIn-21, Cys-
min) could greatly decrease the intensity of insoluble 55 .4 Gly-23 28).

fluorescent precipitate in the cells, which indicated a
complete inhibition of cathepsin K activity. Differently, after
preincubation with M macromolecular inhibitors (30 min),

the intensity of insoluble fluorescent precipitate slightly , e .
decreased in the cells treated with mPEGwhile almost introduced into the inhibitor structure as an attachment point

no insoluble fluorescent precipitate could be observed in the fOf Polymer conjugation (Scheme 1). This strategy was
cells treated with ST-PHPMAI. This suggested a modest Successful because the newly synthesized inhibitoas as
inhibition of cathepsin K by mPEGI and an almost potent asele_cnve cathepsin K |nh|t_)|_tor as 1,5—b|s_(€bzzu)
complete inhibition by ST-PHPMAI. When the concentra- ~ carPohydrazide (Table 3). In addition, Bet; which had
tions of macromolecular inhibitors were raised to: (30 the —NH, in | protected with Boc was also an effective
min preincubation), complete inhibition of the Ch&ly— cathepS|_n K inhibitor. On the ba5|_s of the results desprlbed
Pro-Arg—MpBNA-cleaving activity in synovial fibroblasts ~ here, neither-NH, nor Boc-NH disturbed the formation
was achieved in both cases. To demonstrate the internaliza®f the énzyme-inhibitor complex. However, Boel showed

tion and subcellular location of the macromolecular inhibitor, & Much higher activity thah in the inhibition of cathepsin

we incubated mPESFITC and ST-PHPMA-FITC with the B. Hypothetically, favorable hydrophobic interaction between
cells and monitored them using a fluorescence microscope.BOC and the enzyme active site improved bindiAg)(

Both FITC—polymer conjugates were predominantly local- Influence of Polymer Conjugation on the Adty of
ized in vesicles indicative of the endosombjisosomal Inhibitors. The interactions between synthetic polymer
compartment. Under identical assay conditions, a strongeroligopeptide conjugates and enzymes have been studied
fluorescence intensity was observed in the cells treated with systematically and reviewed previousB0f. Oligopeptides
ST-PHPMA-FITC than in those treated with mPEGITC with different sequence structure and length were conjugated
(Figure 3). to side chains§1—54), main chains%5), and chain termini

To retain the binding characteristics of the original
structure, we used a phenylalanine to replace the Cbz group
in 1,5-bis(Cbz-Leu) carbohydrazide. An amino group was
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Scheme 3: Possible Structures of Polymer Conjugated as inhibitor 1. This is also in a good agreement with a
| —cathepsin K Complex: (&) Attached to Polymer Chain previous report, in which the release rate of NAp from-Ala
Termini; (b) | Attached to Polymer Side Chains; (c) Gly—Val—Phe-NAp conjugated to the chain terminus of
Attached to Polymer Side Chains via a Long Spacer PEG was found to be comparable to free A@ly—Val—
Phe-NAp (55).
inhibitor  polymer PEG is a water-soluble macromolecule with an expanded
_W‘é@\ (a) conformation in waterg0), whereas PHPMA is a random
e coil (61) in aqueous solution. Higher steric hindrance to

binding had been expected whérwas conjugated to the
chain terminus of ST-PHPMA, compared to mPEG conju-
gates. However, the results show that the steric hindrance
was not significant. Probably, this is due to the existence of
(b) the 3 carbon spacer (from MPA in the synthesis of ST-
PHPMA—-COOH) betweern and the PHPMA chain. The
steric hindrance of the polymer backbone on the formation
of the inhibitor-enzyme complex was more pronounced
when | was conjugated to the side chains of HPMA
copolymers in conjugates PHPMAGG—1 and PHPMA-
I. As depicted in Scheme 3b, the formation of the inhibitor
inhibitor enzyme complex may result in the distortion of the random
(©) coil conformation of the polymer backbone. Since this is
not energetically favorable, it would result in a decreased
inhibitory potency of conjugates PHPMAGG—I and
PHPMA—I when compared to conjugates mPEGand
polymer ST-PHPMA-I (Table 4). Introduction of a short rigid Gly
aThe dotted area represents the body of enzyme; the white areaGly spacer into the structure of conjugate PHPMBG—|

represents the active site cleft on the enzyme surface; the black areayiq not alter the inhibition activity toward cathepsin K
represents the inhibitor aligned in the enzyme active site; and random y P

