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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 of 2,2′-N,N′-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 s-1 for the rate of cathepsin K acylation by 2,2′-N,N′-
bis(benzyloxycarbonyl)-L-leucinylcarbohydrazide. Inhibition potency varies among proteases tested as
reflected by 2-3 orders of magnitude differences inKi andkobs/I, but all eventually form the same stable
covalent intermediate. Reactivation rates are equivalent for all enzymes tested (1× 10-4 s-1), indicating
hydrolysis of a common carbamyl-enzyme form. NMR spectroscopic studies with cathepsin K and 2,2′-
N,N′-bis(benzyloxycarbonyl)-L-leucinylcarbohydrazide provide evidence of inhibitor cleavage to generate
a covalent carbamyl-enzyme 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 and S′ subsite interactions are exploited in achieving high selectivity and
potency.

Bone remodeling is a dynamic process involving continual
deposition and resorption of bone matrix. The key cell type
involved in the resorptive process is the osteoclast. Osteo-
clasts attach to the bone surface, resulting in the formation
of a vacuole at the interface. This vacuole is the site of active
bone resorption being made both acidic and rich in protease-
(s) by the osteoclast (1, 2). It is assumed that this protease-
rich environment is responsible for matrix degradation during
the resorption process. Studies with the generic cysteine
protease inhibitors such as E-64, leupeptin, and cystatin have
implicated a cysteine protease activity as being important in
bone resorption (3-7). However, the identity of this protease
has, until recently, remained elusive.

The identification of a cysteine protease of the papain
superfamily, which is both highly and selectively expressed
in osteoclasts, has suggested that this protease, cathepsin K,

is the enzyme responsible for matrix degradation during bone
resorption by the osteoclast (8). Additional support for the
role of cathepsin K in bone resorption has come from the
linkage of a genetic defect of bone resorption, pycnodysos-
tosis, being linked to mutations in the cathepsin K gene (9-
11) that render cathepsin K inactive as a protease.

Several classes of mechanism-based inhibitors of cysteine
proteases have been reported including aldehydes, chloro-
methyl ketones, (12) epoxides (13), and vinyl sulfones (14).
Generally, these inhibitors share two common properties.
First, they possess an inherently reactive electrophilic
functional group, and second, they generally utilize interac-
tions only toward the S side of the active site, thereby failing
to take advantage of potential S′ subsite interactions for
enhancing potency and selectivity (15). Recently, potent
inhibitors of 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 site (16, 17). However, these inhibitors
also rely on the electrophilic nature of a ketone to engage
the active site cysteine.

We report here detailed mechanistic studies of inactivation
of cathepsin K by potent selective 1,5-diacylcarbohydrazides
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(18). These inhibitors utilize interactions at both the S and
S′ substrate binding subsites to achieve potency and selectiv-
ity while the carbohydrazide functional group lacks intrinsic
reactivity toward nucleophiles. The mechanism of inactiva-
tion is demonstrated to involve interaction with the active
site cysteine (Cys-25) (19, 20) along with slow enzyme
reactivation upon hydrolysis of the covalent intermediate.
In addition, we show that the mechanism of action of these
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-
teases.

EXPERIMENTAL PROCEDURES

Materials. Recombinant human cathepsin K and other
cathepsins were prepared as reported previously (21, 22).
Peptide substrates were obtained from Bachem or Nova
Biochem. Compound synthesis including3H2-labeled 2,2′-
N,N′-bis(benzyloxycarbonyl)-L-leucinylcarbohydrazide was
reported previously (18).

Methods. Standard assay conditions and inhibition studies
were performed in 100 mM sodium acetate, pH 5.5, 5 mM
EDTA, and 5 mM cysteine as per Votta et al. (22). Cbz-
Leu-Arg-AMC1 was used as the substrate unless otherwise
specified. Product fluorescence was monitored with a Per-
Septive Biosystems (Framingham, MA) Cytofluor II plate
reader (excitation/emission 360/460 nm). All curve fitting
was achieved using Grafit 3.0 (23).

