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ABSTRACT. The nature of the inhibition of thiol proteases by a new class of mechanism-based inhibitors,
1,5-diacylcarbohydrazides, is described. These potent, time-dependent, active-site spanning inhibitors include
compounds that are selective for cathepsin K, a cysteine protease unique to osteoclasts. The 1,5-
diacylcarbohydrazides are slow substrates for members of the papain superfamily with inhibition resulting
from slow enzyme decarbamylation. Enzyme-catalyzed hydrolysis 6IN2\P-bis(benzyloxycarbonyl)-
L-leucinylcarbohydrazide is accompanied by formation of a hydrazide-containing product and a carbamyl
enzyme intermediate that is sufficiently stable to be observed by mass spectrometry and NMR. Stopped-
flow studies yield a saturation limited value of 43'$or the rate of cathepsin K acylation by 2/2,N'-
bis(benzyloxycarbonyl)-leucinylcarbohydrazide. Inhibition potency varies among proteases tested as
reflected by 2-3 orders of magnitude differenceskn andkq,dl, but all eventually form the same stable
covalent intermediate. Reactivation rates are equivalent for all enzymes testeti)(* s1), indicating
hydrolysis of a common carbamyénzyme form. NMR spectroscopic studies with cathepsin K and 2,2
N,N'-bis(benzyloxycarbonyl)-leucinylcarbohydrazide provide evidence of inhibitor cleavage to generate

a covalent carbamylenzyme intermediate rather than a tetrahedral complex. The product Cbz-Leu-
hydrazide does not appear enzyme-bound after cleavage in the NMR spectra, suggesting that the stable
inhibited form of the enzyme is the thioester complex. 1,5-Diacylcarbohydrazides represent a new class
of unreactive cysteine protease inhibitors that share a common mechanism of action across members of
the papain superfamily. Both S antdsfibsite interactions are exploited in achieving high selectivity and
potency.

Bone remodeling is a dynamic process involving continual is the enzyme responsible for matrix degradation during bone
deposition and resorption of bone matrix. The key cell type resorption by the osteoclas®®)( Additional support for the
involved in the resorptive process is the osteoclast. Osteo-role of cathepsin K in bone resorption has come from the
clasts attach to the bone surface, resulting in the formation linkage of a genetic defect of bone resorption, pycnodysos-
of a vacuole at the interface. This vacuole is the site of active tosis, being linked to mutations in the cathepsin K gehe (
bone resorption being made both acidic and rich in protease-11) that render cathepsin K inactive as a protease.

() by the osteoclast( 2). It is assumed that this protease-  ggyera] classes of mechanism-based inhibitors of cysteine
rich environment is responsible for matrix degradation during proteases have been reported including aldehydes, chloro-

the resorption process. Studies with the generic cysteinemethy| ketones, 1?) epoxides {3), and viny! sulfones14).

protease inhibitors_ such as E-64, Ie_u_peptin, a_nd pystatin ha_veGeneraIIy, these inhibitors share two common properties.
implicated a cysteine protease activity as being important in First, they possess an inherently reactive electrophilic

bone resorptiond=7). However, the identity of this protease functional group, and second, they generally utilize interac-

ha_?hqul ret_c;gnttl_y, rerPamed tel_uswe. " f th . tions only toward the S side of the active site, thereby failing
€ |dentification of & cysteine protéase of € papain y, e advantage of potential Subsite interactions for

superfamily, which is both highly and selectively expressed nhancin o
; : ; g potency and selectivity5). Recently, potent
in osteoclasts, has suggested that this protease, cathepsin K, .0 ¢ cathepsin K based on a 1,3-diamino-2-pro-

panone scaffold have been reported that span both S'and S
sides of the active sitel, 17. However, these inhibitors
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(18). These inhibitors utilize interactions at both the S and the Michaelis constant according to eq 3, a true second-order
S substrate binding subsites to achieve potency and selectivrate constanti,../K;) was determined:
ity while the carbohydrazide functional group lacks intrinsic

Kopd[l] = (KinacfKi(1 + [SI/K,)) ®3)

reactivity toward nucleophiles. The mechanism of inactiva-
A complete discussion of this kinetic treatment has been

tion is demonstrated to involve interaction with the active

site cysteine (Cys-25)10, 20 along with slow enzyme . D .
Y (Cy )10, 20 g Y presentedZ4—26), and its application to elastase inhibition

has been described by Knight et &.7).

reactivation upon hydrolysis of the covalent intermediate.
In addition, we show that the mechanism of action of these e ; )

Stopped-Flow Kinetic Studie€athepsin K (100 nM) was
rapidly mixed with various concentrations bfn an Applied

compounds is common to several members of the papain
superfamily and therefore represents a new class of intrinsi-
cally unreactive mechanism based inhibitors of thiol pro-
2,2-N,N’-bis(benzyloxycarbonyl)-L{eucinylcarbohydrazide

teases.