" .dctivé site .

inhibitor

polymer

coils represent water-soluble polymers. (compare conjugates PHPMAGG—1 and PHPMA-I).
However, the activity of conjugate PHPMAGG—1 toward
(55) or were used as cross-links to join two chaiB6<59) cathepsin B was improved.

of HPMA copolymers or PEG. The degradation of polymer-  The above analyses are in agreement with the stoichiom-
bound oligopeptide substrates was evaluated with modeletry of inhibition (SI) data for cathepsin K (Table 5), where
enzymes, including trypsirb(), chymotrypsin §5, 56, 59), both low-molecular-weight inhibitorsl (and Boc-1) and
papain b8), and cathepsin B5@). The degradability of the  semitelechelic polymerinhibitor conjugates (mPEGI and
polymer-conjugated oligopeptides may be affected by both ST-PHPMA-1) showed a Sl value of about 1, while
steric and structural factors, depending on the structure andPHPMA—GG—I and PHPMA-I demonstrated higher values
length of the oligopeptide sequences, the structure of theof ~2 and 5, respectively. It appears that macromolecular
polymer, and mode of attachment (side chain, chain terminus,inhibitors where the inhibitof is bound to polymer side
cross-link). The influence of steric hindrance from the chains (PHPMA-GG—I and PHPMA-I) are less effective
polymer chain on the formation of the enzymsubstrate because steric hindrance of the polymer chain renders the
complex is often a function of the length of the incorporated formation of the inhibitor-cathepsin K complex more
oligopeptide sequence and its mode of attachment to thedifficult. The high Sl values for papain (Table 5) reflect the
polymer chain $0). fact that all inhibitors are poor papain inhibitors (Tables 3
These results may give further insight into the relationship and 4). Other factors contributing to the high Sl values for
between the structure of inhibitepolymer conjugates and papain may be the steric hindrance of polymeric chains
the formation of the inhibitortarget enzyme complex. (inhibitors PHPMA-GG—I and PHPMA-I) and the poor
Different shielding effects in the formation of inhibiter fitting of the Boc protected low-molecular-weight inhibitor
enzyme complex posed by the conjugated polymers may(Boc—1) into the papain active site.
impact the inhibitory activity of macromolecular inhibitors Previous data indicate that the steric hindrance can be
(polymer—1 conjugates). minimized if a sufficiently long spacer is introduced between
As the 3-D structure of 1,5-bis(Cbzeu) carbohydrazide  the polymer backbone and the sequence to be accommodated
aligned in the active site of cathepsin K (Protein Data Bank into the enzyme active site. For example, the binding of
Id: 1AYU) shows, the 1,5-bis(CbzLeu) carbohydrazide L-trans-epoxysuccinyl-leucylamido(4-amino)butane (Ep-
spans the entire active site on the surface of cathepsin K.459), a cysteine protease inhibitor, to the side chains of
We hypothesize thdthas a similar binding mode. Therefore, HPMA copolymer via a Gly-Leu spacer did not result in a
as shown in Scheme 3a, the conjugation tf the terminus decrease of its inhibitory activity toward cathepsin B or result
of a linear polymer via the-NH; group of Phe at the end in a change of its inhibitory activity of the intralysosomal
of binding site would have little influence upon the fitting degradation of macromolecular substrates in yolk sac tissue
of the inhibitor. The data shown in Table 4 support this when compared with free (unbound) Ep-45682) The
hypothesis, where both conjugates mPHGand ST- chymotrypsin catalyzed rate of cleavage of the leaving group
PHPMA—I (I conjugated to polymer terminus, MW 5000) at the termini of oligopeptide side chains attached to HPMA
are identified as selective inhibitors of cathepsin K potent copolymers was strongly dependent on the length of the
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oligopeptides §1). On the basis of these data, one may Attachment to polymer chain termini resulted in minimal
hypothesize that steric hindrance may be minimized and steric hindrance of the polymer chain on the formation of
inhibition activity of | retained, if conjugation to the HPMA  inhibitor—enzyme complex. On the other hand, attachment
copolymer side chains is accomplished via longer flexible to side chains of HPMA copolymer resulted in steric
spacers (as shown in Scheme 3c). hindrance, which led to a decrease of inhibitor potency when
Conjugation ofl to side chains of HPMA copolymer via compared to free (unbound) inhibitor.

