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ABSTRACT (247 words) 

 

Human cathepsin K (hCatK), which is highly expressed in osteoclasts, has the noteworthy ability 

to cleave type I and II collagens in their helical domain. Its collagenase potency depends strictly 

on the formation of an oligomeric complex with chondroitin 4-sulfate (C4-S). Accordingly, 

hCatK is a pivotal protease involved in bone resorption and is an attractive target for the 

treatment of osteoporosis. As rat is a common animal model for the evaluation of hCatK 

inhibitors, we conducted a comparative analysis of rat CatK (rCatK) and hCatK, which share a 

high degree of identity (88%) and similarity (93%). The pH activity profile of both enzymes 

displayed a similar bell-shaped curve (optimal pH: 6.4). Presence of Ser134 and Val160 in the S2 

pocket of rCatK instead of Ala and Leu residues, respectively, in hCatK, led to a weaker 

peptidase activity, as observed for mouse CatK. Also, regardless of the presence of C4-S, rCatK 

cleaved in the nonhelical telopeptide regions of both type I (tail) and type II (articular joint) rat 

collagens. Structure-based computational analyses (electrostatic potential, molecular docking, 

molecular dynamics, free energy calculations) sustained that the C4-S mediated collagenolytic 

activity of rCatK obeys distinct molecular interactions from those of hCatK. Additionally, T-

kininogen (a.k.a. thiostatin), a unique rat serum acute phase molecule, acted as a tight-binding 

inhibitor of hCatK (Ki = 0.11±0.05 nM). Taken into account the increase of T-Kininogen level in 

inflamed rat sera, this may raise the question of the appropriateness to evaluate pharmacological 

hCatK inhibitors in this peculiar animal model. 

 

 
Keywords: cathepsin K, chondroitin 4-sulfate, collagen, cysteine protease, protein-

glycosaminoglycan interactions, T-kininogen. 

 

Abbreviations:  

C4-S : chondroitin 4-sulfate ; CatK : cathepsin K; DMF : N,N-dimethylformamide; E-64: trans-

epoxysuccinyl-L-leucylamido(4-guanidino)butane ; dp : degree of polymerization ; DTT: 

dithiothreitol, GAG : glycosaminoglycan; MM-GBSA : Molecular Mechanics-Generalized Born 

Surface Area ; NRS : normal rat serum; IRS : inflamed rat serum; TK : T-kininogen; RIEP : 

rocket immunoelectrophoresis.  
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INTRODUCTION 

Cathepsin K (CatK), a cysteine protease of the papain family that is highly expressed in 

osteoclasts, is one of the major enzymes involved in bone and articular cartilage resorption in 

humans [1–4]. Among mammalian peptidases CatK is a unique collagenase that cleaves 

efficiently type I and II collagen (the major organic matrix of bone and articular cartilage, 

respectively) at multiple sites in their helical domain [5,6]. It has been shown that cartilage-

resident glycosaminoglycan chains such as chondroitin 4-sulfate (C4-S), enhances specifically 

the collagenolytic activity of human CatK (hCatK) by forming an active complex, via multiple 

contacts between the negatively charged C4-S sulfate and carboxyl groups and positive residues 

on the backside of the enzyme located away from its active site [7–9] . In the absence of C4-S, 

hCatK loses its ability to degrade fibrillar collagens but retains its overall peptidase activity. 

Genetic and pharmacological studies have demonstrated that CatK inhibition reduces bone 

resorption and increases overall bone mineral density and strength [10]. As a result, hCatK is 

considered as a valuable target for the development of novel anti-resorptive drugs in osteoporosis 

and arthritic diseases [11]. Conventional inhibitors target efficiently and selectively the active site 

of hCatK, thus causing a complete inhibition of its entire enzymatic activity, which may affect 

other physiological functions. As a matter of fact, the most advanced and promising inhibitor of 

hCatK, Odanacatib failed in human clinical trial phase III due to safety concerns in 2016 [12]. 

