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ABSTRACT: During drug discovery, assessment of in
vivo target occupancy by therapeutic candidates is often
required for predicting clinical efficacy. Current strategies
for determining target occupancy include using radio-
labeled or irreversible surrogates, which can be technically
challenging, and the results are often not sufficiently
quantitative. We developed a straightforward method by
applying slow-dissociation kinetics to quantitatively
determine enzyme occupancy without using specialized
reagents. We applied this method to determine occupancy
of Cathepsin K inhibitors in bone tissues harvested from
rabbit femurs. Tissues from dosed animals were harvested,
flash frozen, lysed, then analyzed by a jump-dilution assay
with substrate. The rate of substrate turnover was
monitored continuously until reaching steady state and
progress curves were fit with the equation [product] = vst
+ ((vi − vs)/kobs)(1 − exp(−kobst)). The initial rate vi
represents the residual activity of the enzyme before
inhibitor dissociation; vs is the reaction rate after
dissociation of the inhibitor. Occupancy is derived from
the ratio of vi/vs. A significant benefit of the method is that
data from both the occupied and unoccupied states are
obtained in the same assay under identical conditions,
which provides greater consistency between studies. The
Cat K inhibitor MK-0674 (in vitro IC50 1 nM) was tested
in young rabbits (<6 month old) and showed a dose-
dependent increase in occupancy, reaching essentially
complete occupancy at 1.0 mg/kg. In addition the method
enables measurement of the total Cat K in the target
tissue. Results confirmed complete occupancy even as the
osteoclasts responded to higher doses with increased
enzyme production.

There is now significant evidence that the degree of
occupancy of the target macromolecule by the drug

candidate reflects therapeutic efficacy.1 This is supported by a
better correlation of efficacy with dissociation rate from the
target than with binding potency.2 In the process of drug
development target occupancy is an important strategic
parameter, affecting decisions on therapeutic safety and margin,
dosing level and frequency,3 understanding pharmacokinetic/
pharmacodynamic (PK/PD) relationships,4 translation to the

clinic, patient segmentation, competitive position, and intensity
of back-up effort.
Target occupancy is the determination of a particular

bimolecular binding event in a living tissue or organism.
Existing methods utilize photolabeling reagents, radiolabeled
compounds (for example, 3H, 11C, 14C, 123I, 125I, etc.) or
imaging.5 The labeled compound is either a close analogue of
the therapeutic compound or a molecule proven to effectively
and predictably compete with the therapeutic compound for
target occupancy. In systems with complex receptor-mediated
internalization behavior, radiolabels offer a distinct advantage,5a

but can be complicated by nonspecific labeling.1c Incorporation
of photoactive moiety can compromise the activity of the new
molecule, and photolabeling often suffers from low labeling
efficiency.
Imaging studies offer perhaps the greatest information

content but with the greatest technical challenges. For PET
imaging significant investment is required in organic and
radiosynthesis, scanner preparation, animal handling and
sedation, data acquisition, and image analysis. It yields direct
assessment of in vivo occupancy, longitudinal studies are
possible since the technique is noninvasive, and there is high
translatability to human studies. PET imaging is also “target
agnostic” in that enzymes, receptors, nucleic acids, etc., can be
studied.6 However, because PET imaging is so resource
intensive it may not be feasible during the early phases of a
drug discovery program. It is important to have an efficient and
economical way of evaluating target occupancy for selecting
promising candidates for further development.
We describe here the design and application of a

straightforward method that can be employed in determining
enzyme occupancy without modification of the molecule of
interest or the preparation of new reagents. Through the use of
a sensitive, continuous assay and optimized preparation of ex
vivo samples, enzyme occupancy can be determined with high
accuracy by applying the equation used for monitoring slow-
binding kinetics.
To validate the method we investigated occupancy of the

enzyme cathepsin K (Cat K) by a selective inhibitor in rabbit
bone tissue. Cat K is a lysosomal cysteine protease involved in
bone remodeling. It plays a key role in bone resorption and has
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been shown to be a promising biological target for the
treatment of osteoporosis.7 Although Cat K is expressed
abundantly in osteoclasts, the relative scarcity of these cells and
the nature of the bone matrix itself make the assessment of
target engagement with novel inhibitors challenging in bone
tissue. Rabbit Cat K shares 96% sequence identity and 99%
similarity with the human Cat K, making rabbit a useful
preclinical model for the development of Cat K inhibitors.8

The Cat K inhibitor chosen for the occupancy studies, MK-
0674, is a structural analogue of odanacatib (a Cat K inhibitor;
Phase III trials completed) with desirable pharmacokinetic
properties, shows similar potency against Cat K to odanacatib,
and is at least 240-fold selective versus cathepsins B, F, L, and
S.9 In vivo enzyme occupancy in the distal femur by MK-0674
was determined by analysis of Cat K inhibition kinetics utilizing
standard in vitro assays with sample preparation from bone
tissues at low temperature. This method is more straightfor-
ward and efficient compared to other approaches and provides
a useful alternative in the determination of the target
occupancy.