EXPERIMENTAL PROCEDURES

Materials Recombinant human cathepsin K and other
cathepsins were prepared as reported previouxly 22.
Peptide substrates were obtained from Bachem or Nova
Biochem. Compound synthesis includifig.-labeled 2,2 Photophysics SX.18MV stopped-flow spectrophotometer.
N,N'-bis(benzyloxycarbonyl)-leucinylcarbohydrazide was ~ The reaction was performed using standard assay buffer at
reported previously1g). pH 5.5 containing 10% DMSO in both drive syringes. All

Methods Standard assay conditions and inhibition studies reactions were done at room temperature under pseudo-first-
were performed in 100 mM sodium acetate, pH 5.5, 5 mM order conditions withl in excess of cathepsin K. Total
EDTA, and 5 mM cysteine as per Votta et a22). Cbhz- tryptophan fluorescence was monitored by excitation at 295
Leu-Arg-AMC! was used as the substrate unless otherwisenm with a 320 nm cutoff emission filter. Individual rate
specified. Product fluorescence was monitored with a Per- constantsK.ng were determined using the instrument soft-
Septive Biosystems (Framingham, MA) Cytofluor Il plate ware to fit a single-order exponential with a floating endpoint.
reader (excitation/emission 360/460 nm). All curve fitting Values ofkosat low [I] were fit to the linear eq 4a to obtain
was achieved using Grafit 3.2J). a value forko, (25, 26:

Inactivation of cathepsin K and other enzymes was
performed in a 96-well plate format as described previously Kobs = Kott + Konll]

(22). Briefly, substrate and !nhibitor were premixeq in each Values ofkyps were then fit as a function of [i] using eq 4b
well. Substrate was &, (final) for each cathepsin, and "2 A botk; and Kinact (28):
kobs= kinact[l]/( Ki + [I])

inhibitor concentrations were varied as appropriate depending
Reactvation StudiesRelease of inhibitor from inhibited

on potency. Reactions were initiated by the addition of
enzyme. Final enzyme concentrations were around 1 nM
except for cathepsin K, which was 100 pM. Progress curves
were fitted to enzyme was followed by monitoring the return of enzyme
activity as a function of time as previously described for
cathepsin K22). The dilution buffer contained 50M Cbz-
Leu-Arg-AMC as a substrate for cathepsin K and papain.
The substrate Cbz-Val-Val-Arg-AMC was used for cathepsin
S. Preincubation was carried out @ h using 1uM enzyme
and 2uM inhibitor followed by final dilution to 50 pM
enzyme and 100 pM inhibitor into substrate. A SPEX
Fluorolog 3 fluorimeter (Instruments SA, Edison, NJ) was
used to monitor the return of enzyme activity at°80 Data
were fitted using eq 4209, 30:

Uss)[l — exp- kreact)]/ kreact+ Fo )

where F is the observed fluorescencg, is the initial
background fluorescence at the start of the assais the
initial velocity following dilution of the preincubated enzyme
inhibitor complex, vss is the steady-state rate of product
formation after reactivation, angkacis the rate of reactiva-

(4a)

(4b)

vl — exp(—kypd)l/
Kobs T Ao (1)

whereu, is the initial reaction velocityyssis the final steady-
state rated, is the background fluorescence, dngsis the
rate of inactivation. The parameteywas fitted as a function
of [I] to eq 2b with the assumption that the inhibitor is purely
competitive to obtain & value for formation of the initial
reversible EI complex prior to inactivatior24):

Vinad SV(Ky(1 + [1/K;) + [S])

[product]= v & + (v, —

(22) F=vd+ (v~
Since the inactivation was done under conditions of$S]
Km, the equation was reduced to

Vma>!(2 + [I]/ Ki)

The initial slope of a simple linear fit of a secondary plot of "
kobsVs [1] yielded an apparent second-order rate constgdt ~ tON. _ _ _
I. Uncorrected values are reported simplykas/l. When Mass Spectrometric Analysis of Inagted Cathepsin K.

this value was then corrected for substrate concentration and”rotein samples were analyzed by loading A0®f solution
containing 1000 pmol of protein in assay buffer onto a 1

(2b)

1 Abbreviations: AMC, aminomethylcoumarin; Cbz, benzyloxycar-
bonyl; DMSO, dimethyl sulfoxide; HPLC, high-performance liquid
chromatography; DSS, sodium 2,2-dimethyl-2-silapentane-5-sulfonate.

mm x 5 mm reverse-phase peptide trap (Michrom Bio-
Resources, Inc., Auburn, CA) and washing with 2Q00f
solvent A before back-elution iota T connector that directed
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55ul/min to a UV detector/fraction collector andis/min T T T T T T T
to the lonSpray source of a triple-quadrupole mass spec-

trometer (Sciex API lll, Sciex, Thornhill, ON, Canada).

