Analytical Biochemistry 401 (2010) 91–98

Contents lists available at ScienceDirect

Analytical Biochemistry
journal homepage: www.elsevier.com/locate/yabio

Detection of femtomole quantities of mature cathepsin K with zymography
Weiwei A. Li, Zachary T. Barry, Joshua D. Cohen, Catera L. Wilder, Rebecca J. Deeds,
Philip M. Keegan, Manu O. Platt *
Wallace H. Coulter Department of Biomedical Engineering, Georgia Institute of Technology and Emory University, Atlanta, GA 30332, USA

a r t i c l e

i n f o

Article history:
Received 15 December 2009
Received in revised form 25 February 2010
Accepted 26 February 2010
Available online 3 March 2010
Keywords:
Cathepsins
Cysteine proteases
Osteoclasts
Osteoporosis
Cancer

a b s t r a c t
Cathepsin K, the most potent mammalian collagenase, has been implicated in osteoporosis, cancer metastasis, atherosclerosis, and arthritis. Although procathepsin K is stable and readily detected, the active
mature cathepsin K eludes detection by in vitro methods due to its shorter half-life and inactivation at
neutral pH. We describe, for the ﬁrst time, reliable detection, visualization, and quantiﬁcation of mature
cathepsin K to femtomole resolution using gelatin zymography. The speciﬁcity of the method was validated with cathepsin K knockdown using small interfering RNA (siRNA) transfection of human monocyte-derived macrophages, and enzymatic activity conﬁrmed with benzyloxycarbonyl-glycine-prolinearginine-7-amino-4-methylcoumarin (Z-GPR-AMC) substrate hydrolysis was ﬁt to a computational
model of enzyme kinetics. Furthermore, cathepsin K zymography was used to show that murine osteoclasts secrete more cathepsin K than is stored intracellularly, and this was opposite to the behavior of
the macrophages from which they were differentiated. In summary, this inexpensive, species-independent, antibody-free protocol describes a sensitive method with broad potential to elucidate previously
undetectable cathepsin K activity.
Ó 2010 Elsevier Inc. All rights reserved.