· · ⎯→⎯ +X Yoooo X YooooE I E E S E P
k

k

k

k k[I] [S]

4

3

2

1 cat

Theory. The kinetic treatment of slow-binding enzyme
inhibitors is well established and was thoroughly described by
Morrison and Walsh.10 The treatment is also utilized for
analysis of the dissociation kinetics an enzyme/inhibitor
complex.
In a “jump-dilution” experiment a preformed enzyme−

inhibitor complex (E·I) is allowed to reach equilibrium in the
absence of substrate (predilution conditions).11 The reaction is
started by a large (30- to >1000-fold) dilution into a solution
containing substrate, yielding the progress curve shown in
Figure 1A. The catalytic reaction (S → P) is considered a
reporter of the fraction of free enzyme present. Product
formation versus time is analyzed by eq 1.10

= + − − − +v t v v k k t[P] (( )/ )(1 exp( )) bkgnds i s obs obs
(1)

The interpretation of the parameters is as follows: the initial
rate (vi) is the rate of reaction before inhibitor has dissociated.
kobs is the rate at which the inhibitor establishes its new
equilibrium. Due to the dilution the inhibitor concentration is
now low and k3[I] becomes small relative to k4. kobs thus
becomes a measure of k4. In the simple case shown above, k4 is
the “off-rate” of the inhibitor from the target and is in fact the
parameter that sets the lower limit on the in vivo residency
time. vs is the rate at the new equilibrium. After a large dilution,
little inhibitor is bound, and vs approximates v0 (v0 is the rate in
the absence of inhibitor).
An illustration of jump-dilution and analysis of the kinetic

parameters for determining enzyme occupancy is shown in
Figure 1B. The predilution reaction is at equilibrium, shown,
for example, at 99% occupancy. The predilution reaction
models the in vivo situation. Immediately after dilution into the
reaction (t = 0) the initial velocity vi still reflects the residual
enzymatic activity of the predilution equilibrium position of 1%
E and 99% E·I. At t = 240 min with ample dilution, only a small
fraction of inhibitor is still bound, and the rate (vs) reflects the
99% of the total enzyme present. In vivo occupancy is thus 1 −
(vi/vs); in this example, 99%.
This theoretical treatment assumes no dissociation of

inhibitor during sample preparation prior to dilution, and that

the dilution factor is large enough to avoid “carry-over”
inhibition. In practice, minimizing inhibitor dissociation during
sample preparation is a significant experimental challenge of
this technique. However, as described below it can be mitigated
with rapid freezing of the harvested samples and efficient lysis
and dilution with cold reagents.

In Vitro Validation. First, enzyme occupancy was
determined using purified protein with 8.0 μM CBZ-leu-arg-
AMC as substrate at pH 5.5. A serial dilution of the inhibitor
systematically varies the enzyme occupancy. Occupancy as
determined in a typical “IC50” experiment should match the
occupancy determined by vi versus [I] after jump-dilution.
Table 1 shows the results of this experiment with several Cat K
concentrations where Ki‑app of MK-0674 was determined in the
two assay formats. As shown in Table 1, there is good
agreement between the two assay formats, confirming that the
theoretical framework is applicable in this system.
A second important parameter that was tested with purified

enzyme was the off rate of MK-0674 from the rabbit Cat K.
The half-life at ambient temperature was determined to be 4.1
± 0.5 min. As discussed below, a rate this fast puts significant
demands on the preparation of the ex vivo samples. Based on
the Arrhenius-like temperature dependence of the inhibitor off
rate5d,12 the half-life was significantly longer at 8 °C, yielding a
value of 65.5 ± 4.5 min for the purified enzyme. This was
absolutely critical for the success of the study since it enabled a
workup consisting of tissue excision, flash-freezing, thawing into
cold lysis buffer, and enzymatic assay at 8 °C with minimal
dissociation of the inhibitor. The half-life for dissociation of the
ex vivo samples was 27 ± 4 min. Given the sensitivity of the
dissociation rate to temperature seen in the in vitro study, the

Figure 1. (A) Progress curve for jump-dilution assay. (B) Illustration
of the meaning of vi and vs from the relative proportions of free and
inhibitor-bound enzyme at the initial and final phase of the timecourse.
Occupancy ≈ 1 − (vi/vs).
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short half-life observed for the ex vivo sample could reflect a
small increase in temperature.
Enzyme Occupancy in Rabbit Bone Tissue. To apply