Elution was with a gradient beginning with a 2-min hold at 12000
20% B, followed by a ramp to 80% B in 2 min, and then a
final 2-min hold. Solvent A was 0.1% TFA, and B was 90%
MeCN, 10% HO, and 0.1% TFA. The mass spectrometer
was scanned fromvz 1000 to 1800 every 4 s.

NMR Analysis of Inactiated Cathepsin KThe samples
for NMR analysis were prepared in two ways. For the first
sample preparation, cathepsin K (&) was complexed
with 13C '5N,-labeled1 by adding 10 vol % of a 0.5 mM
solution in DMSO. The protein solution was then concen-
trated by ultrafiltration and dialyzed into the desired buffer
to yield a final solution of 0.45 mM cathepsin K complexed
with 1in 90% HO—-10% D,O, 50 mM acetatel;, 250 mM
NaCl, and 2 mM cysteine at pH 4.0 and@. For the second
NMR sample, a 4004 sample of the 0.5 mM mature form
of cathepsin K in 50 mM acetate, 500 mM NacCl, and 2 mM
cysteine, pH 4.0, was mixed with 5@ of a 25 mM SB-
240314 solution in DMSQ@s. Fifty microliters of buffer (50
mM acetate, 500 mM NacCl, and 2 mM cysteine, pH 4.0)
was then added to yield a final solution of 0.4 mM cathepsin Time (sec.)

K'in 90% H,0—10% DMSO#ds, 45 mM acetatek, 450 mM Ficure 1: Inhibition of cathepsin K byl. Individual rate constants
NaCl, and 1.8 mM cysteine at pH 4.0 andG. It should be  \yere determined by fitting the progrgss curves: 02§ 0.5 @),
noted that although the total amountbfn the NMR tube 1 @), and 2.5 nM ).

is about 5:1 in excess of that of cathepsin K, the final

concentration of fred in solution was negligible due to its ~mercaptan (250 mM) in methandi-under neutral, acidic
very poor solubility, and the only signal observed from the (250 mM acetic acid) or basic (250 mM triethylamine)

8000

Fluorescence (arbitrary units)

4000

0 500 1000 1500

labeled ligand came from that bound to cathepsin K. conditions (data not shown). Thatis a time-dependent
Turnaver of 1 by Cathepsin Kln a preliminary paper, we inhibitor of cathepsin K has_ already been report&8).(A
reported that3H]-2,2-N,N'-bis(benzyloxycarbonyl)-leuci- crystal structure of cathepsin K complexed withvas also

nylcarbohydrazide is a substrate for cathepsin K as monitoredr€Ported at this time that was best interpreted as having the
by the production of 0.920.96 equiv of fH]-labeled Cbz- bis-hydrazide urea group bound as a tetrahedral adduct at
Leu-hydrazide by HPLCLg). Formation of one productHi]- the active site cysteine. The X-ray resolution was, however,
Cbz-Leu-hydrazide, as detected by HPLC was complete "ot at a high enough level to make an unequivocal
within 5 min as prolonged incubations and different ratios interpretation. However, at the time of that paper, the

of inhibitor—enzyme did not increase the stoichiometry (data Mechanism of inhibition of cathepsin K dywas unclear.
not shown). We have sought, therefore, to better understand the mech-

p, anism of inhibition of cathepsin K by and also to extend

varying concentrations df using the standard fluorescent this t?( rel_?t?g molﬁigle? and dottf;]er mein:_beri of tgehpapalr
kinetic assay. The dilute protein was found to be completely supeértamily through kinetic and other solution-based physica

Cop ; : tudies.
inhibited by 0.97 equiv ofl. Cathepsin K (12uM) was stue . .
preincubated with 4%M nonlabeledL for 20 mir?uto ensure Figure 1 shows the effect of various concentrationd of

. : . : the rate of hydrolysis of the fluorescent cathepsin K
complete inhibition (as monitored by dilution of an aliquot on ;
into the standard fluorescent kinetic assay)-Labeled1 substrate Cbz-Phe-Arg-AMC. The nonlinear nature of these

was added to the reaction. At various time points, an aliquot progress curves indicate this a time-dependent inhibitor

of the enzyme reaction was quenched with 1.5 vol of DMSO. of cathepsm K. Th(_e progress curves at each sub§trate
To ensure recovery of small amounts of product from the concentration were fit to ed 1..t° yield yalues for the first-
HPLC, nonlabeled carrier was added upon quenching to bothorldfr ratez c?]nstangot;; anoll Tg%al Velo.c'té' trati

the enzyme-catalyzed reaction and the control samples. Igure = snows both a piot Eps against. concentration
Aliquots were injected onto a reverse-phase Beckman ODSand |n|t.|al rate of s_u.b_strate hydrolysis aga|hsbncentrgt|on.
standard analytical 4.6 mmx 25 cm HPLC column Analysis of the initial rates of substrate hydrolysis as a