New strategies focusing on the blockade of the matrix-degrading function of hCatK without 

affecting its non-collagenolytic activity would be greatly advantageous. One promising approach 

consists in disrupting C4-S/hCatK interactions by an ectosteric inhibitor to block its collagenase 

activity without affecting the overall proteolytic activity [13–16].  

Besides mouse (Mus musculus), rat (Rattus norvegicus) is a commonly used animal model for the 

study of human diseases including osteoporosis and rheumatoid arthritis. Interestingly, rats have 

the unique property among mammals to possess an additional third kininogen, T-kininogen (TK) 

(a.k.a. thiostatin, rat α1-MAP, or rat α1-cysteine protease inhibitor [17] besides high molecular 

weight kininogen (HK) and low molecular weight kininogen (LK). Kininogens are 

multifunctional glycosylated tight-binding inhibitors of cysteine cathepsins related to cystatins 

(clan IH, family I25) [18]. Conversely to HK and LK, TK is the only mammalian kininogen 

described to date whose plasma concentration increases markedly during inflammatory episodes 
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including arthritis [19]. Although analyses of substrate specificity of rat CatK (rCatK) have been 

surveyed earlier [20], whether collagenolytic activity of rCatK is mediated by C4-S has never 

been reported at our knowledge. Moreover, various CatK inhibitors display distinctly different 

potencies to block the active site of rat/mouse CatK versus hCatK regardless of their high amino 

acid sequence identity (rCatK vs hCatK: 88.4%) [20–22].  

Herein, we conducted a comparative study of the substrate specificity of both rCatK and hCatK 

using AMC-derived peptides and internally quenched fluorescent peptidyl substrates, with a 

focus on the S2 binding pocket. Differences in the substrate specificity were supported by 

molecular modeling. Then the in vitro C4-S-mediated collagenolytic activity of rCatK was 

investigated and compared to hCatK. Conversely to hCatK, recombinant rCatK showed a poor 

collagenolytic activity. Structural differences in the GAG-binding site of rCatK were considered 

via in silico studies. Also, Ki values showed that TK is a potent serum inhibitor of both rCatK 

and hCatK. Taken together the ability of normal rat serum (NRS) and inflamed turpentine-treated 

rat serum (IRS) to inhibit hCatK and the increased level of TK in IRS, the biological relevance of 

using this experimental animal model for the pharmacological evaluation of hCatK inhibitors is 

therefore questionable. 
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EXPERIMENTAL PROCEDURES 

Substrates 

Z-Phe-Arg-AMC, Z-Leu-Arg-AMC, Z-Gly-Pro-Arg-AMC were purchased from Bachem (Weil 

am Rhein, Germany). Intramolecularly quenched fluorogenic substrates Abz-HPGGPQ-(3-NO2-

Tyr) and Abz-RPPGFSPFR-(3-NO2-Tyr) were prepared as reported elsewhere [23,24]. 

Chondroitin 4-sulfate (C4-S) from bovine trachea (~20-30kDa) was purchased from Sigma-

Aldrich (Saint Quentin Fallavier, France). Rat tail type I collagen was purchased from Thermo 

Fisher Scientific (Illkirch, France) and rat type II collagen (articular joints) was from Chondrex 

(Redmond, WA, USA).  

Rat Serum 

Adult Wistar rats (300g of body weight) were provided by Mahaveer Enterprises (Hyderabad, 

India). Briefly turpentine (0.5ml/100g weight) was administered subcutaneously to induce 

inflammation; 48h later, blood was withdrawn from either untreated or turpentine-injected 

animals. Experiments were approved by Institutional Animal Ethics Committee, N.T.R College 

of Veterinary Science, Gannavaram, Andhra Pradesh, India [25]. Normal (NRS) and  inflamed  

(IRS) rat sera were prepared as previously reported [26]. 

 

Enzymes and inhibitors 

Rat recombinant cathepsin K (rCatK) was from BioVision (Milpitas, CA, USA). Human 

recombinant cathepsin K (hCatK) was produced as described elsewhere [27]. E-64 came from 

Sigma-Aldrich. The activity buffer for the enzyme assay was 100mM sodium acetate buffer, 

pH5.5, containing 2mM DTT (dithiothreitol, Bachem). The enzyme active site of both enzymes 

was titrated by E-64, using Z-Leu-Arg-AMC as substrate [28]. Rat T-kininogen (TK) was 

purified according to [29]. TK was titrated by E-64-titrated commercial papain [28].   