Cathepsins are the superfamily of cysteine proteases that were
ﬁrst identiﬁed in lysosomal compartments and are highly regulated because of their destructive potential. They are optimally active at acidic pH in reducing environments and are synthesized as
inactive precursors that must be proteolytically cleaved for activation. They are strongly inhibited by cystatin C, their endogenous
protein inhibitor present in high molar excess extracellularly.
Cathepsin K is the most potent mammalian collagenase, capable
of cleaving mature type I collagen in the native triple helix and
in the telopeptide regions, and is a strong elastase as well [1]. It
was ﬁrst identiﬁed in monocyte-derived macrophages [2] and
was later characterized as the key enzyme in bone resorption by
osteoclasts [3]. With these activities, upregulation of cathepsin K
has been implicated in tissue-destructive diseases such as osteoporosis [4], arthritis [5], atherosclerosis [6,7], and cancer [8].
Detection of mature cathepsin K and quantiﬁcation of its speciﬁc proteolytic activity have proven to be difﬁcult but are important for efﬁcient pharmacological inhibitor targeting to prevent
undue side effects. Procathepsin K is stable at neutral pH but is
not proteolytically active. After the cleavage of the propeptide,
the active and mature cathepsin K is unstable in neutral environments and is susceptible to pH-induced denaturation and degradation that complicates measurements of its proteolytic activity in
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cell extracts and the extracellular environment. Immunohistochemistry has been used to label cathepsin K in arthritis, cancer,
and atherosclerotic samples, but immunoblotting and molecular
mass identiﬁcation of targets revealed that most of the immunolabeled cathepsin K was in the proform, not the mature active form
[7,9]. Real-time polymerase chain reaction has quantiﬁed increased cathepsin K gene transcription in disease, and genetic
knockdown models have been used to investigate the signiﬁcant
overall contribution of cathepsin K to pathophysiology [6,7,9,10];
however, they do not measure its proteolytic activity. Radioactive,
ﬂuorescent, or biotinylated active site probes have been coupled
with blotting and histological protocols [11], and although they
have increased sensitivity to visualize the mature form in a blot,
they still do not provide direct measures of its proteolytic activity.
To quantify the activity of cathepsin K in culture or tissues, a
combination of synthetic quenched ﬂuorescent substrates and
inhibitors has been employed, with benzyloxycarbonyl-glycineproline-arginine-7-amino-4-methylcoumarin (Z-GPR-AMC)1 being
1
Abbreviations used: Z-GPR-AMC, benzyloxycarbonyl-glycine-proline-arginine-7amino-4-methylcoumarin; AMC, 7-amino-4-methylcoumarin; MMP, matrix metalloproteinase; PAGE, polyacrylamide gel electrophoresis; siRNA, small interfering RNA;
ATCC, American Type Culture Collection; FBS, fetal bovine serum; PMA, phorbol
myristate acetate; DMEM, Dulbecco’s modiﬁed Eagle’s medium; MEM-a, minimum
essential medium alpha; sRANKL, soluble receptor activator for nuclear factor jB
ligand; EGTA, ethyleneglycoltetraacetic acid; BCA, bisinchoninic acid; SDS, sodium
dodecyl sulfate; EDTA, ethylenediaminetetraacetic acid; DTT, dithiothreitol; TRAP,
tartrate-resistant acid phosphatase.
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the most speciﬁc substrate for cathepsin K that, on hydrolysis, releases the ﬂuorescent 7-amino-4-methylcoumarin (AMC). These efforts at measuring cathepsin K activity must be interpreted
carefully because both limits of detection and cross-reactivity with
other cathepsin family members have been problematic. For example, although Z-GPR-AMC has an order of magnitude higher afﬁnity
and susceptibility to hydrolysis for cathepsin K (kcat/
Km = 1.2  105 M1 s1) than for cathepsin B (kcat/Km = 9.5  103)
[12], a signiﬁcant amount of it can also be hydrolyzed by cathepsin
B, which is the most abundant cathepsin [13] in cellular assays. CA074, the cathepsin B inhibitor, is used to prevent this cross-reactivity, but the signiﬁcant reduction in AMC release due to cathepsin B
inhibition distorts the results to suggest minimal contribution of
cathepsin K even though the immune-based approaches show otherwise [9]. Similar speciﬁcity challenges to cathepsin K also exist for
the use and development of small molecule inhibitors [14].
Gelatin zymography is a technique widely used to detect matrix
metalloproteinase (MMP) activity [15]. This technique has many
beneﬁts: (i) it does not require antibodies, (ii) separation of proteins
by molecular mass visually conﬁrms enzyme identity, (iii) densitometry can be used for quantitative analysis, and (iv) versatility
of the assay enables inhibition with small molecules to corroborate
the identity of the enzyme of interest. Native polyacrylamide gel
electrophoresis (PAGE) and nonreducing methods have been reported for cathepsins B and L, respectively [16,17], but a protocol
for cathepsin K zymography has never been described.
Here we describe a reliable and sensitive method of gelatin
zymography to detect the activity of femtomole amounts of mature cathepsin K based on modiﬁcations to a number of other
cathepsin zymography protocols. Among these changes are the
addition of leupeptin, a slow binding inhibitor of cathepsin K
[18], immediately after cell lysis and conditioned medium collection and renaturing with glycerol, a hydrophilic, polar, and organic
solvent shown to promote proper enzyme refolding [19,20]. Additional modiﬁcations to the protocol have increased the sensitivity
for cathepsin K activity and ampliﬁed its potential use for measuring previously undetermined cathepsin K activity in normal and
diseased cells and tissues. To compare the activity determined by
cathepsin K zymography with that determined by conventional
methods, we developed a computational kinetic model of mature
cathepsin K activity and inactivation ﬁt to experimental
measurements of Z-GPR-AMC hydrolysis. We further veriﬁed its
applicability with cells using monocyte-derived macrophages and
knockdown with cathepsin K small interfering RNA (siRNA).