Fractions were monitored by UV absorbance, collected, and;unf[:rt]'on of1 c.glncentratl'o? yle(};?\ffg:(apng%/ alue 0I22.7 nll/l
counted in a Beckman LS3801 scintillation counter. or the reversible association Ith cathepsin & prior to
the time-dependent step. A second-order rate constant for

RESULTS AND DISCUSSION inactivation,kinac/Ki, of 5.2 x 10° M~1 s1 can be obtained
from the initial linear portion of the replot. Thdt shows
We have been unable to detect any intrinsic reactivity of both potent inhibition of the initial rate of substrate hydrolysis
these compounds toward thiols in solution. No detectable by cathepsin K and a time-dependent inactivation of cathe-
thiol addition products were observed by proton NMR psin K suggests that a minimum of two steps is involved in
analysis on exposure df (50 mM) to p-methoxybenzyl the inhibition of cathepsin K. These two steps would likely

An active site titration of 1 nM cathepsin K was done wit
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be a rapid reversible binding dfto cathepsin K followed 10 -
by a slow chemical (inactivation) step (Scheme 1).
This mechanism would predict thiag,d[I] should show a 5 | _
saturating maximal value. No indication of saturation of the
kobs Vs [l] plot is observed at the relatively low concentrations T e
of 1 used in this study. Al concentrations of 10 nM and 0
greater, fitting of progress curves becomes unreliable due 0 2 4 6 8 10
to the low initial rates of substrate hydrolysis and rapid [Compound 1] uM

enzyme inactivation. . : .
S S .. . Ficure 3: Binding of1 to cathepsin K by stopped-flow analysis.
Determination of the Kinetics of Inaetition of Cathepsin () Stopped-flow fluorescence trace uptrbinding to cathepsin
K by 1. Cathepsin K exhibits an intrinsic fluorescence K (0). The solid line is the curve fit to a single-exponential equation
increase, upon binding of as monitored in the stopped- as described in the Experimental Procedures. For display purposes

flow spectrophotometer. This method does not follow ©Only. every tenth data point is shown. (B) Replotkeds vs [1] for
enzymg acti\F/)ity and so is not limited to low inhibitor gglt%eﬁ)ﬁénigtﬁ()e. fﬁ"’t‘(t)hggs"l%Kwas held constant at 100 nM. The
concentrations used for activity measurements. Under pseudo- '

first-order conditions where [I}> [E,] the increase in  calculated from the relationshky = Kii/kon. This givesks
cathepsin K tryptophan fluorescence over time seen upong yalue of 1.4x 102 s L.

binding 1 is best described by a single-exponential Figure  Reactiation Studieslt has previously been reportetid)

3A. A value of 5.1x 10° M™* s for knae/K; for the that, after inactivation of cathepsin K with inhibition was
inactivation process can be obtained from the initial slope essentially irreversible upon dilution or dialysis. However,
of this secondary plot. The initial slope of the secondary plot these experiments had been of a qualitative nature rather than

[Kinac/Ki is a lower limit forkon (eq 4b)]. The values dfnac/ quantitative. In addition, inactivation of papain by aza-
K derived from the stopped-flow experiments (5110° peptides 80) has been shown to give rise to slowly
M~ s™!) and substrate hydrolysis (5.2 10° M~* s reactivating acyl enzyme species of a type that may be similar

experiments are in excellent agreement, suggesting theto those formed by the inactivation of cathepsin Kibfhus,
observation of common enzyme complexes with both jtwas of interest to investigate the reactivation of inactivated
techniques. cathepsin K further. Attempts to demonstrate reversibility

Fitting kops @s a hyperbolic function df (eq 4) yields an by 1 were complicated by the extreme potency of the
upper limit for kna Of 43 s71 at saturating [I] (Figure 3B).  inhibitor along with instability of both the free and the
This hyperbolic dependence &y is consistent with a  inactivated enzyme complex over long periods of time. (The
minimal two-step mechanism for the inactivation of cathepsin rate of turnover ofl will be addressed below.) Use of eq 5
K by 1 (Scheme 1). Settingnac/Ki = Kon allows ko to be for direct determination ok.eac: requires reduction of the
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I L measurable for cathepsin B, and this was more than 200-
fold greater than that found for cathepsin K; 560 nM as
compared with 2.7 nM.

- Cathepsin S and papain are inhibited hyalbeit slowly

- as shown in Table 1. However, the reactivation rates are
- found to be approximately the same (1&?) for all the

- enzymes examined. The similarity in reactivation rates for
7 papain, cathepsin S, and cathepsin K after inactivation with
7 1 suggests that the reactivation process is governed by the
chemistry of reactivation rather than any specificity deter-
minants in the inactivated complex.

