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Human cathepsin K (CatK) is a major drug target for the treatment
of osteoporosis. Although its collagenase activity is unique, CatK
also exerts a potent elastolytic activity that is shared with human
cathepsins V and S. Other members of the cysteine cathepsin
family, which are structurally similar, do not exhibit significant
collagen and elastin degrading activities. This raises the question
of the presence of specific structural elements, exosites, that
are required for these activities. CatK has two exosites
that control its collagenolytic and elastolytic activity.
Modifications of exosites 1 and 2 block the elastase activity of
CatK, whereas only exosite-1 alterations prevent collagenolysis.
Neither exosite affects the catalytic activity, protease stability,

subsite specificity of CatK or the degradation of other biological
substrates by this protease. A low-molecular-mass inhibitor that
docks into exosite-1 inhibits the elastase and collagenase activity
of CatK without interfering with the degradation of other protein
substrates. The identification of CatK exosites opens up the
prospect of designing highly potent inhibitors that selectively
inhibit the degradation of therapeutically relevant substrates by
this multifunctional protease.

Key words: cathepsin K, collagen, collagenase, elastase, elastin,
exosite.

INTRODUCTION

Cathepsins represent some of the most potent mammalian
elastases and collagenases [1,2] and are highly expressed in cell
types linked to extracellular matrix (ECM) remodelling [3]. The
excessive activity of collagenolytic and elastolytic cathepsins has
been associated with bone and cartilage erosion in osteoporosis
and arthritis [4,5] as well as with plaque and blood vessel
destabilization in atherosclerosis and aneurysms [6,7]. Together,
these findings make these cathepsins highly sought-after drug
targets [2,8].

Due to its well-known role in bone collagen and vascular elastin
degradation, cathepsin K (CatK) is the best-established drug target
among cathepsins [9–12]. Most advanced is the understanding
of its role in osteoporosis where active site-directed inhibitors
have been demonstrated to be effective in phase III clinical
trials [13]. However, CatK is a multifunctional protease that
also cleaves a wide range of other substrates. CatK has been
implicated in the metabolism of regulatory proteins such as the
release of thyroid hormones from thyroglobulin [14] and the
degradation of tissue growth factor β1 (TGF-β1) [15], bradykinin
[16] and endorphins [17]. Active site-directed inhibitors targeting
CatK will simultaneously block all of these proteolytic functions
and thus are likely to cause side effects as alluded to from
studies on CatK deficiency [8]. CatK-deficient mice exhibit
increased susceptibility to lung fibrosis [18], abnormal airway
morphologies [15] and show impairments of their learning and
memory capabilities [19]. These CatK deficiency-associated

pathological phenotypes are a concern in the development of
active site-directed inhibitors as they have the potential to induce
a chemical knockout of CatK during long-term use as expected in
osteoporosis treatment. Alternatively, inhibitors that selectively
target the ECM-degrading activity but spare the functionality
of the active site of CatK are less likely to have side effects.
With this objective in mind, we searched for exosites that are
selective for the collagen and elastin degradation. Using an
analogy model of previously identified exosites in cathepsin V
(CatV), we identified two exosites in CatK that are distant from its
active site and responsible for the potent collagenase and elastase
activity of this protease. Structural modification of these sites by
site-directed mutagenesis or the binding of an exosite inhibitor
specifically block the collagenase and elastase activity of CatK
without interfering with the turnover of non-ECM substrates such
as gelatin, thyroglobulin and TGF-β1.

EXPERIMENTAL

Construction of exosite variants of CatK and purification

Based on earlier studies of human CatV exosites, putative exosites
in CatK were deduced from sequence alignments of human CatK
and CatV. The variants were named as exosite mutant 1 (M1),
exosite mutant 2 (M2) and combined exosite-1 and -2 mutant
3 (M3). Active enzymes were expressed in methylotrophic
yeast Pichia pastoris as procathepsins, activated by pepsin, and
purified as described in detail in the Supplementary Experimental

Abbreviations: CatK, cathepsin K; CatL, cathepsin L; CatS, cathepsin S; CatV, cathepsin V; CBB, Coomassie Brilliant Blue ; ECM, extracellular matrix;
DHT, p-dihydrotanshinone; GAG, glycosaminoglycan; TFA, trifluoroacetic acid; TGF-β, tissue growth factor β; WT, wild-type; Z-FR-MCA, carbobenzoxy-
phenylalaninyl-argininyl-4-methylcoumarin amide.
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164 V. Sharma and others

section. Primers used to create these exosite variants are shown
in Supplementary Table S2. The construction of the expression
plasmids is described in the Supplementary Experimental section.

Active site titration, enzyme kinetics, stability profile and subsite
specificity

Exosite variants were characterized for their kinetic parameters,
stability and subsite specificity as described in the supplemental
material section.