Materials and methods
Cell culture
Human Thp-1 acute monocytic leukemia cells (American Type
Culture Collection [ATCC]) were cultured in RPMI medium 1640
(Mediatech) containing 10% fetal bovine serum (FBS), 0.05% bmercaptoethanol, 1% L-glutamine, and 1% penicillin/streptomycin.
Cells were maintained with 5% CO2 at 37 °C. For macrophage differentiation, monocytes were incubated with 100 nM phorbol myristate acetate (PMA) for 24 h, followed by incubation for an
additional 3 days in growth medium. RAW 264.7 murine macrophage cells (ATCC) were cultured in Dulbecco’s modiﬁed Eagle’s
medium (DMEM) containing 10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin. For osteoclast differentiation, RAW 264.7 cells
were seeded at 100,000 cells/cm2 and grown in minimum essential
medium alpha (MEM-a) containing 10% FBS, 1% L-glutamine, 1%
penicillin/streptomycin, and 30 ng/ml mouse soluble receptor activator for nuclear factor jB ligand (sRANKL, Peprotech) for 9 days.
Medium was replaced twice per week.

Cathepsin K zymography
This protocol is modiﬁed from previously published cathepsin L
zymography protocols [21,22]. Recombinant procathepsin K at
150 ng/ml (EMD Biosciences) was diluted in lysis buffer (20 nM
Tris–HCl [pH 7.5], 5 mM ethyleneglycoltetraacetic acid [EGTA],
150 mM NaCl, 20 mM b-glycerol phosphate, 10 mM NaF, 1 mM sodium orthovanadate, 1% Triton X-100, and 0.1% Tween 20) with
0.1 mM leupeptin freshly added to stabilize enzymes during electrophoresis. For cellular studies, cell extraction buffer was added
to cells, and lysates were collected and cleared. Conditioned medium was concentrated 20- to 30-fold with a spin concentrator (5kDa cutoff, Vivascience), and protein concentration was determined by bisinchoninic acid (BCA) assay (Pierce). Five times (5)
nonreducing loading buffer (0.05% bromophenol blue, 10% sodium
dodecyl sulfate [SDS], 1.5 M Tris, and 50% glycerol) was added to all
samples prior to loading. Equal amounts of protein were resolved
by 12.5% SDS–polyacrylamide gels containing 0.2% gelatin at 4 °C.
Gels were removed and enzymes were renatured in 65 mM Tris
buffer (pH 7.4) with 20% glycerol for three washes of 10 min each.
Gels were then incubated in activity buffer (0.1 M sodium phosphate buffer [pH 6.0], 1 mM ethylenediaminetetraacetic acid
[EDTA], and 2 mM dithiothreitol [DTT] freshly added) for 30 min
at room temperature. Then this activity buffer was exchanged for
fresh activity buffer and incubated for 18–24 h (overnight) incubation at 37 °C in the presence or absence of cathepsin K inhibitor
1-(N-benzyloxycarbonyl-leucyl)-5-(N-Boc-phenylalanyl(1 lM
leucyl)carbohydrazide [Z-L-NHNHCONHNH-LF-Boc], EMD Biosciences), cathepsin L inhibitor (Z-FY(t-Bu)-DMK), and cathepsin
family inhibitor E-64 (L-trans-epoxysuccinyl-leucylamido-(4-guani
dino) butane). The gels were rinsed twice with deionized water
and were incubated for 1 h in Coomassie stain (10% acetic acid,
25% isopropanol, and 4.5% Coomassie blue) followed by destaining
(10% isopropanol and 10% acetic acid). Gels were scanned using a
Xerox 7600 scanner. Images were inverted in Adobe Photoshop,
and densitometry was performed using Scion Image.
Western blots
SDS–PAGE was performed as described above but without polymerizing gelatin. Protein was transferred to a nitrocellulose membrane (Bio-Rad) and was probed with monoclonal anti-cathepsin K
antibody clone 182-12G5 (Calbiochem). Secondary donkey antimouse antibodies tagged with infrared dye (Rockland) were used
to image protein with a Li-Cor Odyssey scanner.
Kinetic analysis of Z-GPR-AMC hydrolysis
Recombinant human procathepsin K (5 pmol) was incubated
with 25 lM Z-GPR-AMC (Biomol) in acetate buffer (pH 4.0),
2.5 mM EDTA, and 2 mM DTT. Cleavage of Z-GPR-AMC was measured as an increase in ﬂuorescence at excitation 360 nm and emission 460 nm with a SpectraMax Plus (Molecular Devices). A general
computational model of cathepsin K hydrolysis of Z-GPR-AMC was
created using the SimBiology modeling suite (MathWorks):
kact