. Inhibition of Cathepsin K by Analogues bfTable 2 lists

- the second-order rate constants for the inactivation of

- cathepsin K by a number of compounds structurally related

- to 1. All are good inhibitors of cathepsin K witkyd[l]

values in excess of 2M~* s71. Although there is an order

0 3000 6000 of magnitude difference in the second-order rate constants

. for inactivation, the values d¢.aciare essentially identical.
time (sec.) It is likely that two of the three analogues give rise to the

FiGURE 4: Progress curve for the recovery of cathepsin K activity sgme inactivated complex as that derived from cathepsin K

after preincubation withk (O). Activity was monitored by hydrolysis i ; i
of Z-Leu-Arg-AMC. The solid line represents the fit of the data to andl (V!de _Infra). Itis th_erfafore not surprising that the rates
of inactivation are all similar.

eq 5. From this fit, a value df,s was determined directly.
Turnover of 1 by Cathepsin KAs the studies on the

20000

15000

Fluorescence (arbitrary units)

10000

Table 1: Inhibition of Papain Superfamily Members 1y reactivation of the cathepsin-KL complex were complicated
enzyme  Kiapp (NM) Kopd! (M~15°0) Keeact(S™Y) by _di_fficulties in der_nonstrating a high Ieygl of recovery of_
cathepsin K 2702 2610B1ix10) 11x10° activity, an altgrnatlve approach to obtaining the cathepsin
cathepsin B 560 (200) 2010 (15x 100 nd K—1 reactivation rate was pursued. Although the rate of
cathepsin L b 8.3x 10°(5.8x 1))  nd reactivation (1.1x 107* s is reasonable, we wished to
cathepsinS b 47x10°(3.8x 109  25x 10 elucidate whether reactivation was complete. In a preliminary

papain b 46x 10°(09x 1» 0.7x10*

paper (8), we reported that incubation &fl-labeledl with
~@Errors are shown_ in parentheses_. nd, not démeitial velocities cathepsin K rapidly generatedl mol of 3H-labeled Cbz-
did not change sufficiently to determineka Leu-hydrazide per mole of cathepsin K. Prolonged incuba-
tions did not increase the stoichiometry3f-labeled Cbz-
inhibitor substantially belovK;app) to avoid reinactivation  Leu-hydrazide production. This indicated that the rapid
of the enzyme. To satisfy the requirement tigt<$k Kieapp), inactivation of cathepsin K byl was accompanied by
reactivation experiments were carried out by diluting enzyme production of Cbz-Leu-hydrazide. This suggested an alterna-
and inhibitor concentration 20 000-fold to final concentra- tive approach toward estimating release of enzyme could be
tions of 50 pM cathepsin K and 100 pM Figure 4 shows  done by pulse chase studies.
the recovery of cathepsin K activity after inactivation with If 1 inactivated cathepsin K were to reactivate in the
compound and dilution into excess substrate. Using this presence of radiolabeled, then it would be rapidly
approach, significant recovery of cathepsin K activity was inactivated again, but now radiolabeled Cbz-Leu-hydrazide
observed over approximately 2 h. The reactivation rate of \yould be released. Thus the rate 3f-labeled Cbz-Leu-
cathepsin K after inhibition by was found tobe 1.k 10 hydrazide release should provide a measure of the rate of
st Although this rate of reactivation is reasonable, the reactivation ofl inactivated cathepsin K. Cathepsin K was
apparent extent of reactivation is significantly below 100% ¢ompletely inactivated with exceds and®H-labeledl was
due to enzyme stability problems. then added. At varying times, an aliquot was quenched and
Inhibition of Other Members of the Papain Superfamily analyzed foPH-labeled Cbz-Leu-hydrazide production. An
by 1. The time-dependent inhibition df is not unique to HPLC profile for production of®H-labeled Cbz-Leu-hy-
cathepsin K among members of the papain superfamily. drazide as compared to a control reaction is shown in Figure
However,1 shows a very high degree of selectivity for the 5A. Figure 5B shows the increase in tritiated Cbz-Leu-
inhibition of cathepsin K over other members of the papain hydrazide formation with respect to time whélabeledl
superfamily. Comparative data with other family members is added to cathepsin K that has been previously inactivated
shown in Table 1 indicate that cathepsin L is inactivated by 1. From the initial linear portion of this curve, the rate of
30-fold less efficiently than cathepsin K. Slower rates of 3H-labeled Cbz-Leu-hydrazide production was calculated to
inactivation are reflected in the lower values flypdl. be 1.2x 10* s %, assuming that the cathepsin K is 100%
Inhibition parameters of the other members of the papain active. This is experimentally indistinguishable from the
superfamily studied (cathepsin B, cathepsin S, and papain)value of 1.1x 10 s* found for the reactivation of the
were approximately 3 orders of magnitude lower than those cathepsin K-1 complex measured by dilution into excess
determined for cathepsin K. In keeping with the changes in substrate and supports the supposition that the reactivation
kond[l] seen with other members of the papain superfamily, process measured by the dilution experiment is real and
a K; value for the reversible association &fwas only corresponds to 100% of the inactivated cathepsin K.
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Table 2: Inhibition of Cathepsin K bg Analogues