Elastin degradation assays

Elastin–Congo Red (Sigma–Aldrich) and elastin–rhodamine
(EPC Inc.) were used as insoluble elastin substrates at a
concentration of 10 mg/ml. They were incubated in assay buffer
(100 mM acetate buffer, pH 5.5, containing 2.5 mM DTT and
2.5 mM EDTA) in the presence of 1 μM wild-type (WT) CatK or
its variant cathepsins at 37 ◦C with continuous stirring. Released
degradation products in the supernatant were measured using a
UV–visible spectrophotometer at 490 nm for elastin–Congo Red
and fluorimetrically for rhodamine-labelled elastin (excitation
550 nm and emission 570 nm). The residual elastolytic activities
of the enzymes were quantified and normalized against WT
CatK. Furthermore, 10 mg/ml unconjugated bovine neck elastin
(Sigma–Aldrich) was digested with either 1 μM of WT or variant
CatK in the assay buffer at 37 ◦C, overnight with continuous
stirring. The samples were centrifuged and the clear supernatant
was loaded on a C18 Altima column (Phenomenex) in water
containing 0.1% trifluroacetic acid (TFA). Fractions were eluted
using an increasing gradient of acetonitrile containing 0.1% TFA.
The degradation profile and area under the curve were quantified
and analysed using 32 Karat software (Beckman Coulter).

Collagen degradation assays

Bovine type 1 soluble collagen (0.6 mg/ml) (MJS BioLynx
Inc.) was incubated in assay buffer (100 mM acetate buffer,
pH 5.5, containing 2.5 mM DTT and 2.5 mM EDTA) containing
400 nM CatK or exosite variants in the presence or absence of
400 nM C4-S at 28 ◦C for 4 h. The reaction was stopped by the
addition of 10 μM E-64 [trans-epoxysuccinyl-L-leucylamido(4-
guanidino)butane] and subsequently, the reaction mixture was
subjected to SDS/PAGE analysis using 10% Tris/glycine gels.
Bands were visualized by Coomassie Brilliant Blue R-250 (CBB)
staining and densitometrically quantified using Image J software
(NIH). The collagenase activity was quantified on the basis of
the loss of α1- and α2-bands after SDS/PAGE. Furthermore,
20 mg/ml of mouse tail fibres were incubated with 2 μM WT
CatK or exosite variants in assay buffer for 18 h. The reaction was
stopped using 10 μM E-64 followed by incubation for 1 h on ice.

SEM of elastin and collagen fibres

SEM was used to characterize elastin and collagen fibres before
and after enzymatic treatment as described previously [25,26].
Briefly, 1 mg of bovine neck elastin (Sigma–Aldrich) [20] in 50 μl
or 1 mg of mouse tail type I collagen fibres [20] was incubated
with 1 μM of WT CatK or exosite variants at 37 ◦C overnight
with shaking. The digested fibres were processed for imaging as
described previously [26]. Samples were imaged with a Helios
NanoLabTM 650 (FEI) scanning electron microscope operated at
2–10 kV.

Binding assays

Aliquots of 10 mg/ml of elastin bovine neck or bovine skin type I
insoluble collagen (Biobasic Inc.) were separately incubated with
either 1 μM or 0.5 μM WT CatK or its exosite variants in assay
buffer (100 mM acetate buffer, pH 5.5, containing 2.5 mM DTT
and 2.5 mM EDTA). The residual activity of unbound enzyme in
the supernatant was measured in the aqueous phase at time t = 0
and t = 30 min using carbobenzoxy-phenylalaninyl-argininyl-4-
methylcoumarin amide (Z-FR-MCA) as the substrate. The effect
of p-dihydrotanshinone (DHT) to block the binding of CatK on
elastin and collagen fibres was determined using E-64 inhibited
WT CatK (10 μM E-64/1 μM CatK). E-64 inhibited CatK was
incubated with either 10 mg/ml of bovine neck elastin (Sigma–
Aldrich) or bovine skin collagen fibres (Biobasic Inc.) for 30 min
in the absence or presence of increasing concentrations of DHT
(12.5–50 μM). Samples (25 μl) of the supernatant were separated
on 12% polyacrylamide gels by SDS/PAGE and the amount of
CatK was determined by densitometry.