kf ;kr

kact

Ep ! E þ S $ ES ! E þ P
kinact

E ! ED :
Among the reactions included was activation to mature cathepsin K
from the procathepsin (kact) and subsequent inactivation of the protease from mature enzyme (kinact). Ep is the proform of the enzyme,
E is the mature active form, ED is the inactivated mature enzyme, S
is the substrate (Z-GPR-AMC), P is the product, kf is the forward
binding rate, kr is the reverse binding rate, and kcat is the rate of
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catalysis. Kinetic rate constants used in the initial model were obtained from the literature. The model of cathepsin K activity was
improved after parameter ﬁtting the rate constants using an active
set nonlinear parameter ﬁtting search function in MATLAB
(MathWorks).
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clei were counterstained with Scott’s solution. TRAP activity was
visualized under a light microscope as brown and dark red areas.
Multinucleated cells were deemed as those with more than two
nuclei.
Statistical analysis

siRNA transfection
Lipofectamine 2000 (Invitrogen) was diluted in Opti-MEM I
medium using a 1:25 dilution ratio. The siRNA transfection complex was made using the siRNA transfection agent containing
5 nM Silencer Select cathepsin K siRNA (Ambion) or 5 nM Silencer
Select negative control siRNA (Ambion) and 30 nM of other small
RNA (Ambion). After 3 days of differentiation, monocyte-derived
macrophages were treated with the transfection complexes in Gibco RPMI medium 1640 (Invitrogen) containing 10% FBS, 0.05% bmercaptoethanol, and 1% L-glutamine for 48 h. After 48 h, cells
were kept in serum-free DMEM containing 1% L-glutamine for an
additional 24 h. Conditioned medium was collected for zymography analysis.
TRAP staining
After 9 days, adherent cells were stained for tartrate-resistant
acid phosphatase (TRAP) activity according to the manufacturer’s
instructions (Sigma–Aldrich). Cells were brieﬂy ﬁxed with a ﬁxative agent of acetone and formaldehyde. Fast Garnet GBC base
solution and the sodium nitrite solution were combined to make
the Fast Garnet GBC solution. Cells were incubated in a solution
consisting of the Fast Garnet GBC solution mixed with the naphthol
AS-BI phosphate solution and the tartrate solution for 1 h at 37 °C.
The solution was washed off three times using deionized H2O. Nu-

The Student’s unpaired t test was used to establish signiﬁcance
between groups. P < 0.05 was considered as statistically signiﬁcant.
Results
Cathepsin K activity detected by gelatin zymography is more sensitive
than Western blot detection of mature cathepsin K
Procathepsin K was incubated in 0.1 M acetate buffer (pH 3.9),
10 mM DTT, and 5 mM EDTA for autocatalytic cleavage into the
mature active form. Nonactivated procathepsin K (37.5 ng) and
preactivated (cleaved) cathepsin K (37.5 ng) were then separately
loaded for Western blots and cathepsin zymography (Fig. 1). The
anti-cathepsin K antibody detects both the pro- and mature forms
of cathepsin K, as seen in the 37-kDa bands of the nonactivated
(0 min) sample and in the 29-kDa bands of mature cathepsin K
(40 min), verifying the activation protocol and the antibody detection (Fig. 1A). Cathepsin zymography detected only mature cathepsin K at 29 kDa and none of the proform at 37 kDa (Fig. 1B).
Interestingly, mature cathepsin K activity was detected in the nonactivated procathepsin K.
We next sought to determine the limits of the cathepsin K
detection by zymography. Increasing concentrations of cathepsin
K from 0.1 to 50 ng were loaded for zymography and Western
blots. Fig. 1C shows that the Western blot detection limit was close