Inhibitor Structure Kobs/1 Kreact

M-Iy D

Compound 1 ¢ )\ 3.1x100 1.1x104
[¢] o H o
H H H
q\olu T \uJLu/ jor\n {\O
Compound 2 - 2.1x105 12x104
SRR A L
H H H
Compound 3 )\’ 52x100  18x 104
O/\OJLN H\NJLNIH%NJLO/\Q
N
Compound 4 @\/ e JK/ \/0 13x105 12x104
o__N NN N O
T\)L Y
Scheme 2
o} )\
H H B
N. AL, N
ZHN NN NHZ  5x 106 M-s
G o g s
+ 14x102st | 2N TR NB(\NHZ
SH SH
)\ 43 s
I N H )\
ZHN ) N"TOH  HN \g/\NHZ HZN’NY\NHZ
104s! NI o
SH «— |z N‘H s
o)

Nature of the Inactiated Cathepsin K1 Complex: Mass  analysis was undertaken. Cathepsin K was incubatedwith
Spectral AnalysisUpon HPLC analysis of enzyme samples as described in Experimental Procedures, and mass spectro-
that had been incubated witfH-labeled 1, a peak of metric analysis was performed to determine the chemical
radioactivity was found to coelute with protein as monitored nature of the inhibited enzyme. Cathepsin K is a 24-kDa
by UV. The peak of radioactivity increased in size upon protein, which upon inactivation, is found to increase in mass
increasing enzyme concentration. Protein recovery issuesby 305.6 Da. The expected mass increase for an carbamyl
precluded accurate determination of the stoichiometry of the adduct of the type shown in Scheme 2 is 305.3 Da. Thus,
enzyme-inhibitor complex with the HPLC system employed. the formation of thist+305.6 Da higher mass enzyme species
To further understand the nature of the inhibited cathepsin upon inactivation byl corresponds to carbamylation of
K—1 complex, HPLC-electrospray mass spectrometric cathepsin K byl concomitant with loss of Cbz-Leu-
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L L L Table 3: Mass Spectral Analysis of Members of the Papain

Superfamily Inhibited byl
enzyme average adduct mass

cathepsin K 305.6
cathepsin S 305.2
papain 305.1

250

A Compound 1

200

150

inactivated byl. Although1 is a poor inactivator of cathepsin
S and papain (Table 1), complete inactivation is possible.
Both enzymes give rise to a mass adduct4e805 Da,
indicating that these members of the papain superfamily form
a similar inactivated species as that seen for cathepsin K.
As seen with cathepsin K, cathepsin S and papain show
complete conversion of native enzyme to the increased mass
species that is consistent with the carbafsthzyme shown
in Scheme 2. Thus, as judged by mass spectrometry of
0 20 40 inactivated enzymel, and analogues inactivate cathepsin K
and other members of the papain superfamily by forming a
time (min.) carbamyt-enzyme species, and this mechanism is common
to all of the analogues and enzymes studied in this work.

AR RRERN RN RALEN RN RN Mass spectroscopic analysis of the adducts generated by
the inactivation of cathepsin K with a number of analogues
of 1 is summarized in Table 4. All compounds show
complete formation of adducts relative to unreacted cathepsin
K consistent with the mechanism in Scheme 2. All but one
compound give rise to the same adduct as seenlfor
indicating that the preferred route of carbamylation is to
retain a Cbz-leucinylhydrazinyl carbamygnzyme species.
The exception to this i8, which shows two mass adducts

in a ratio of 2:1 indicating that dual binding modes exist
such that either half of the compound is retained on the
enzyme but the dimethylaminobenzyl group is slightly
favored ascompared to simple phenyl. Since the central
carbonyl is retained in both adducts, the results suggest that
the inhibitor may initially bind in either of two possible
orientations of an unsymmetrical diacylcarbohydrazide.

If we consider this carbamylation reaction to be analogous

) to the first half of the peptide bond cleavage cycle catalyzed

time (hrs) by cathepsin K, then it appears that a Cbz-leucinyl moiety

FicURE 5: Production ofH-labeledZ-Leu-hydrazine by exchange is favored on the S side of the active site, in keeping with
of 3H-Iabe|ed1int0acathepsin K1 Complex. Carbamylenzyme substrate preferencegml and the half of the molecule

was formed by preincubation of cathepsin K with excesa “hot” P A :
chase ofH-labeledl was added. At various time points, aliquots binding to the Sside is the product released upon carbamy

were quenched with DMSO and analyzed by HPLC. (A) The lation. Thus,2 and 4 demonstrate this preference by the
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amount of*H-labeledZ-Leu-hydrazine formed&) vs control O) formation of only one adducl is symmetrical; therefore, it
2.5 h after the addition C?H-Ia.beledl.. (B) Production oﬂ-l-labeled is obliged to form only one adduc® offers two binding
ét%gllé_(;]%d&ﬁmh?/ gfa;rﬁg”‘;gogc‘éfutr'mtzg Eg;g'{ggt“e‘g'ocnaﬁf:%yl orientations, both of which satisfy the requirement to bind a
enzyme must decarbamylate foIIO\;ved by subsequent binding of ale_ucme mo_lety on the S Slqe' The appearance of the
3H-labeled 1, which then cleaves to generald-labeledZ-Leu- dimethylamino group in two-thirds of the adduct reflects the
hydrazine and a new carbamygnzyme. fact that the orientation & with respect to the active site is