 

T-kininogen immunoassay 

Barbital buffer and polyethylene glycol (PEG) came from Sigma-Aldrich. Agarose was supplied 

by Amersham Biosciences (GE Healthcare, Buckinghamshire, UK). Rabbit polyclonal anti-TK 

antibody was obtained as reported elsewhere [26]. The concentration of TK in the serum of 

turpentine-treated rats was determined by rocket immunoelectrophoresis (RIEP) [30]. Briefly 

10ml of 0.8% agarose gel was prepared in 60mM barbital buffer, pH8.6, containing 1% PEG 
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(v/v) by gentle heating. After cooling molten agarose to 45-50°C, 0.5ml of anti-TK antiserum 

was added to agarose solution and mixed smoothly to ensure uniform distribution of antiserum. 

Agarose plate was further placed on the template holder and 3mm wells were crunched then 

loaded by 5μl of different samples (IRS dilutions, 1/16-1/256; NRS dilutions, 1/2-1/64). 

Electrophoresis was run (60mM barbital buffer, pH8.6) for 4h at constant voltage (200V). The 

agarose gel was washed six times with NaCl 150mM, then washed overnight under gentle 

shaking. Colloidal Coomassie G-250 dye was used for staining (Sigma-Aldrich). According to 

NRS contains 0.5±0.05g/l of TK [26,31] the antigen (IRS TK) concentration was deduced from 

the standard NRS calibration graph [30].  

 

Kinetic measurements 

Assays using peptidyl-AMC substrates (Z-Phe-Arg-AMC, Z-Leu-Arg-AMC and Z-Gly-Pro-Arg-

AMC) were monitored using a microplate reader fluorimeter (SpectraMax Gemini, Molecular 

Devices, Saint Grégoire, France) (λex:350nm; λem:460nm). Alternatively, a Kontron SFM 25 

spectrofluorimeter (Kontron AG, Zurich, Switzerland) was used to monitor the fluorescence 

release from intramolecularly quenched fluorogenic peptides Abz-HPGGPQ-(3-NO2-Tyr) and 

Abz-RPPGFSPFR-(3-NO2-Tyr) (λex:350nm; λem:460nm). Cleavage sites of Abz-HPGGPQ-(3 

NO2-Tyr) or Abz-RPPGFSPFR-(3-NO2-Tyr) by rCatK were identified as reported elsewhere 

[23]. The determination of kcat and Km was performed at 28°C at a constant enzyme 

concentration (1nM) and variable substrate concentrations (1-100µM) in 100mM sodium acetate 

buffer, pH5.5, containing 2mM DTT, and in the absence of 0.15% (w/v) C4-S. Data were plotted 

in Michaelis-Menten representation and analyzed by non-linear regression, running the Enzfitter 

software (Biosoft, Cambridge, UK). Alternatively, Km was determined graphically from Hanes 

linear plot using various concentrations of substrate (0.1-10µM), while second order rate 

constants (kcat/Km) were measured under pseudo first-order conditions (i.e. using a substrate 

concentration far below the Km). Kinetic data were reported as mean±SD (n=2). Assays were 

repeated in the presence of 0.15% (w/v) C4-S.  

 

Inhibition assays  

Rat CatK (2.5nM) was pre-incubated in the presence of increasing concentration of TK (0-20nM) 

in the activity buffer for 15min at room temperature 25°C. After addition of Z-Leu-Arg-AMC (5-
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20µM), the residual enzymatic activity was followed by monitoring the fluorescence release. 