the method to determine in vivo occupancy of a Cat K inhibitor
we used tissues from New Zealand White rabbits that were
dosed with vehicle or MK-0674. Distal femurs were excised at
24 h postdosing, flash frozen, and pulverized. For the progress
curve analysis frozen tissue was resuspended in cold CS lysis
buffer with vortexing at an initial dilution of 1:250. Further
dilution into assay buffer and then into the assay buffer
containing substrate gave a final dilution of 1:50 000. The
procedure was performed in less than 2 min for six tissue
samples. In addition to the jump-dilution experiments, a parallel
set of reactions was run with a saturating amount of inhibitor
(100 nM) to serve as background for subtraction of the low
level of non-Cat K dependent hydrolysis of the fluorescent
substrate. Representative curves are shown in Figure 2.The
variation in occupancy with dose is shown in Table 2. As
expected with a potent, orally bioavailable inhibitor, dose-
dependent occupancy was seen, reaching complete occupancy
at 1 mpk. These results have significant impact on drug
discovery strategy for Cat K inhibitors by directing medicinal
chemistry back-up efforts toward improving the safety and
selectivity of the inhibitors instead of improving occupancy.
Comparing the steady state slopes at the different doses

revealed that there was also a dose-dependent increase in the
amount of active enzyme in the tissue (Table 2). This
phenomenon has been observed in a previous study where
inhibition of Cat K activity by inhibitor treatment of osteoclasts
led to significant increases of the ratio of prepro-Cat K as well
as the mature enzyme. Leung et al. saw an increase in cat K
expression by immunostaining in optical microscopy that was
quantitated by Western blot at 6-fold for the prepro form and
2-fold for the mature enzyme.13 The 5-fold increase seen here
could simply reflect species differences but could also reflect
increased dynamic range of expression of Cat K in young versus
aged animals (L. Lubbers, unpublished observations). Never-
theless complete inhibition was still achieved even as the
osteoclasts responded to higher doses with increased enzyme
production.
Obtaining data simultaneously on both the occupied and

unoccupied target represents a significant benefit of the method
since both are obtained in the same assay under identical
conditions. Comparable data with other techniques would
require comparing dosed versus vehicle-treated samples, with
all of the attendant variability. This approach offers direct
translation from in vitro to in vivo occupancy via a
straightforward application of slow-dissociation kinetics after
jump-dilution. Several factors are important for success of the
method. First the off-rate of the nascent therapeutic has to be
slow enough to allow the time required for sample preparation.
To the extent that the residency time hypothesis is borne out,
this will be the rule rather than the exception. Decreasing the
temperature can significantly prolong the dissociation half-life
to enable the study. Again a sufficiently long half-life is essential

to the success of the method. Second, a highly sensitive assay is
required to achieve a high dilution to minimize carry-over
inhibition. Third, the substrate should be relatively specific to
the target enzyme; a high level of substrate turnover by off-
target enzymes complicates the analysis. In the case here there
was a low level of noncathepsin K activity that could be
determined and subtracted out via the use of a saturating level
of inhibitor.
Our approach is described based on a single-step binding

mechanism. However, with a two-step binding mechanism (EI
isomerizing to EI*),10 our approach may underestimate
occupancy since the EI complex may rapidly dissociate to
free enzyme upon jump-dilution.

Table 1. In Vitro Validation of Enzyme Occupancy Methodologya

IC50 assay jump-dilution assay

Cat K (nM) 2 1 0.5 0.25 0.04 0.02 0.01 0.005

Ki‑app (nM) 1.47 ± 0.01 1.2 ± 0.1 0.93 ± 0.02 0.91 ± 0.07 0.76 ± 0.05 1.1 ± 0.1 0.9 ± 0.8 0.8 ± 0.1
v0 (RFU/s) 927 ± 48 541 ± 4 273 ± 1 134 ± 8 21 ± 2 8.6 ± 0.6 4.12 ± 0.02 2.14 ± 0.02

aMean ± standard error of the mean.

Figure 2. Representative progress curves at 8 °C showing regain of
Cat K activity after jump-dilution of excised femoral bone tissue from
animals dosed with MK-0674; (A) higher and (B) lower doses. Every
third point is shown; the upper curve in each graph has been offset for
clarity. The solid line shows the nonlinear regression fit of fluorescence
vs time to the fit of eq 1 to obtain vi and vs.
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Given that the enzyme occupancy is determined by the ratio
of vi over vs, if enzyme occupancy is less than 35%, the results
may not be as robust because there is not enough difference
between vi and vs, for the curve fitting to work well. However,
for a drug candidate to be efficacious, it generally requires a
high level of occupancy, where this method can be applied
reliably.
In summary the method provides a novel approach to

determine enzyme occupancy by applying a traditional kinetic
analysis with a standard enzymatic assay, which should be able
to facilitate selecting promising compounds with optimal target
occupancy for further development as therapeutic agents.
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Table 2. Cat K Occupancy and Relative Activity of vs in Rabbit Distal Femur after Dosing with MK-0674

dose (mg/kg)

veh. 0.01 0.03 0.1 0.3 1 3 10

occupancy (%) NA 34 ± 4 49 ± 4 89 ± 1 95 ± 2 101 ± 2 108 ± 7 107 ± 4
activity 1.0 ± 0.2 0.95 ± 0.21 1.2 ± 0.2 1.9 ± 0.2 2.1 ± 0.3 5.1 ± 1.2 3.4 ± 0.9 4.9 ± 1.1
n 10 2 6 2 2 10 8 8
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