almost random. This near randomness of the retention of
hydrazide. All of the cathepsin K is found to be modified in the dimethylaminomethyl-bearing half 8fis not surprising
this way, indicating both that inactivation is complete and given that this change is relatively minor in terms of its affect
that only one carbamylenzyme species is formed. In on subsite specificities. Also, it is noteworthy that a positively
addition, Scheme 2 depicts the formation of 1 equiv of Cbz- charged amino acid is tolerated at both P3 and &3
Leu-hydrazide upon inactivation. exemplified by the cleavage of osteonectin by cathepsin K,

To investigate this apparent inactivation by carbamylation SO this substitution would not obviously disfavor either
with concomitant production of Cbz-Leu-hydrazide, we oOrientation of binding 21).
examined both the inactivation of cathepsin K by a number  Nature of the Inactiated Cathepsin K1 Complex: NMR
of analogues ofl and also the inactivation of cathepsin S Studieslt was of concern that our inability to see an intact
and papain byl. Table 3 shows the mass adducts observed molecule ofl bound to cathepsin K, as seen in the crystal
when cathepsin S (25 kDa) and papain (23 kDa) are structure, may be due to the conditions employed in the
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Table 4: Mass Spectral Analysis of Cathepsin K Inhibited by-R,N'-Bis(benzyloxycarbonyl)-leucinylcarbohydrazide Analogues
Inhibitor Structure Chemical Other

average adducts

Compound 1 305.6
NN
O/\OJLN¢~NJLNrNrN (\O
Compound 2 o 305.7
©/\0JLN¢“\NJLN’“)(@
H H H

Compound 3 )\ 306.15 362.0
° ¢ ° o (33%) (67%)

Compound 4 @\/ A T S \/O 305.9
Oij\I)LH’N\!)rN\ﬂJ\/N\!!’O

@ One-half of each inhibitor is the same &sand so the expected adduct mass for that reaction is 305.34 Da. No evidence was observed for
unreacted cathepsin K in any sample besides the control. Abundances are based on the observed ratio of peak heights in the MS data. All samples
contained a minor amount of protein with two adducts. This may be an artifact of the mass spec conditions and was not pursued.

experiment, namely, reverse-phase HPLC and ionization of 1N nucleus cannot arise from an intact moleculd 6bund
the sample in the mass spectrometer. In an attempt toto cathepsin K but is consistent with a carbamghzyme
influence the nature of the inactivated cathepsin K complex species similar to that shown in Scheme 2. In the presence
as little as possible, NMR studies were undertaken uShg of cathepsin K, a downfield shift of the carbonyl resonance
and *C-labeled 1 with the labels in the two hydrazine (Figure 6B,C) relative to the free ligand (Figure 5A) is seen.
moieties and the central carbonyl group, respectively. To This is consistent with a stable form of an carbargthzyme
further investigate the nature of the cathepsinladducts, adduct and not a tetrahedral adduct. Furthermore, the doublet
experiments (Figure 6) were performed under conditions that structure of the carbonyl resonance (Figure 6B,C) is in sharp
would mimic the solution-phase kinetic experiments as contrast to the triplet structure observed for the free ligand
closely as possible. in DMSO-d,, indicating cleavage of the ligand upon binding
The 13C spectrum of labeled is shown in Figure 6A.  at one of the twdC—?*N bonds. That this spectrum is a
The spectrum consists of a 1:2:1 triplet resulting in the two doublet suggests that the cathepsinKcomplex no longer
adjacentN nuclei coupling to the centra®®C nucleus. has both hydrazine moieties &fcovalently bound to the
Geminal coupling?J(:3C *N) to the more distant twd°N central carbonyl group. The slight difference in chemical shift
nuclei is not evident in this spectrum. of the carbonyl resonance observed in the spectra of Figure
Figure 6, panels B and C show tHa&C NMR spectra 6. panels B and C, can be attributed to the slightly different
obtained after reactingN- and*3C-labeledl with cathepsin ~ Puffer conditions, as described in Experimental Procedures.
K. The two spectra arise from different methods of sample  The close similarity of the results observed in Figure 6,
preparation as described above. The NMR spectra in FigurePanels B and C, indicate that the absence or presence,
6B,C are identical, indicating that the result is independent "espectively, of the Cbz-Leu-hydrazide, which is a product
of method of sample preparation. Both spectra show a broadof the cleavage af upon binding, does not affect the stability
doublet, which is consistent with tHé&C nucleus coupled to ~ Of the carbamyl-enzyme adduct.
one adjacent®™N nucleus!*N broad band decoupling causes SUMMARY
this doublet to collapse to a singlet, confirming that the
doublet is indeed due to coupling to &N nucleus. The Analysis of the kinetics and mechanism of inhibition of
transformation of the!3C NMR spectrum from a triplet  cathepsin K byl is summarized in Scheme 2. The rate of
derived from coupling to two'®N nuclei in the parent  association ofl approximatesky,d[l] when the rate of
compound to a doublet derived from coupling to only one dissociation is small in comparison to the forward rate
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plex as judged by mass spectrometry so the rate of car-
A bamykenzyme hydrolysis would be expected to be very
similar for all three enzymes. It is known that carbamyl
enzyme complexes are refractory toward hydrolysis. Genera-
tion of similar carbamyt-enzyme intermediates by inhibition
with aza-peptide esters has been report8d).( These
1 57"0 ' ! T 156'.5 - complexes are found to reactivate very slowly withvalues
of several hours30, 32. The stabilty of these carbamyl
enzyme complexes has been attributed to the decreased
electrophilic nature of the carbonyl group in carbamates
relative to esters/thioesters due to delocalization involving
the nitrogen adjacent to the carbonyl grod@)( If product
release were rate-limiting, then it would perhaps be surprising
that the rates of reactivation were so similar. In addition,
— T T T the affinity of Cbz-Leu-hydrazide for cathepsin K is so low
176.0 that we have been unable to determink;a