Inactivation of cathepsin K and other enzymes was
performed in a 96-well plate format as described previously
(22). Briefly, substrate and inhibitor were premixed in each
well. Substrate was atKm (final) for each cathepsin, and
inhibitor concentrations were varied as appropriate depending
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

whereVo is the initial reaction velocity,Vss is the final steady-
state rate,Ao is the background fluorescence, andkobs is the
rate of inactivation. The parameterVo was fitted as a function
of [I] to eq 2b with the assumption that the inhibitor is purely
competitive to obtain aKi value for formation of the initial
reversible EI complex prior to inactivation (24):

Since the inactivation was done under conditions of [S])
Km, the equation was reduced to

The initial slope of a simple linear fit of a secondary plot of
kobsvs [I] yielded an apparent second-order rate constantkobs/
I. Uncorrected values are reported simply askobs/I. When
this value was then corrected for substrate concentration and

the Michaelis constant according to eq 3, a true second-order
rate constant (kinact/Ki) was determined:

A complete discussion of this kinetic treatment has been
presented (24-26), and its application to elastase inhibition
has been described by Knight et al. (27).

Stopped-Flow Kinetic Studies.Cathepsin K (100 nM) was
rapidly mixed with various concentrations of1 in an Applied

Photophysics SX.18MV stopped-flow spectrophotometer.
The reaction was performed using standard assay buffer at
pH 5.5 containing 10% DMSO in both drive syringes. All
reactions were done at room temperature under pseudo-first-
order conditions with1 in excess of cathepsin K. Total
tryptophan fluorescence was monitored by excitation at 295
nm with a 320 nm cutoff emission filter. Individual rate
constants (kobs) were determined using the instrument soft-
ware to fit a single-order exponential with a floating endpoint.
Values ofkobsat low [I] were fit to the linear eq 4a to obtain
a value forkon (25, 26):

Values ofkobs were then fit as a function of [I] using eq 4b
to obtain values of bothKI andkinact (28):

ReactiVation Studies.Release of inhibitor from inhibited
enzyme was followed by monitoring the return of enzyme
activity as a function of time as previously described for
cathepsin K (22). The dilution buffer contained 50µM 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 for 2 h using 1µM enzyme
and 2 µM 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 30°C. Data
were fitted using eq 4 (29, 30):

where F is the observed fluorescence,Fo is the initial
background fluorescence at the start of the assay,Vo is the
initial velocity following dilution of the preincubated enzyme-
inhibitor complex,Vss is the steady-state rate of product
formation after reactivation, andkreact is the rate of reactiva-
tion.

Mass Spectrometric Analysis of InactiVated Cathepsin K.
Protein samples were analyzed by loading 100µL of solution
containing 1000 pmol of protein in assay buffer onto a 1
mm × 5 mm reverse-phase peptide trap (Michrom Bio-
Resources, Inc., Auburn, CA) and washing with 100µL of
solvent A before back-elution into a T connector that directed

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

[product]) Vsst + (Vo - Vss)[1 - exp(-kobst)]/
kobs+ Ao (1)

Vo ) Vmax[S]/(Km(1 + [I]/ Ki) + [S]) (2a)

Vo ) Vmax/(2 + [I]/ Ki) (2b)

kobs/[I] ) (kinact/Ki(1 + [S]/Km)) (3)

kobs) koff + kon[I] (4a)

kobs) kinact[I]/( Ki + [I]) (4b)

F ) Vsst + (Vo - Vss)[1 - exp(-kreactt)]/kreact+ Fo (5)
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55 µL/min to a UV detector/fraction collector and 5µL/min
to the IonSpray source of a triple-quadrupole mass spec-
trometer (Sciex API III, Sciex, Thornhill, ON, Canada).
Elution was with a gradient beginning with a 2-min hold at
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% H2O, and 0.1% TFA. The mass spectrometer
was scanned fromm/z 1000 to 1800 every 4 s.