Degradation assays for non-ECM substrates

Gelatin (0.6 mg/ml heat-denatured bovine type I collagen) or
bovine thyroglobulin (Sigma–Aldrich) (0.6 mg/ml) was treated
with 5 nM or 100 nM WT or exosite variants, respectively, in
assay buffer (100 mM acetate buffer, pH 5.5, containing 2.5 mM
DTT and 2.5 mM EDTA) at pH 5.5 and 28 ◦C for 4 h. Degradation
products were analysed by SDS/PAGE (10 % Tris/glycine gels)
and stained with CBB. 40 ng/ml TGF-β1 (Cedarlane Corp.) was
incubated with 50 nM WT or exosite variants in activity buffer,
pH 5.5, for 4 h at 28 ◦C. The reaction was stopped by the addition
of 10 μM E-64. Samples were processed by SDS/PAGE and
electroblotted on nitrocellulose membrane. The membrane was
blocked with 3% defatted milk (Bio-Rad) and incubated with
1 μg/ml chicken anti-TGF-β antibody (IgY) (EMD Millipore) at
4 ◦C overnight. The membrane was probed with secondary anti-
chicken antibody (Cedarlane Corp.) 1:1500 in PBST. The bands
were visualized using chemiluminescence.

IC50 determination for DHT, characterization of its anti-elastase and
anti-collagenase activities, and its effect on non-ECM substrates

The IC50 values for the anti-elastase and anti-collagenase activities
of WT CatK were determined using elastin–Congo Red and
soluble collagen degradation assays as described above. DHT
was dissolved in DMSO and the assay inhibitor concentrations
were between 0.5 and 50 μM. The DMSO concentration was kept
below 1% (v/v). The effect of DHT (50 μM) on the degradation
of mouse-tail collagen fibres was analysed by SEM as described
above. The incubation time was was 18 h for the elastase assays
and 4 h for the collagenase assays. Gelatin and thyroglobulin as
non-ECM substrates were digested in by WT CatK in the presence
of 50 μM DHT and the reaction was stopped with 10 μM E-64
after 4 h. The degradation of these substrates was determined by
SDS/PAGE analysis as described above. The IC50 values for the
anti-elastase activity of human CatV and cathepsin S (CatS) were
determined as described for CatK.

Molecular docking of DHT to CatK

The 3D structure of the DHT inhibitor was constructed using
the standard geometric parameters of the LigPrep utility (version
2.9, Schrödinger, LLC, 2014). Possible protonation states (using
Epik, pH 7 +− 2) and potential tautomers were considered during
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Collagenase and elastase activity of cathepsin K 165

ligand preparation. OPLS-2005 partial charges were assigned
to all of the atoms and subsequently minimized. The resulting
structure was exported to the .mol2 format and used in the
docking protocol. Molecular modelling was performed using
the GLIDE program [21,22] (version 6.2, Schrödinger, LLC,
2014). To execute the docking protocol and to analyse the docking
results, the maestro user interface (version 9.7, Schrödinger,
LLC, 2014) and PyMOL (version 1.6; Schrödinger, LLC) were
employed. The X-ray crystallographic data for CatK determined
at 1.7 Å (PDB code 4DMX) [23] was used in the docking
simulations. Ligands and water molecules from both structures
were removed from the binding pockets. For the docking
calculations, hydrogen atoms were added in standard geometry;
histidine, glutamine, and asparagine residues in the binding
site were manually checked for orientation, protonation and
tautomeric states using PyMOL 1.6 side-chain wizard script.
GLIDE grid generation wizard was used to define the docking
space. Specifically, the binding site was defined incorporating all
of the amino acid residues within a radius sphere of 12 Å centred
on Cγ of Tyr87. Docking was performed using XP (Extra Precision
mode) docking protocol [24] and visual inspection was employed
to select the representative conformation for the inhibitor.

Statistical analysis

All experiments were performed in duplicate and represented
as means +− S.D. for three independently performed experiments
unless otherwise specified. The significance of difference was
calculated by one-way ANOVA and P values of �0.05 were
considered significant.

RESULTS

Identification of CatK exosites

Two putative exosites in human CatK were deduced from our
earlier observation of surface structures that controlled the elastase
activity of CatV [25]. Exosite-1 is located on the outer edge of the
L-domain in CatK, which is formed by a hook-like loop spanning
from Tyr87 to Gly102 (Figures 1A–1C). This loop structure is
conserved in the endopeptidase subfamily of cysteine cathepsins.
Out of the 16 amino acid residues forming the loop, eight are
conserved in cathepsins K, V, S and L. The loop starts with
the conserved tripeptide Tyr87-Pro88-Tyr89 at the N-terminal loop
end, has an acidic dipeptide (Asp/Glu93–Glu94) in its centre, and
a conserved Tyr98 and Pro100 at its C-terminal end. Pro88

and Pro100 are responsible for the upwards direction of the loop,
which is stabilized by a disulfide bridge between Cys56 and Cys96

(Figure 1B). Exosite-2 is located between the L- and R-domain
below the S2 subsite pocket where it forms a β-sheet stack with
the C-terminal end of the protease (Figure 1B). This exosite is less
conserved in its length as well as sequence than exosite-1. Located
between conserved residues Gly109 and Glu118, it is one amino acid
longer than the appropriate region in cathepsin L (CatL) and has
the same length as in cathepsins V and S (Figure 1A). In contrast
to cathepsins K, V and S, CatL has neither significant elastase nor
collagenase activity [1,9].