Fig. 1. Gelatin zymography is more sensitive than Western blots. Procathepsin K (37.5 ng) was incubated in acetate buffer (pH 4.0), 10 mM DTT, and 2.5 mM EDTA for 0 or
40 min for autocatalytic activation to mature cathepsin K and was loaded for Western blots (A) or gelatin zymography (B). Procathepsin K molecular mass is 37 kDa, and
mature cathepsin K molecular mass is 29 kDa. Increasing concentrations of cathepsin K were loaded for Western blot (C) or gelatin zymography (D) in the absence or presence
of cathepsin K inhibitor (E) or E-64 (F). IB, immunoblot (Western blot); CatK, cathepsin K.
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to 5 ng of procathepsin K (37 kDa), and there is a faint 29-kDa signal when 50 ng was loaded. Conversely, cathepsin K zymography
was able to detect mature enzyme (29 kDa) down to 1 ng of total
cathepsin K (Fig. 1D). Parallel samples were also incubated with
the cathepsin K inhibitor Z-L-NHNHCONHNH-LF-Boc (KI = 6 nM)
(Fig. 1E) and the cathepsin family inhibitor E-64 (KI = 5 nM)
(Fig. 1F) to corroborate identity. At higher cathepsin K concentrations (>25 ng), incubation with 1 lM cathepsin K inhibitor and E64 were not able to completely block the gelatinolytic activity
leaving residual bands of cleared gelatin (Fig. 1E and F). We
hypothesized that cathepsin K could hydrolyze the gelatin during
protein refolding prior to exposure to inhibitors in the assay buffer.
To test this, 1 lM cathepsin K inhibitor and 1 lM E-64 were added
to the renaturing buffer washes and were freshly added to assay
buffer for overnight incubation. This was still not sufﬁcient to inhibit the residual cathepsin K hydrolytic bands in the gels (see Suppl.
Fig. 1 in supplementary material). Inhibition of cathepsin K with
E-64 in solution prior to activation, SDS denaturation, and electrophoresis also did not prevent the appearance of the residual activity bands (Suppl. Fig. 2).
Kinetic analysis of cathepsin K hydrolysis correlates with zymography
To correlate zymography signal with conventional kinetic analysis of cathepsin K activity, we used hydrolysis of Z-GPR-AMC, a
synthetic substrate that is susceptible to cleavage by cathepsin K,
to release dequenched AMC ﬂuorescence. We hypothesized that

by solving a system of ordinary differential equations describing
cathepsin K concentration, we would be able to calculate the concentrations of pro-, mature, and inactive cathepsin K present at any
particular time during the reaction.
Kinetic data and model ﬁtting are shown in Fig. 2. Here 5 pmol
of either procathepsin K or preactivated mature cathepsin K were
incubated in separate wells with Z-GPR-AMC, and ﬂuorescence
was measured over 22 h to collect experimental/observed data.
The initial values of pro- and mature cathepsin K were input into
a kinetic model, and predicted curves of Z-GPR-AMC hydrolysis
were generated based on kinetic parameters and rate constants
gleaned from the literature [23]. Temperature, pH, substrate concentration, and other parameters can inﬂuence kinetics; therefore,
after making valid assumptions, parameter ﬁtting was necessary to
determine the appropriate kinetic rate constant values to ﬁt the
experimental data. During this experiment, two assumptions were
made: (i) there was no mature cathepsin K present in the procathepsin K aliquot and (ii) in the preactivated aliquot, all of the procathepsin K was converted to the mature enzyme. The rates of
procathepsin K activation (kact) and mature cathepsin K inactivation (kinact) were unknown.
Parameter ﬁtting was ﬁrst performed using only the kinetic
data from the preactivated mature cathepsin K experiment to negate the rate of procathepsin K activation (kact = 0) as a variable.
Then kf/kr and kcat, the binding and catalysis parameters, respectively, and the rate of inactivation (kinact) for mature cathepsin K
could be ﬁt to experimental data. Accepting these newly ﬁt rate