NMR Analysis of InactiVated Cathepsin K. The samples
for NMR analysis were prepared in two ways. For the first
sample preparation, cathepsin K (50µM) was complexed
with 13C,15N4-labeled1 by adding 10 vol % of a 0.5 mM1
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 1 in 90% H2O-10% D2O, 50 mM acetate-d3, 250 mM
NaCl, and 2 mM cysteine at pH 4.0 and 5°C. For the second
NMR sample, a 400-µL sample of the 0.5 mM mature form
of cathepsin K in 50 mM acetate, 500 mM NaCl, and 2 mM
cysteine, pH 4.0, was mixed with 50µL of a 25 mM SB-
240314 solution in DMSO-d6. Fifty microliters of buffer (50
mM acetate, 500 mM NaCl, and 2 mM cysteine, pH 4.0)
was then added to yield a final solution of 0.4 mM cathepsin
K in 90% H2O-10% DMSO-d6, 45 mM acetate-d3, 450 mM
NaCl, and 1.8 mM cysteine at pH 4.0 and 5°C. It should be
noted that although the total amount of1 in the NMR tube
is about 5:1 in excess of that of cathepsin K, the final
concentration of free1 in solution was negligible due to its
very poor solubility, and the only signal observed from the
labeled ligand came from that bound to cathepsin K.

TurnoVer of 1 by Cathepsin K.In a preliminary paper, we
reported that [3H]-2,2′-N,N′-bis(benzyloxycarbonyl)-L-leuci-
nylcarbohydrazide is a substrate for cathepsin K as monitored
by the production of 0.92-0.96 equiv of [3H]-labeled Cbz-
Leu-hydrazide by HPLC (18). Formation of one product, [3H]-
Cbz-Leu-hydrazide, as detected by HPLC was complete
within 5 min as prolonged incubations and different ratios
of inhibitor-enzyme did not increase the stoichiometry (data
not shown).

An active site titration of 1 nM cathepsin K was done with
varying concentrations of1 using the standard fluorescent
kinetic assay. The dilute protein was found to be completely
inhibited by 0.97 equiv of1. Cathepsin K (12µM) was
preincubated with 41µM nonlabeled1 for 20 min to ensure
complete inhibition (as monitored by dilution of an aliquot
into the standard fluorescent kinetic assay).3H-Labeled1
was added to the reaction. At various time points, an aliquot
of the enzyme reaction was quenched with 1.5 vol of DMSO.
To ensure recovery of small amounts of product from the
HPLC, nonlabeled carrier was added upon quenching to both
the enzyme-catalyzed reaction and the control samples.
Aliquots were injected onto a reverse-phase Beckman ODS
standard analytical 4.6 mm× 25 cm HPLC column.
Fractions were monitored by UV absorbance, collected, and
counted in a Beckman LS3801 scintillation counter.

RESULTS AND DISCUSSION

We have been unable to detect any intrinsic reactivity of
these compounds toward thiols in solution. No detectable
thiol addition products were observed by proton NMR
analysis on exposure of1 (50 mM) to p-methoxybenzyl

mercaptan (250 mM) in methanol-d4 under neutral, acidic
(250 mM acetic acid) or basic (250 mM triethylamine)
conditions (data not shown). That1 is a time-dependent
inhibitor of cathepsin K has already been reported (18). A
crystal structure of cathepsin K complexed with1 was also
reported at this time that was best interpreted as having the
bis-hydrazide urea group bound as a tetrahedral adduct at
the active site cysteine. The X-ray resolution was, however,
not at a high enough level to make an unequivocal
interpretation. However, at the time of that paper, the
mechanism of inhibition of cathepsin K by1 was unclear.
We have sought, therefore, to better understand the mech-
anism of inhibition of cathepsin K by1 and also to extend
this to related molecules and other members of the papain
superfamily through kinetic and other solution-based physical
studies.

Figure 1 shows the effect of various concentrations of1
on the rate of hydrolysis of the fluorescent cathepsin K
substrate Cbz-Phe-Arg-AMC. The nonlinear nature of these
progress curves indicate that1 is a time-dependent inhibitor
of cathepsin K. The progress curves at each substrate
concentration were fit to eq 1 to yield values for the first-
order rate constant,kobs, and initial velocity.