Consequently, we generated three chimera variants of CatK
containing corresponding CatL regions and designated them as
M1 (exosite-1), M2 (exosite-2) and M3 (combined exosite-1 and
-2). These variants were evaluated for their capabilities to degrade
elastin, collagen and non-ECM substrates.

Table 1 Enzyme kinetics of WT CatK and its exosite variants

Michaelis–Menten parameters for hydrolysis of Z-FR-MCA by WT CatK and its exosite variants.
Values are means +− S.D. from three independent experiments.

CatK k cat (s− 1) K m (μM) k cat/K m (μM− 1·s− 1)

WT 17.0 +− 0.4 9.4 +− 1.8 1.80 +− 0.4
M1 22.5 +− 0.3 11.4 +− 4.2 1.98 +− 0.2
M2 25.6 +− 0.3 12.8 +− 0.8 1.99 +− 0.2
M3 26.0 +− 1.1 14.6 +− 4.0 1.77 +− 0.4

Effects of exosite modifications on active site functionality of CatK

To investigate the potential effect of modifications in the exosites
on active site functionality, the Michaelis–Menten parameters, kcat

and Km, the temperature stability of the proteases, and the subsite
specificity of the variants were determined. The kinetic parameters
showed comparable specificity constants, kcat/Km, towards the
substrate, Z-FR-MCA (Table 1) with less than 2-fold variations
in their individual kcat and Km values. This indicates that the
mutations in these exosites had no overall inhibitory effect. The
protease stabilities of WT CatK and its exosite variants also
remained mostly unchanged. However, the exosite M2 variant
appeared to be slightly less stable than the WT protease and the
M1 and M2 variants (Supplementary Figures S1A–S1C). The
residual enzymatic activities for WT CatK and its exosite variants
decreased overtime at three different incubation temperatures:
room temperature, 28 ◦C and 37 ◦C. Finally, the effect of exosite
modifications on the subsite specificity was investigated. Subsite
profiling did not reveal any significant changes in the subsite
specificities of S4 to S1 (Figure 1D). The subsite preferences for
all protease forms remained the same: S1 prefers Arg; S2 Leu, Ile,
and Pro; and subsites S3 and S4 have rather undefined specificities
with a slight preference for basic amino acid residues. Together,
this indicates that the replacement of exosites in CatK with CatL
analogous residues did not significantly alter the overall catalytic
efficacy, enzyme stability and subsite specificity in the variants.

Effects of exosite modifications in CatK on the degradation of
elastin

Both individual exosite variants, M1 and M2, lost approximately
75–80% of their elastolytic activity towards Congo Red and
rhodamine elastin, whereas the activity of the double exosite
variant, M3, was reduced by 80–90% when compared with WT
CatK (Figure 2A). The same inhibitory effect was demonstrated
using bovine neck elastin (Figure 2B). HPLC quantification of
degradation fragments revealed more than an 80% loss of elastase
activity in the variant proteases (Figure 2C), which parallels the
results seen above. Using a binding assay, it became obvious
that the exosites are critical for the binding of the protease to
elastin fibres. Almost 90 % of WT CatK adsorbed to elastin
fibres, whereas the exosite variants remained mostly unbound
(Figure 3A). The inhibitory effect of the exosite mutations was
also seen by the structural analysis of elastin fibres via SEM.
After the digestion of bovine neck elastin by CatK, the smooth
fibre surface (Figure 4A, elastin) transformed into loose fibrillar
structures (Figure 4B, elastin). In contrast, elastin treated with the
variants showed surface morphologies close to that of undigested
elastin (Figures 4C–4E, elastin).

c© The Authors Journal compilation c© 2015 Biochemical Society



166 V. Sharma and others

Figure 1 Localization of exosites-1 and -2 on CatK and subsite specificity of CatK and its exosite variants

(A) Sequence alignment of human cathepsins V, L, S and K showing two putative exosite regions using Clustal�alignment software. (B) Superimposition of 3D cartoon structures of CatK (cyan)
and CatV (purple) reveal highly conserved fold including the putative exosites (exosite-1 in blue and exosite-2 in red). The active site Cys25 residue is shown in orange. (C) Putative exosites in the
3D surface structure of CatK (PDB: 1MEM) are shown in blue (exosite-1) and in red (exosite-2). LHVS, an active site-directed covalent inhibitor, is depicted in green. (D) S4–S1 subsite specificity
determination of WT CatK and exosite variants using complete diverse substrate library. P4, P3, P2 and P1 denote the four substrate amino acid residues binding to subsites S4–S1. The x-axis
indicates a total of 20 amino acid residues. The y-axis represents the relative activity of enzyme for each residue referred to the highest activity observed with leucine (L) in the P2 position for WT
CatK ( = 100). All other activities including those obtained for the variants are calculated as relative activity values to the P2 leucine substrate.
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Collagenase and elastase activity of cathepsin K 167