Fig. 2. Mathematical model veriﬁes quantitative comparisons of cathepsin K activity by zymography. Here 5 pmol (50 lM) of cathepsin K was incubated with 100 ll in
acetate buffer (pH 4.0), 2 mM DTT, and 1 mM EDTA with 25 lM Z-GPR-AMC. Fluorescence was monitored over 22 h at excitation 360 nm and emission 460 nm and was
converted to molar quantities of products formed. (A) Kinetic computational model was ﬁt to experimental data. (B) Graph from computational model of procathepsin K
conversion to mature cathepsin K and inactivation of cathepsin K over the duration of the experiment. matK, mature cathepsin K; proK, procathepsin K; inactK, inactivated
cathepsin K. (C) Kinetic model a priori calculations of Z-GPR-AMC hydrolysis at increasing initial amounts of cathepsin K (dashed line) correlate with zymography
experiments (open squares) from Fig. 1.
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constants, the rate of activation (kact) was calculated according to
the parameter-ﬁtting algorithm and experimental data from the
procathepsin K trial with initial values of 5 pmol of procathepsin
K and 0 pmol of mature enzyme. A graph of experimental data versus predicted data was used to determine model ﬁt. Initially, the ﬁt
was 93.6%, which was below the signiﬁcance threshold of 95%. This
led us to revisit the assumption of zero mature cathepsin K in the
procathepsin K aliquot. To address this, pro- and mature cathepsin
K initial values were unconstrained and the algorithm was used to
calculate them based on the experimental data. Through this algorithm, it was determined that 20% (1 pmol in this experiment) of
the cathepsin K in the procathepsin aliquot was already activated
to the mature enzyme, supporting the mature enzyme activity detected in Fig. 1B. With these new initial values, the model ﬁt was
99% (Fig. 2A). Procathepsin K conversion to mature cathepsin K,
and inactivation of mature cathepsin K during the time scale of
the experiment, was then predicted by the validated model
(Fig. 2B).
To correlate zymography activity with Z-GPR-AMC hydrolysis,
we merged the two techniques by inputting the initial mass values
from the zymography into the kinetic model (Fig. 2C). For comparison of the different arbitrary units (ﬂuorescence arbitrary units vs.
densitometric arbitrary units), each of the assays was normalized
to percentage of the maximum activity at 50 ng of cathepsin K. It
was calculated and observed (Fig. 2C) that the gelatin zymography
activity data and the predicted Z-GPR-AMC hydrolysis data have a
Pearson coefﬁcient of 99%. This suggests that cathepsin K activity
determined by zymography, even after slight denaturation and
refolding, recapitulates (at least ratiometrically) substrate degradation of native enzyme.
It is important to note that the computational model determined that 20% of the procathepsin K was already in the mature
form (Fig. 2B) suggesting that of the 1 ng of total cathepsin K
loaded for zymography, only 0.2 ng (7 fmol) of mature cathepsin
K enzyme was present to elicit that gelatinolytic activity. This suggested that gelatin zymography is approximately 25 times more
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sensitive than Western blotting at these lower concentrations. To
determine the absolute limits of detection of this assay, 0.01- to
25-ng aliquots of cathepsin K were preactivated to mature cathepsin K and were loaded for zymography. Gels were scanned for densitometric analysis, and a representative zymogram and the
quantitation from three replicates are shown in Fig. 3A. Mature
cathepsin K activity was detected down to 0.1 ng (3.45 fmol). Western blots were performed in parallel with separate preparations of
mature cathepsin K to compare zymography and Western blotting
detection limits. The results are shown in Fig. 3B and suggest that
the zymogram is 10–50 times more sensitive than blotting. The
blot using anti-cathepsin K antibody is shown in the upper panel,
and the zymography from the same samples is shown in the lower
panel (Fig. 3B).

Macrophage cathepsin K activity is detected by zymography
Ultimately, the goal is to speciﬁcally measure cathepsin K activity in cells and tissues among the background of activity from other
cathepsins and proteases that have confounded the measurements
made by other methods. After kinetic characterization and determination of detection limits, we tested this technique on macrophages. Human monocytes were differentiated into macrophages
using PMA for 24 h and then were cultured for 3 days. Differentiation was conﬁrmed by adhesion and CD68 positive staining (data
not shown). Monocyte-derived macrophages were then transfected with cathepsin K siRNA or nonsilencing controls. After 48 h,
the medium was changed to serum-free DMEM for an additional
24 h to measure secreted cathepsin K. Equal amounts of protein
were loaded for cathepsin K gelatin zymography. As shown in
Fig. 4, mature cathepsin K activity was detected by zymography,
and transfection of macrophages with Ambion-validated cathepsin
K siRNA reduced this activity compared with nontarget siRNA controls by 60% (*P < .005, n = 3). Cathepsin K levels were too low to be
detected by Western blot (data not shown).