an acid cleavable spacer is another possible approach in the (c) Conjugates of with mPEG or ST-PHPMA inhibited
design of novel macromolecular cathepsin K inhibitors. Such cathepsin K activity in synovial fibroblasts. However, the
conjugates, once transported into endosomes and/or lysoST-PHPMA-I conjugate was internalized faster with a
somes, would release free (low-molecular-weight) inhibitor concomitant increase in its biological activity when compared

by acid-catalyzed hydrolysis in response to the lower pH in
these subcellular compartments.

Inhibition of Cathepsin K Actity in Synaial Fibroblasts
Both mPEG-I and ST-PHPMA-I were selected for the
inhibition study because of their high inhibitory potency and
selectivity toward cathepsin K. They both completely
inhibited cathepsin K activity in synovial fibroblasts at 10
uM. However, differences in inhibitory efficacy were
revealed at lower inhibitor concentrationsyl1). Whereas
the ST-PHPMA-I conjugate inhibited the hydrolysis of Cbz-
Gly—Pro—Arg—MpNA at 1 uM concentration, the mPEQ
conjugate required 1@M. Since both inhibitor-polymer
conjugates shared simil&e,d[I] and Ki,app in the enzyme

to the mPEG-I conjugate.

(d) One may hypothesize that these new lysosomotropic
macromolecular inhibitors of cathepsin K may have potential
in the treatment of osteoporosis and rheumatoid arthritis.

ACKNOWLEDGMENT

We thank Prof. Glenn Prestwich for the use of the
microplate spectrofluorometer system. Helpful discussions
on mass spectrometry data with Prof. James A. McCloskey
and Dr. Vajira Nanayakara are also appreciated. Michal
Pechar thanks the Institute of Macromolecular Chemistry,
Academy of Sciences of the Czech Republic, for his leave
of absence.

assay, the observed efficacy differences in the cell assay may

be attributable to different internalization rates of the
inhibitors. This assumption was supported by the fact that
ST-PHPMA-FITC was internalized by synovial fibroblasts
faster than mMPEGFITC under identical experimental condi-
tions (Figure 3). However, since endocytosis is a concentra-
tion dependent process as well, both conjugates inhibited
cathepsin K activity in the cell assay at higher inhibitor
concentrations (1&M). These data seem to suggest that
PHPMA is a better carrier for cathepsin K inhibitors than
PEG. As expected, both and Boc-1 can inhibit the
cathepsin K activity in synovial fibroblasts at low concentra-
tion (1 uM). This reflects the fact that in an in vitro study
the efficacy is being compared on the basis of extracellular
concentrations; this may result in different intracellular
concentrations due to differences in the mechanism of cell
entry. Whereas macromolecules (polymarhibitor conju-
gates) enter cells by endocytosis, low-molecular-weigh
compounds I( and Boc-1) enter cells and subcellular
compartments by diffusior80). Though the latter can inhibit
the cathepsin K activity in cell culture experiments, systemic

administration of such compounds may lead to serious side 10.

effects, such as the unwanted inhibition of cathepsin K
activity in ovary, thyroid, etc. However, it could be overcome
by conjugations to water-soluble polymers, which will results
in numerous advantages: the possibility of introducing bone

targeting moieties, passive targeting based on the enhanced

permeability and retention (EPR) effecB({ 36), lyso-
somotropism, increased intravascular half-time, and improved
water solubility of hydrophobic inhibitors.

CONCLUSIONS

(a) 1-(N-Benzyloxycarbonylleucyl)-5-(phenylalanylleucyl)
carbohydrazide I and its conjugates with ST-PHPMA,
HPMA copolymers, and mPEG were synthesized and
characterized.

(b) The inhibition potency of macromolecular cathepsin
K inhibitors depended on the mode of inhibitoattachment.
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