Figure 2 Degradation of fibrous elastin by CatK and its variants

(A) Elastase activity of WT CatK and exosite variants using elastin–Congo Red and elastin–rhodamine substrates. The enzyme concentration was 1 μM and the substrate concentration was 10 mg/ml.
The reaction mix was incubated at 37◦C for 18 h with shaking. The released elastin fragments were spectrophotometrically measured for elastin–Congo Red or fluorimetrically for elastin–rhodamine
as described in the Experimental section. The residual activity of each of the mutants was normalized to the WT enzyme (*P � 0.05). (B) HPLC profile of WT CatK and exosite variant-generated
bovine neck elastin degradation fragments. (C) Quantification of bovine neck elastin degradation based on the area under the HPLC chromatogram using 32 Karat software.

Figure 3 Binding of CatK and its variants to fibrous elastin and collagen and the degradation of collagen

(A) Quantification of the binding of CatK and its exosite variants to fibrillar elastin. (B) Quantification of the binding of CatK and its exosite variants to fibrillar collagen. Results are enzymatic activity
as a percentage of unbound protease. Enzyme concentrations were 1 μM (or 500 nM for collagen binding assay). (C) SDS/PAGE analysis of the collagenase activity of CatK and its exosite variants.
Bovine soluble collagen was incubated with 400 nM of enzyme at pH 5.5 and 28◦C for 4 h in the presence or absence of chondroitin 4-sulfate (C4-S). (D) Quantification of collagenase activity is
based on the loss of α1- and α2-bands using densitometric analysis. Results are means +− S.D. for three independent experiments (*P � 0.05).

Effects of exosite modifications in CatK on the degradation of
collagen

CatK is primarily known as a potent collagenase and therefore the
effect of exosite modifications on collagenolysis was investigated.
First, we looked into the binding of WT CatK and its variants
to collagen fibres. In contrast to elastin binding, only exosite
variants M1 and M3 lost their capability to bind to collagen
(Figure 3B), indicating that exosite-1 specifically contributes to
collagen binding. This suggests a different utilization of exosites

for elastin and collagen hydrolysis. To corroborate the binding
results, we next investigated the efficacy of WT CatK and its
variants to degrade soluble triple helical collagen and fibrillar
type I collagen. The degradation of soluble bovine collagen
was inhibited by more than 90% in the M1 variant, whereas
the exosite-2 variant, M2, had no effect (Figures 3C and 3D).
Furthermore, scanning electron micrographs of WT CatK and
variants-treated fibrillar type 1 collagen supported the role of
exosite-1 in collagen degradation. The fibre morphology of M1-
and M3-treated collagen (Figures 4C and 4E, collagen) was
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Figure 4 Scanning electron micrographs of bovine neck elastin and insoluble mouse-tail collagen fibres after digestion with CatK or variants

Elastin: (A) undigested elastin; (B) CatK treated; (C) M1 treated; (D) M2 treated; and (E) M3 treated. Protease concentrations were 1 μM and the digestions were performed at pH 5.5 and 37◦C for
18 h. Scale bar represents a 50 μm scale. Collagen: (A) undigested bovine skin collagen; (B) treated with CatK WT; (C) treated with M1 exosite variant; (D) treated with M2 exosite variant; and
(E) M3 variant. Protease concentrations were 2 μM and the digestions were performed at pH 5.5 and 37◦C for 4 h. Scale bars represent 50 μm. (F) Percentage relative collagenase activity of WT
CatK and its exosite variants using insoluble mouse tail fibres based on released soluble collagen fragments (α1- and α2-chains). The collagenase activity was quantified by measuring the relative
appearance of α-chains released from fibres upon digestion. The quantification was carried out using ImageJ software and results are means +− S.D. for two independent experiments. Although M1
and M3 showed significant reductions in collagenase activity (*P < 0.05), M2 showed activity comparable with that of CatK.

comparable with that of undigested fibres (Figure 4A, collagen),
whereas the action of variant M2 (Figure 4D, collagen) revealed
complete collagen fibre disintegration as previously seen for WT
CatK [26] (Figure 4B, collagen). The quantitative analysis of fibre
degradation in terms of the liberation of tropocollagen fragments
from intact fibres is shown in Figure 4F, collagen, which presents
the same pattern as revealed in the SEM study. This suggests that
only exosite-1 is involved in the degradation of soluble as well as
insoluble collagen, whereas exosite-2 appears to be specifically
required for elastin degradation.