Figure 2 shows both a plot ofkobs against1 concentration
and initial rate of substrate hydrolysis against1 concentration.
Analysis of the initial rates of substrate hydrolysis as a
function of 1 concentration yields aKi(app) value of 2.7 nM
for the reversible association of1 with cathepsin K prior to
the time-dependent step. A second-order rate constant for
inactivation,kinact/Ki, of 5.2× 106 M-1 s-1 can be obtained
from the initial linear portion of the replot. That1 shows
both potent inhibition of the initial rate of substrate hydrolysis
by cathepsin K and a time-dependent inactivation of cathe-
psin K suggests that a minimum of two steps is involved in
the inhibition of cathepsin K. These two steps would likely

FIGURE 1: Inhibition of cathepsin K by1. Individual rate constants
were determined by fitting the progress curves: 0.25 (O), 0.5 (b),
1 (0), and 2.5 nM (9).
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be a rapid reversible binding of1 to cathepsin K followed
by a slow chemical (inactivation) step (Scheme 1).

This mechanism would predict thatkobs/[I] should show a
saturating maximal value. No indication of saturation of the
kobsvs [I] plot is observed at the relatively low concentrations
of 1 used in this study. At1 concentrations of 10 nM and
greater, fitting of progress curves becomes unreliable due
to the low initial rates of substrate hydrolysis and rapid
enzyme inactivation.

Determination of the Kinetics of InactiVation of Cathepsin
K by 1. Cathepsin K exhibits an intrinsic fluorescence
increase, upon binding of1 as monitored in the stopped-
flow spectrophotometer. This method does not follow
enzyme activity and so is not limited to low inhibitor
concentrations used for activity measurements. Under pseudo-
first-order conditions where [I]. [E,] the increase in
cathepsin K tryptophan fluorescence over time seen upon
binding 1 is best described by a single-exponential Figure
3A. A value of 5.1 × 106 M-1 s-1 for kinact/Ki for the
inactivation process can be obtained from the initial slope
of this secondary plot. The initial slope of the secondary plot
[kinact/Ki is a lower limit forkon (eq 4b)]. The values ofkinact/
Ki derived from the stopped-flow experiments (5.1× 106

M-1 s-1) and substrate hydrolysis (5.2× 106 M-1 s-1)
experiments are in excellent agreement, suggesting the
observation of common enzyme complexes with both
techniques.

Fitting kobs as a hyperbolic function of1 (eq 4) yields an
upper limit for kinact of 43 s-1 at saturating [I] (Figure 3B).
This hyperbolic dependence ofkobs is consistent with a
minimal two-step mechanism for the inactivation of cathepsin
K by 1 (Scheme 1). Settingkinact/Ki ) kon allows koff to be

calculated from the relationshipKi ) koff/kon. This giveskoff

a value of 1.4× 10-2 s-1.
ReactiVation Studies.It has previously been reported (18)

that, after inactivation of cathepsin K with1, inhibition was
essentially irreversible upon dilution or dialysis. However,
these experiments had been of a qualitative nature rather than
quantitative. In addition, inactivation of papain by aza-
peptides (30) has been shown to give rise to slowly
reactivating acyl enzyme species of a type that may be similar
to those formed by the inactivation of cathepsin K by1. Thus,
it was of interest to investigate the reactivation of inactivated
cathepsin K further. Attempts to demonstrate reversibility
by 1 were complicated by the extreme potency of the
inhibitor along with instability of both the free and the
inactivated enzyme complex over long periods of time. (The
rate of turnover of1 will be addressed below.) Use of eq 5
for direct determination ofkreact requires reduction of the

FIGURE 2: Replot of bothkobsvs I (0) andVinitial vs I (b) determined
from the progress curves in Figure 1.