Fig. 3. Limits of detection of cathepsin K zymography. (A) Increasing amounts of preactivated mature cathepsin K were loaded for gelatin zymography. Results were
quantiﬁed by densitometry, and a representative zymogram is shown (n = 3). CatK, cathepsin K. (B) Here 3.5 fmol (0.1 ng), 6.9 fmol (0.2 ng), 17.2 fmol (0.5 ng), 34.5 fmol
(1 ng), and 172 fmol (5 ng) of preactivated mature cathepsin K were loaded for Western blot and zymography to determine limits of detection. IB, immunoblot (Western
blot); ZYMO, zymography.
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Fig. 4. Cathepsin K knockdown in monocyte-derived macrophages veriﬁes cellular
detection of cathepsin K activity by gelatin zymography. Monocyte-derived
macrophages were transfected with cathepsin K siRNA for 48 h, and medium was
changed to serum-free DMEM for 24 h, concentrated, and loaded for cathepsin K
gelatin zymography. The cathepsin K band is at 29 kDa and is signiﬁcantly reduced
with cathepsin K siRNA transfection (*P < .005, n = 3). CatK, cathepsin K; si, small
interfering.

5 lg of total protein from conditioned medium (Fig. 5). In a cell/tissue context, other cathepsins, particularly cathepsin L, may give a
signal. To parse the cathepsin L signal from cathepsin K, we incubated parallel samples from RAW cell extracts and conditioned
medium with the cathepsin L inhibitor Z-FY(t-Bu)-DMK and loaded
a positive control of cathepsin L isolated from human liver. It can
be seen in Fig. 5A that the cathepsin L activity band appeared at
a lower molecular mass (21 kDa) and disappeared in the presence
of the cathepsin L inhibitor; cathepsin K bands in cell extracts and
conditioned medium remained. Cathepsin K positive control and
RAW cell extract were then incubated with 1 lM cathepsin K
inhibitor and 1 lM E-64 to verify that the activity in the control
zymography was indeed due to thiol protease activity, and gelatinolytic signals were blocked (Fig. 5B). Then we tested RAW cells for
increased cathepsin K activity after osteoclastic differentiation.
TRAP+ staining and multinucleation conﬁrmed osteoclastic differentiation (Fig. 5C). Murine osteoclasts had signiﬁcantly greater
cathepsin K activity (34%) in the conditioned medium than their
undifferentiated controls, as can be seen in the zymogram gel
(Fig. 5D) and in the quantiﬁed densitometry (Fig. 5E). Alternatively,
they contained signiﬁcantly less (25%) cathepsin K activity in the
cell extracts than their undifferentiated controls (Fig. 5E)
(P < .005, n = 3).

Discussion
This assay is antibody independent, broadening its applicability
across different species. To test this, RAW264.7 murine macrophages were assayed for cathepsin K activity and secretion. RAW
cells exhibited large bands of proteolysis even with loading only

Using recombinant cathepsin K and monocyte-derived macrophages, we have demonstrated a sensitive quantitative method
of detecting femtomole amounts of mature cathepsin K activity
by protecting the enzymes from irreversible denaturation with