Effects of exosite modifications on the degradation of non-ECM
substrates by CatK

CatK is a multifunctional protease that also hydrolyses a
variety of non-matrix proteins. Previous studies identified
thyroglobulin [14], TGF-β1 [15], aggrecan [27] and endorphins
[17] as biologically relevant substrates of CatK. As exosite
modifications in CatK did not alter the active site functionality
and subsite specificity, the degradability of non-ECM proteins
was investigated. First, as a representative generic substrate
without a defined structure, gelatin was used. Degradation
experiments showed that WT CatK as well as its variants degraded
gelatin equally (Supplementary Figure S2A). In addition, the
degradability of thyroglobulin and TGF-β1 was evaluated. Both
substrates were efficiently degraded by WT and exosite variants
(Supplementary Figures S2B and S2C). These experiments
provided evidence that CatK exosites 1 and 2 are selective for

the degradation of elastin and collagen and do not affect the
hydrolysis of other substrates.

Selective inhibition of the collagenase and elastase activity of CatK
by an exosite inhibitor

Based on our exosite model, we screened various libraries for anti-
complex formation inhibitors of CatK (to be reported elsewhere).
Among other compounds, we identified DHT as a potent exosite
inhibitor of CatK (Figure 5A). DHT revealed IC50 values of
15 +− 2 μM for tropocollagen (Figure 5B) and 11.3 +− 2.4 μM
for elastin–Congo Red degradation (Figure 5C). The IC50 values
represent a 30- and 11-fold molar excess of DHT over CatK in
the collagenase and elastase assays, respectively. 25 and 50 μM
DHT completely inhibited the degradation of fibrillar mouse tail
collagen and bovine neck elastin, respectively, by CatK (molar
1:25 and 1:50 ratio between CatK and DHT) as shown by SEM
(Figure 5D). However, the degradation of non-ECM substrates
such as gelatin and thyroglobulin was not blocked in the presence
of 50 μM DHT (5000 and 500 molar excess of DHT over CatK,
respectively) (Figure 5E). No inhibition of the hydrolysis of the
synthetic substrate, Z-FR-MCA, was observed up to a molar
ratio of 1:1000. Binding assays using either fibrous elastin or
collagen supported the putative binding of DHT to exosite-1. In
the presence of 12.5 μM DHT, the binding of E-64 inhibited WT
CatK to the elastin and collagen fibres was reduced by 70%
and 65%, respectively (Figure 5F). Additional increases in the
DHT concentration only slightly further reduced the binding to
the fibres. DHT also inhibits the elastase activity of human CatV
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Figure 5 Effect of exosite inhibitor p-dihydrotanshinone (DHT)

(A) Structure of DHT; (B) inhibition of type I soluble collagen by DHT (SDS/PAGE) and (C) IC50 value determination for elastin–Congo Red degradation in the presence of DHT by CatK. (D) SEM
images of the inhibition of CatK-mediated mouse tail type I collagen fibres degradation by DHT. (E) Lack of inhibition of CatK-mediated degradation of non-ECM substrates, gelatin and thyroglobulin
by DHT (50 μM) at pH 5.5 and room temperature. CatK is fully inhibited in the presence of 10 μM E-64. (F) Prevention of elastin and collagen fibre binding to E-64 inhibited WT CatK in the presence
of 12.5 μM DHT.

with an IC50 value of 89 +− 5 μM, which is approximately 7-fold
less efficient when compared with CatK (Supplementary Figure
S3). The inhibitory effect of DHT towards human CatS is even
less (IC50>100 μM; less than 40% inhibition at solubility limit
of 100 μM of DHT, results not shown).

The calculated best orientation of DHT inhibitor within
the CatK exosite is shown in Figures 6(A) and 6(B). The
inhibitor establishes polar and hydrophobic contacts with exosite-
1 residues. A polar interaction is predicted between the side
chain of Asn99 and the inhibitor. In our model, the 7-carbonyl
substituent of the dihydrophenanthrodione ring is favourably
orientated to accept a hydrogen bond from the side-chain
ND2 of Asn99 (Figure 6C). Additionally, the non-polar parts
of DHT make favourable van der Waals contacts with several
structural elements of the protein, some of them establishing
hydrophobic interactions with the macromolecular counterparts,
which significantly contribute to the complex stability. In
particular, the 4-methylnaphtyl substituent is docked into the
hydrophobic pocket formed by the amino acids Tyr87, Pro88 and
Val90, whereas the dihydrophenanthrodione ring is in van der

Waals contacts to the side chain of Met97. This putative binding site
would explain both the inhibition of the elastase and collagenase
activity of CatK and the lack of inhibition of the hydrolysis of the
two non-ECM substrates and the small fluorogenic peptide.