Scheme 1

FIGURE 3: Binding of 1 to cathepsin K by stopped-flow analysis.
(A) Stopped-flow fluorescence trace upon1 binding to cathepsin
K (O). The solid line is the curve fit to a single-exponential equation
as described in the Experimental Procedures. For display purposes
only, every tenth data point is shown. (B) Replot ofkobs vs [1] for
cathepsin K (O). Cathepsin K was held constant at 100 nM. The
solid line is the fit to eq 4b.
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inhibitor substantially belowKi(app) to avoid reinactivation
of the enzyme. To satisfy the requirement that [1] , Ki(app),
reactivation experiments were carried out by diluting enzyme
and inhibitor concentration 20 000-fold to final concentra-
tions of 50 pM cathepsin K and 100 pM1. Figure 4 shows
the recovery of cathepsin K activity after inactivation with
compound and dilution into excess substrate. Using this
approach, significant recovery of cathepsin K activity was
observed over approximately 2 h. The reactivation rate of
cathepsin K after inhibition by1 was found to be 1.1× 10-4

s-1. Although this rate of reactivation is reasonable, the
apparent extent of reactivation is significantly below 100%
due to enzyme stability problems.

Inhibition of Other Members of the Papain Superfamily
by 1. The time-dependent inhibition of1 is not unique to
cathepsin K among members of the papain superfamily.
However,1 shows a very high degree of selectivity for the
inhibition of cathepsin K over other members of the papain
superfamily. Comparative data with other family members
shown in Table 1 indicate that cathepsin L is inactivated
30-fold less efficiently than cathepsin K. Slower rates of
inactivation are reflected in the lower values forkobs/I.
Inhibition parameters of the other members of the papain
superfamily studied (cathepsin B, cathepsin S, and papain)
were approximately 3 orders of magnitude lower than those
determined for cathepsin K. In keeping with the changes in
kobs/[I] seen with other members of the papain superfamily,
a Ki value for the reversible association of1 was only

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 by1, albeit slowly
as shown in Table 1. However, the reactivation rates are
found to be approximately the same (10-4 s-1) for all the
enzymes examined. The similarity in reactivation rates for
papain, cathepsin S, and cathepsin K after inactivation with
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 of1. Table 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 withkobs/[I]
values in excess of 105 M-1 s-1. Although there is an order
of magnitude difference in the second-order rate constants
for inactivation, the values ofkreact are essentially identical.
It is likely that two of the three analogues give rise to the
same inactivated complex as that derived from cathepsin K
and1 (vide infra). It is therefore not surprising that the rates
of inactivation are all similar.

TurnoVer of 1 by Cathepsin K.As the studies on the
reactivation of the cathepsin K-1 complex were complicated
by difficulties in demonstrating a high level of recovery of
activity, an alternative approach to obtaining the cathepsin
K-1 reactivation rate was pursued. Although the rate of
reactivation (1.1× 10-4 s-1) is reasonable, we wished to
elucidate whether reactivation was complete. In a preliminary
paper (18), we reported that incubation of3H-labeled1 with
cathepsin K rapidly generated∼1 mol of 3H-labeled Cbz-
Leu-hydrazide per mole of cathepsin K. Prolonged incuba-
tions did not increase the stoichiometry of3H-labeled Cbz-
Leu-hydrazide production. This indicated that the rapid
inactivation of cathepsin K by1 was accompanied by
production of Cbz-Leu-hydrazide. This suggested an alterna-
tive approach toward estimating release of enzyme could be
done by pulse chase studies.

If 1 inactivated cathepsin K were to reactivate in the
presence of radiolabeled1, then it would be rapidly
inactivated again, but now radiolabeled Cbz-Leu-hydrazide
would be released. Thus the rate of3H-labeled Cbz-Leu-
hydrazide release should provide a measure of the rate of
reactivation of1 inactivated cathepsin K. Cathepsin K was
completely inactivated with excess1, and3H-labeled1 was
then added. At varying times, an aliquot was quenched and
analyzed for3H-labeled Cbz-Leu-hydrazide production. An
HPLC profile for production of3H-labeled Cbz-Leu-hy-
drazide as compared to a control reaction is shown in Figure
5A. Figure 5B shows the increase in tritiated Cbz-Leu-
hydrazide formation with respect to time when3H-labeled1
is added to cathepsin K that has been previously inactivated
by 1. From the initial linear portion of this curve, the rate of
3H-labeled Cbz-Leu-hydrazide production was calculated to
be 1.2× 10-4 s-1, assuming that the cathepsin K is 100%
active. This is experimentally indistinguishable from the
value of 1.1× 10-4 s-1 found for the reactivation of the
cathepsin K-1 complex measured by dilution into excess
substrate and supports the supposition that the reactivation
process measured by the dilution experiment is real and
corresponds to 100% of the inactivated cathepsin K.