It is clear from the work described here that in solution
the only observable covalent intermediate in this inactivation
process is the carbamyénzyme complex shown in Scheme
2. We have been unable to detect a discrete long-lived
complex that would correspond to the tetrahedral species that
was suggested in the crystal structure for the cathepsih K

— complex reported previoushL8). This apparent discrepancy

175.5 may be due to a number of reasons. Under the conditions
used to obtain crystals it may be possible to kinetically ‘stall’

13C Chemical Shift (ppm) the enzyme prior to carbamylation and so obtain a snapshot

- 5 o of the cathepsin K1 complex that is not normally isolatable
Ficure 6: °C NMR spectra of fC,*N,]-2,2-N.Nbis(benzyloxy- iy gojution. (The crystal structure would then be analogous
carbonyl)t-leucinylcarbohydrazidelj in the presence and absence . . .
of cathepsin K at 125.76 MHz. (AC 15N,-labeledl (15 mM) in to looking at a single frame from a movie.) It may also be
DMSO-ds at 20°C, 1.31-s acquisition time, 1-s relaxation delay, Possible that the crystal structure actually corresponds to the
3000 scans’H broadband decoupling. The triplet structure of the carbamyt-enzyme complex but with the product Cbz-Leu-
13C-Iabeloe&gccalr5bazide carbonyl resor%ance peak is caused by theyydrazide still bound to the'Side. The X-ray data was at
one-bond*C—1°N spin—spin coupling tJcy = 19.5 Hz) with two . - . .
adjacent®N-labeled carbazide amines. (B) First NMR sample a reSOIutIO.n (2.2 A) that does nOt. dlStmngh other possmle
preparation (as described in Experimental Procedures) in which theinterpretations that are also consistent with the solution data
sample was dialyzed after formation of the enzyme inhibitor reported here. This includes binding of the hydrolysis product
complex; 0.52-s acquisition time, 1.48-s relaxation delay, 123 283 (Cbz-Leu-hydrazide) to the carbamylated enzyme. The X-ray
scans;H broadband decoupling (C) Second NMR sample prepara- gata also did not preclude an interpretation where the

tion (as described in Experimental Procedures) without dialysis; . . . . "
0.52-(s acquisition time, 1F.)48-s relaxation delay, )144 000 séhh)é, carbamylated species discussed here binds with similar

broadband decoupling. The doublet structure in panels B and C isPopulations at both the S and Sites. We are unable to
caused by th&3C—15N spin—spin coupling with only one adjacent  unequivocally determine the presence or absence of this in
15N-labeled amine and coalesces into a singlet Updrdecoupling. solution.

The spectrum in panel A was referenced to the DM&G3C . . _ S
resonance whereas the spectra in panels B and C were referenced " SUmmary,1 is a potent, high-affinity but intrinsically

to an external DSS standard dissolved in the buffers used in panelsunreactive inactivator of cathepsin K that is dependent on
B and C, respectively. the catalytic process for inhibition. This molecule represents

_ a new class of cysteine protease inhibitors that share a
constant for the second step (eq 4a). This allows the common mechanism of action across members of the papain
individual rate constants to be calculated as shown in Schemesyperfamily. Both S and’ Site interactions are exploited in
is followed by carbamylation of cathepsin K. We have
assumed that in the minimal mechanism shown that the ACKNOWLEDGMENT
second step evident from the stopped-flow studies (rate
constant of 439) is the carbamylation step. While we have ~ We thank Keith Garnes, Art Shu, and J. Richard Heys for
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