DISCUSSION

CatK exploits two exosites for elastin and one for collagen
degradation

CatK is the only cysteine cathepsin that has both potent
elastase and collagenase activity. Both activities require specific
exosite interactions. Although two exosites are needed for the
hydrolysis of elastin, only one of them is exploited for collagen
degradation. As there were no significant differences observed
for the elastolytic activities of variants M1, M2 and M3, each
exosite appears to be independent from the others and no additive
effect was seen in the double exosite variant. This assumption is
supported by binding studies of CatK and its variants to insoluble
elastin. The binding assay revealed a strong adsorption of WT
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Figure 6 Binding of DHT to CatK

(A) Binding model showing surface view of CatK structure with DHT at exosite-1. Exosite-1 is indicated in dark green and exosite-2 is in red. The catalytic residues Cys25 and His162 are indicated in
yellow and blue respectively. (B) Rotated by 90◦. The moss-green shade at exosite-1 shows the boundaries of the DHT-binding site. (C) Predicted binding mode of DHT within CatK exosite-1. DHT
is shown as a stick model and the hydrogen bond is shown as a black dashed line. The putative binding mode was determined using the GLIDE program (for experimental details see the Experimental
section).

CatK to elastin fibres, whereas the exosite variants remained
mostly unbound (Figure 3A). Thus, our exosite model suggests
that both exosites on CatK tether the insoluble elastin towards
a productive binding mode and guide it to the catalytic site of
the enzyme. In contrast, Novinec et al. [28] previously proposed
a step-wise binding model where elastolytic cathepsins rapidly
adsorb in an initial step to the elastin surface in a non-productive
manner, followed by a rearrangement to a catalytically productive
complex in which the active centre of the enzyme binds to
an elastin peptide. Non-elastolytic CatL would switch rapidly
between adsorption and desorption, whereas in our model, it
would not bind at all. The adsorption of WT CatK to elastin
fibres was between 80% and 90%, whereas the exosite variants
remained mostly unbound (Figure 3A). Using the GRAVY
calculator, we determined that exosite-1 replacement with the
analogous CatL region reduced the hydrophobicity score of WT
CatK at this site by 65% (Supplementary Table S2). In general,
exosite-1 is significantly more hydrophobic for all three elastolytic
cathepsins (CatK, V and S) when compared with CatL. In contrast,
the hydrophobicity scores for exosite-2 are very diverse for the
four cathepsins with rather hydrophilic values for CatK and L
and more hydrophobic values for CatV and S. The common
denominator in exosite-2 of CatK and V (and also for CatS)
is that in all three elastases this region is one amino acid longer
than in CatL (Figure 1A). The deletion of a conserved glycine

residue in CatV, which is conserved in the three elastases but not
in CatL, reduced the elastolytic activity of the appropriate CatV
variant by 30% [25]. This might reflect a greater influence of the
length of the exosite than of its hydrophobicity. As exosite-2 is
bridging the L- and R-domain of cathepsins and is located below
the substrate specificity defining the S2 subsite, it is likely that
this area requires a certain width for accepting a prone elastin-
cleavage site to enter the active site area. The utilization of two
exosites might be a general mechanism for elastolytic proteases.
Two exosites remote from its active site have also been reported for
matrix metalloproteinase-12 [29], which affected the hydrolysis
of soluble elastin and to a lesser degree that of insoluble elastin
[30]. However, it remains unclear whether the MMP12 exosites
are specific for elastin as no other biological protein substrates
were analysed.

In contrast to its elastase activity, the collagenase activity of
CatK depends on the formation of oligomeric complexes with
glycosaminoglycans (GAGs) [31,32]. These CatK complexes are
stabilized by distinct GAG binding sites that bridge at least two
CatK molecules [32] and by protein–protein interactions within
the CatK/GAG complex [33]. Interestingly, the protein–protein
interaction site overlaps with exosite-1. X-ray crystallographic
studies of CatK/GAG complexes showed head-to-head dimers
of CatK via their exosite-1 regions [33]. As exosite-1 is part of
the dimer interface site and collagenolytically inactive CatL is
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unable to form equivalent complexes in the presence of GAGs
[31], it was not surprising that perturbation at the dimer interface
led to the observed inhibition of the collagenase activity of
CatK. The relevance of exosite-1 for collagenase activity is
also supported by an experiment of nature. A Y98C mutation
causes the bone-sclerosing disorder pycnodysostosis [34]. Tyr98

is located within the exosite-1 loop and is completely conserved
in all CatK proteases but absent from other cathepsins. We have
previously shown that this mutation completely abrogates the
complex formation and thus the collagenase activity of CatK, yet
still allows the degradation of gelatin and the synthetic substrate,
Z-FR-MCA [35]. This suggests that exosite-1 is not a direct
binding site for triple helical collagen but a CatK oligomerization
site and that only the CatK complex binds to collagen. In contrast,
exosite-2 is distant from the GAG and protein–protein binding
sites in the CatK complex and this may explain its irrelevance
regarding collagenase activity.