FIGURE 4: Progress curve for the recovery of cathepsin K activity
after preincubation with1 (O). Activity was monitored by hydrolysis
of Z-Leu-Arg-AMC. The solid line represents the fit of the data to
eq 5. From this fit, a value ofkoff was determined directly.

Table 1: Inhibition of Papain Superfamily Members by1a

enzyme Ki(app) (nM) kobs/I (M-1 s-1) kreact(s-1)

cathepsin K 2.7 (0.2) 2.6× 106 (3.1× 104) 1.1× 10-4

cathepsin B 560 (200) 2.0× 103 (1.5× 102) nd
cathepsin L b 8.3× 104 (5.8× 103) nd
cathepsin S b 4.7× 103 (3.8× 102) 2.5× 10-4

papain b 4.6× 103 (0.9× 102) 0.7× 10-4

a Errors are shown in parentheses. nd, not done.b Initial velocities
did not change sufficiently to determine aKi.
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Nature of the InactiVated Cathepsin K-1 Complex: Mass
Spectral Analysis.Upon HPLC analysis of enzyme samples
that had been incubated with3H-labeled 1, a peak of
radioactivity was found to coelute with protein as monitored
by UV. The peak of radioactivity increased in size upon
increasing enzyme concentration. Protein recovery issues
precluded accurate determination of the stoichiometry of the
enzyme-inhibitor complex with the HPLC system employed.
To further understand the nature of the inhibited cathepsin
K-1 complex, HPLC-electrospray mass spectrometric

analysis was undertaken. Cathepsin K was incubated with1
as described in Experimental Procedures, and mass spectro-
metric analysis was performed to determine the chemical
nature of the inhibited enzyme. Cathepsin K is a 24-kDa
protein, which upon inactivation, is found to increase in mass
by 305.6 Da. The expected mass increase for an carbamyl
adduct of the type shown in Scheme 2 is 305.3 Da. Thus,
the formation of this+305.6 Da higher mass enzyme species
upon inactivation by1 corresponds to carbamylation of
cathepsin K by1 concomitant with loss of Cbz-Leu-

Table 2: Inhibition of Cathepsin K by2 Analogues

Scheme 2
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hydrazide. All of the cathepsin K is found to be modified in
this way, indicating both that inactivation is complete and
that only one carbamyl-enzyme species is formed. In
addition, Scheme 2 depicts the formation of 1 equiv of Cbz-
Leu-hydrazide upon inactivation.

To investigate this apparent inactivation by carbamylation
with concomitant production of Cbz-Leu-hydrazide, we
examined both the inactivation of cathepsin K by a number
of analogues of1 and also the inactivation of cathepsin S
and papain by1. Table 3 shows the mass adducts observed
when cathepsin S (25 kDa) and papain (23 kDa) are

inactivated by1. Although1 is a poor inactivator of cathepsin
S and papain (Table 1), complete inactivation is possible.
Both enzymes give rise to a mass adduct of+305 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 carbamyl-enzyme shown
in Scheme 2. Thus, as judged by mass spectrometry of
inactivated enzyme,1 and analogues inactivate cathepsin K
and other members of the papain superfamily by forming a
carbamyl-enzyme species, and this mechanism is common
to all of the analogues and enzymes studied in this work.