Fig. 5. Gelatin zymography detects changes in intracellular and extracellular cathepsin K activity during osteoclast differentiation. (A) Cell extracts and conditioned medium
from undifferentiated RAW cells were collected, and equal amounts of protein were loaded for gelatin zymography, including a cathepsin L (100 ng) lane. After renaturing,
gels were incubated in assay buffer in the presence or absence of 1 lM cathepsin L inhibitor. Arrows designate cathepsin L activity and its inhibition by the cathepsin L
inhibitor. CatL, cathepsin L; CatK, cathepsin K. (B) Cathepsin K positive control and extracts from RAW cells were also loaded for zymography and incubated overnight in the
presence or absence of 1 lM cathepsin K inhibitor or 1 lM E-64. A representative zymogram is shown. (C) RAW 264.7 cells were cultured in the presence or absence of
sRANKL (30 ng/ml) for 7 days and stained for TRAP activity. A brown color indicates TRAP+ cells. Alternatively, cell extracts and conditioned medium were collected, analyzed
by gelatin zymography (D), and quantiﬁed by densitometry (E) (*P < .005, n = 3). (For interpretation of the reference to color in this ﬁgure legend, the reader is referred to the
Web version of this article.)
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freshly added leupeptin and refolding them into active conformations after mild denaturation in 0.1% SDS. This simple electrophoresis method uses readily available and inexpensive reagents, and
it visualizes the protein molecular mass to assert that the detected
activity band is due to mature cathepsin K, not the proform. Furthermore, we were able to correlate this activity with the conventional method of cathepsin K hydrolysis of Z-GPR-AMC with a
Pearson coefﬁcient of 99%.
To test the utility of this assay with whole cells, we used macrophages and osteoclasts, cells known to produce and increase
cathepsin K production and secretion in diseases such as osteoporosis, tumor metastasis, and atherosclerosis. After local acidiﬁcation of the extracellular microenvironment, osteoclasts secrete
cathepsin K and are involved in the highly active process of bone
resorption requiring higher extracellular protease concentrations
to quickly release calcium and restore systemic levels. Alternatively, macrophages secrete proteases in response to immune system signals and more often phagocytose larger particles for
internal degradation. Therefore, the result that osteoclasts secrete
more cathepsin K and macrophages maintain a high intracellular
concentration of cathepsin K supports their basic cell roles
(Fig. 5D and E). More important, an antibody-free assay can be
used across different species such as the human and mouse cells
shown here and most likely a number of other species with conserved sequence homology.
The beneﬁts of this assay are numerous. Lower enzyme
amounts can be detected from cells and tissues due to the increased sensitivity, antibodies are not required, and enzyme identity can be further corroborated by adding inhibitors during
overnight incubation. New antibodies may be developed to increase detection of mature cathepsin K over the 182-12G5 clone
used in these experiments, but this clone is commercially available
from several vendors and its efﬁcacy has been shown by other
groups and applications [24,25]. Cathepsin K zymography presented here does not require the development, validation, or mass
production of a new antibody.
An important beneﬁt of this assay is the femtomole sensitivity of
detection due to the concentration and stacking of cathepsin K into
one band during the electrophoretic migration. From Fig. 1D–F, this
focal concentration in the gel presented a complication at higher
amounts of cathepsin K, as seen in the smears of gelatinolytic activity (Figs. 1D, 3A, and 5) and the inability of the inhibitors to completely block the protease activity. Two principles may be at play
here: (i) space limitations of polyacrylamide and refolded cathepsin
K in a control gel volume and (ii) diffusion limitations caused by
immobilization of cathepsin K within the gel substrate matrix.
Studies of the renaturing and refolding of enzymes inside of
polyacrylamide gels have suggested that the enzymes may refold
around the polyacrylamide ﬁbers [26]. This has prevented further
electrophoretic migration on subjection to another electric ﬁeld
and may serve to sterically sequester the active site from inhibitor
access. Cathepsin K is partially immobilized in the tortuous matrix
of the gel, but the inhibitors diffuse through the buffer and bind
cathepsins according to mass action laws and binding afﬁnities.
For the inhibitors to sufﬁciently block all cathepsin activity, they
would need to localize at the concentrated cathepsin location
within the gel. Although the cathepsins are partially immobilized
with some level of physical restraint, the inhibitors are not and
the on/off binding rates and KI values assume homogeneous distribution within the buffer. Substantially larger concentrations of
inhibitors would be required to drive sufﬁcient binding and inhibition of the gelatinase activity to overcome this apparent local increase in cathepsin K concentration immobilized in the gel.
Cross-reactivity is also present with pharmacological inhibition,
and for this reason we used siRNA to verify that the signal from
the macrophages was indeed cathepsin K.
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The prevalence of cathepsin K and changes in its activity across
cell types and diseases demand a reliable detection and quantiﬁcation method. The use of this reliable and sensitive assay and analytical model of cathepsin K activity can improve the
development of pharmacological agents enabling more accurate
IC50 calculations to minimize overdosing and side effects. The
cathepsin K zymography method described here can be broadly
used to detect its proteolytic activity and shed new light on a number of existing pathophysiological conditions where cathepsin K
activity had been undetectable previously.
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