Exosite involvement in collagenases of the matrix
metalloproteinase family has been previously discussed and
linked to a special non-catalytic domain termed haemopexin
[36]. Later studies explored in detail the mechanism of collagen
unwinding involving exosites in the haemopexin domain [37–39].
Other than the haemopexin exosites, specific binding sites closer
to the active site have also been implicated in the unwinding of
triple helical collagen [40]. It should be noted that in the case
of CatK, classical subsite interactions are also necessary for the
cleavage of collagens as an alteration of the S2 subsite pocket
to avert the accommodation of proline prevents collagenolysis
[41]. Exosite-1 in CatK is thus neither a remote subsite nor a
classical substrate binding exosite but likely a site required for
the formation of collagenolytically active CatK oligomers in the
presence of glycosaminoglycans.

Exosite inhibitors as selective elastase and collagenase blockers
for CatK

Exosite inhibitors or antibodies targeting exosites gained
momentum in recent years as they promise increased specificity
in drug development [42,43]. CatK is an important drug target
for skeletal and vascular diseases [12,44]. To date, numerous
active site-directed inhibitors have been generated and evaluated
in preclinical and clinical settings [44]. Any active site-directed
inhibitor would abrogate the entire proteolytic activity of CatK in
addition to the desired blockage of excessive elastin and collagen
degradation in these diseases. This is of high relevance as an active
site-directed inhibitor, odanacatib, has successfully passed a large-
patient number phase III clinical osteoporosis trial [13]. Lack of
turnover of substrates such as TGF-β1 and thyroglobulin as seen
in CatK-deficient mice has been associated with adverse effects
[15,18,19]. The knowledge of exosites in CatK provides the tools
to identify exosite inhibitors that will selectively inhibit its elastase
and/or collagenase activity without interfering with the hydrolysis
of other physiologically relevant substrates. We identified DHT
as a putative exosite-1-targeting inhibitor that selectively blocks
the elastase and collagenase activity of CatK with IC50 values in
the low micromolar range (11–15 μM) reflecting a molar enzyme
to inhibitor ratio of 1:10–30 in the degradation assays. Neither
cleavage of the synthetic peptide substrate, Z-FR-MCA, nor of
non-ECM substrates was observed at molar ratios of >1:1000.
Although we do not yet have structural proof of the binding
of DHT into exosite-1, the significant reduction in WT CatK
binding to collagen and elastin by 60 and 75% in the presence
of DHT strongly suggests its binding to exosite-1 (Figure 5F).
This corresponds to the 80–90% blocking of the binding of

collagen and elastin fibres to the exosite-1 variant (M1). It is
of interest that closely related DHT analogues, which are major
constituents in the herb Salvia miltiorrhiza, have been recently
evaluated for their anti-resorptive activity in cellular and rodent
models of osteoporosis [45–48]. S. miltiorrhiza is widely used
in Chinese traditional medicine for the treatment of osteoporosis
[49].

The lack of inhibition of the hydrolysis of the synthetic peptide
and two non-ECM substrates by DHT would not support an
allosteric mechanism as recently described for a small anthranylic
acid derivative (NSC13345). This compound binds on the R-
domain and distant from exosite-1 and -2. It blocks the collagenase
activity at a concentration of 100–200 μM and shows a 40–50%
inhibition of the hydrolysis of azocasein and a synthetic peptide
substrate at the same, rather high, inhibitor concentration [50].
Furthermore, the lack of any observable changes in the S1–S4
subsite specificities in the exosite variants (Figure 1D) would also
contradict an allosteric function of exosite-1 and -2.

Conclusion

We have identified two exosites in CatK that selectively contribute
to the hydrolysis of soluble triple helical collagen as well as
fibrillar collagen and elastin. Although exosite-1 is required for
the degradation of elastin and collagen, exosite-2 specifically
contributes to elastin degradation. None of the exosites affect the
hydrolysis of non-ECM substrates, suggesting the exclusion of
an allosteric effect. This is further supported in that modifications
in both exosites do not alter the subsite specificity of protease.
We also identified DHT as an exosite-1-targeting inhibitor that
selectively blocks the elastase and collagenase activity of CatK
without interfering with other proteolytic activities of the protease.
Furthermore, DHT reveals some selectivity for the exosite-1 of
CatK, whereas the inhibitor effect is at least eight times less with
elastolytic cathepsins V and S. This suggests the possibility of
further increasing the potency of tanshinone derivatives towards
CatK and improving its selectivity. The identification of exosite
inhibitors that specifically target the turnover of therapeutically
relevant ECM substrates is of high relevance as an active site-
directed inhibitor, odanacatib, is presently evaluated as an anti-
resorptive drug for the treatment of osteoporosis [13]. Lack of
turnover of non-ECM substrates as seen in CatK-deficient mice
has been associated with various adverse effects. Therefore,
exosites represent novel drug-targeting sites for the substrate-
specific inhibition of CatK, which can overcome the intrinsic
limitations of active site-directed inhibitors when targeting a
multifunctional protease.
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