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 seen for1,
indicating that the preferred route of carbamylation is to
retain a Cbz-leucinylhydrazinyl carbamyl-enzyme species.
The exception to this is3, 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
by cathepsin K, then it appears that a Cbz-leucinyl moiety
is favored on the S side of the active site, in keeping with
substrate preferences (20), and the half of the molecule
binding to the S′ side is the product released upon carbamy-
lation. Thus,2 and 4 demonstrate this preference by the
formation of only one adduct.1 is symmetrical; therefore, it
is obliged to form only one adduct.3 offers two binding
orientations, both of which satisfy the requirement to bind a
leucine moiety on the S side. The appearance of the
dimethylamino group in two-thirds of the adduct reflects the
fact that the orientation of3 with respect to the active site is
almost random. This near randomness of the retention of
the dimethylaminomethyl-bearing half of3 is not surprising
given that this change is relatively minor in terms of its affect
on subsite specificities. Also, it is noteworthy that a positively
charged amino acid is tolerated at both P3 and P3′ as
exemplified by the cleavage of osteonectin by cathepsin K,
so this substitution would not obviously disfavor either
orientation of binding (21).

Nature of the InactiVated Cathepsin K-1 Complex: NMR
Studies.It was of concern that our inability to see an intact
molecule of1 bound to cathepsin K, as seen in the crystal
structure, may be due to the conditions employed in the

FIGURE 5: Production of3H-labeledZ-Leu-hydrazine by exchange
of 3H-labeled1 into a cathepsin K-1 complex. Carbamyl-enzyme
was formed by preincubation of cathepsin K with excess1. A “hot”
chase of3H-labeled1 was added. At various time points, aliquots
were quenched with DMSO and analyzed by HPLC. (A) The
amount of3H-labeledZ-Leu-hydrazine formed (b) vs control (O)
2.5 h after the addition of3H-labeled1. (B) Production of3H-labeled
Z-Leu-hydrazine as a function of time (b). For production of3H-
labeled Z-Leu-hydrazine to occur, the nontritiated carbamyl-
enzyme must decarbamylate followed by subsequent binding of a
3H-labeled1, which then cleaves to generate3H-labeledZ-Leu-
hydrazine and a new carbamyl-enzyme.

Table 3: Mass Spectral Analysis of Members of the Papain
Superfamily Inhibited by1

enzyme average adduct mass

cathepsin K 305.6
cathepsin S 305.2
papain 305.1

1,5-Diacylcarbohydrazide Inhibitors of Cathepsin K Biochemistry, Vol. 38, No. 48, 199915899



experiment, namely, reverse-phase HPLC and ionization of
the sample in the mass spectrometer. In an attempt to
influence the nature of the inactivated cathepsin K complex
as little as possible, NMR studies were undertaken using15N-
and 13C-labeled1 with the labels in the two hydrazine
moieties and the central carbonyl group, respectively. To
further investigate the nature of the cathepsin K-1 adducts,
experiments (Figure 6) were performed under conditions that
would mimic the solution-phase kinetic experiments as
closely as possible.

The 13C spectrum of labeled1 is shown in Figure 6A.
The spectrum consists of a 1:2:1 triplet resulting in the two
adjacent15N nuclei coupling to the central13C nucleus.
Geminal coupling2J(13C,15N) to the more distant two15N
nuclei is not evident in this spectrum.

Figure 6, panels B and C show the13C NMR spectra
obtained after reacting15N- and13C-labeled1 with cathepsin
K. The two spectra arise from different methods of sample
preparation as described above. The NMR spectra in Figure
6B,C are identical, indicating that the result is independent
of method of sample preparation. Both spectra show a broad
doublet, which is consistent with the13C nucleus coupled to
one adjacent15N nucleus.15N broad band decoupling causes
this doublet to collapse to a singlet, confirming that the
doublet is indeed due to coupling to an15N nucleus. The
transformation of the13C NMR spectrum from a triplet
derived from coupling to two15N nuclei in the parent
compound to a doublet derived from coupling to only one

15N nucleus cannot arise from an intact molecule of1 bound
to cathepsin K but is consistent with a carbamyl-enzyme
species similar to that shown in Scheme 2. In the presence
of cathepsin K, a downfield shift of the carbonyl resonance
(Figure 6B,C) relative to the free ligand (Figure 5A) is seen.
This is consistent with a stable form of an carbamyl-enzyme
adduct and not a tetrahedral adduct. Furthermore, the doublet
structure of the carbonyl resonance (Figure 6B,C) is in sharp
contrast to the triplet structure observed for the free ligand
in DMSO-d6, indicating cleavage of the ligand upon binding
at one of the two13C-15N bonds. That this spectrum is a
doublet suggests that the cathepsin K-1 complex no longer
has both hydrazine moieties of1 covalently bound to the
central carbonyl group. The slight difference in chemical shift
of the carbonyl resonance observed in the spectra of Figure
6, panels B and C, can be attributed to the slightly different
buffer conditions, as described in Experimental Procedures.

The close similarity of the results observed in Figure 6,
panels B and C, indicate that the absence or presence,
respectively, of the Cbz-Leu-hydrazide, which is a product
of the cleavage of1 upon binding, does not affect the stability
of the carbamyl-enzyme adduct.

SUMMARY

Analysis of the kinetics and mechanism of inhibition of
cathepsin K by1 is summarized in Scheme 2. The rate of
association of1 approximateskobs/[I] when the rate of
dissociation is small in comparison to the forward rate

Table 4: Mass Spectral Analysis of Cathepsin K Inhibited by 2,2′-N,N′-Bis(benzyloxycarbonyl)-L-leucinylcarbohydrazide Analoguesa

a One-half of each inhibitor is the same as1, and 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.
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constant for the second step (eq 4a). This allows the
individual rate constants to be calculated as shown in Scheme
2. 1 binds rapidly and with high affinity to cathepsin K. This
is followed by carbamylation of cathepsin K. We have
assumed that in the minimal mechanism shown that the
second step evident from the stopped-flow studies (rate
constant of 43 s-1) is the carbamylation step. While we have
no direct proof of this, the value of 43 s-1 is in keeping
with known kcat values for good substrates of cysteine
proteases (31).

Reactivation of cathepsin K occurs slowly, 10-4 s-1. It is
likely that reactivation represents the rate of carbamyl-
enzyme hydrolysis rather than dissociation of either of the
two products from a noncovalent complex. This is supported
by the fact that cathepsin S and papain reactivate at the same
rate as cathepsin K, despite being inactivated more slowly.
All three enzymes form the same carbamyl-enzyme com-

plex as judged by mass spectrometry so the rate of car-
bamyl-enzyme 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 carbamyl-enzyme intermediates by inhibition
with aza-peptide esters has been reported (32). These
complexes are found to reactivate very slowly witht1/2 values
of several hours (30, 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 group (32). If product
release were rate-limiting, then it would perhaps be surprising
that the rates of reactivation were so similar. In addition,
the affinity of Cbz-Leu-hydrazide for cathepsin K is so low
that we have been unable to determine aKi.

It is clear from the work described here that in solution
the only observable covalent intermediate in this inactivation
process is the carbamyl-enzyme 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 cathepsin K-1
complex reported previously (18). This apparent discrepancy
may be due to a number of reasons. Under the conditions
used to obtain crystals it may be possible to kinetically ‘stall’
the enzyme prior to carbamylation and so obtain a snapshot
of the cathepsin K-1 complex that is not normally isolatable
in solution. (The crystal structure would then be analogous
to looking at a single frame from a movie.) It may also be
possible that the crystal structure actually corresponds to the
carbamyl-enzyme complex but with the product Cbz-Leu-
hydrazide still bound to the S′ side. The X-ray data was at
a resolution (2.2 Å) that does not distinguish other possible
interpretations that are also consistent with the solution data
reported here. This includes binding of the hydrolysis product
(Cbz-Leu-hydrazide) to the carbamylated enzyme. The X-ray
data also did not preclude an interpretation where the
carbamylated species discussed here binds with similar
populations at both the S and S′ sites. We are unable to
unequivocally determine the presence or absence of this in
solution.

In summary,1 is a potent, high-affinity but intrinsically
unreactive inactivator of cathepsin K that is dependent on
the catalytic process for inhibition. This molecule represents
a new class of cysteine protease inhibitors that share a
common mechanism of action across members of the papain
superfamily. Both S and S′ site interactions are exploited in
achieving high potency and rapid inactivation.
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