Data were plotted and inhibition constants (Ki) were determined using Easson-Steadman 

procedure as reported previously [32]. Alternatively, lyophilized normal rat serum (NRS) and 

inflammed rat serum (IRS) were solubilized in 10ml of 0.1M, sodium acetate buffer pH5.5 with 

10% DMF. Total protein quantification was determined using BCA Protein assay kit (Thermo 

Fisher Scientific). Human CatK (0.5nM) was pre-incubated in the activity buffer with increasing 

doses of rat sera for 15min at 28°C before adding Z-Leu-Arg-AMC (20μM) as substrate. All 

measurements were at least repeated three times. 

 

pH activity profile  

The pH activity profile of both hCatK (1nM) and rCatK (1nM) were determined with Z-Leu-Arg-

AMC (0.5µM) at a low concentration (S< Km, where the initial rate, V0, is directly proportional 

to the kcat/Km value). The following buffers were used for the pH activity profile: 100mM 

sodium citrate (pH2.8-5.8), 100mM sodium phosphate (pH5.8-8), and 100mM sodium borate 

(pH8-10). All buffers contained 2mM DTT. A three-protonation model was used for least-

squares regression analysis of the pH activity data, according to [33]. The data were fitted to the 

equation: (kcat/Km)obs= (kcat/Km)/([H+]/K1+1+K2/[H+]), running the Enzfitter software 

(Biosoft).  

 

Collagenolytic activity  

Type I rat collagen (0.4mg/ml) was incubated with rCatK or hCatK (20nM) in the activity buffer 

(pH5.5) at 28°C for 0-8h, in the absence or presence of 0.15% (w/v) C4-S. In parallel, assays 

were performed by pre-incubating samples with 10µM E-64 before adding collagen. Before 

stopping the reactions by addition of reducing SDS-PAGE sample buffer, an aliquot of each 

sample was withdrawn to monitor the residual cathepsin activity (0, 2, 4, and 8h) using Z-Leu-

Arg-AMC as substrate (10μM) (triplicate assays). Collagen digests were subjected to SDS-PAGE 

(10 % or 4-20%), and degradation products were visualized by Coomassie Blue staining. 

Experiments were repeated with type II rat collagen (0.4mg/ml). Assays were repeated to confirm 

the reproducibility of the results (n=3). 
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Docking P2 residue of fluorogenic peptidyl substrates 

Model of rCatK was obtained from SWISS-MODEL database (UniProtKB AC: O35186). 

Sequence alignment of rCatK and hCatK (UniProtKB AC: P43235) was performed using 

Pairwise Sequence Alignment tool available at EMBL-EBI [34] with BLOSUM62 similarity 

matrix. Z-Phe-Arg-AMC structure was obtained from previous study [35]. For docking 

simulation of substrate, Autodock 3 [36] was used first with hCatK with a grid box with 

dimensions of 60Å×60Å×60Å and a grid spacing of 0.375Å. One run of the Lamarckian genetic 

algorithm with default parameters was carried out. Among the 10 structures obtained, the 

structure closest to the position of an inhibitor in analogous complex with vinyl sulfone inhibitor 

(pdb ID: 1MEM) was selected for further MD calculations. Based on this position, docking 

(Autodock 3) was then performed with rCatK using Z-Phe-Arg-AMC, Z-Leu-Arg-AMC and Gly-

Pro-Arg-AMC, respectively. 

 

Docking C4-S to rat and human cathepsin K  

First, electrostatic potential isosurfaces were calculated for rCatK and hCatK (pdb ID: 4N8W). A 

PBSA program from AmberTools [37] was used with a grid spacing of 1Å. Hexameric (dp6) and 

dodecameric (dp12) C4-S were modeled with AMBER16. Their charges were obtained from 

GLYCAM06 force field [38] and from literature for sulfate groups [39]. For docking simulations 

Autodock 3 was further used. A grid box with dimensions of 126Å×126Å×126Å and a grid 

spacing of 0.453Å containing the whole cathepsin K molecule was applied for GAGs docking. 

Independent runs (100) of the Lamarckian genetic algorithm with an initial population size of 300 

and a termination condition of 105 generations and 9995×105 energy evaluations were carried out. 

The 50 top docking results were clustered using the DBSCAN algorithm [40]. Three 

representative poses from each cluster were selected for MD calculations for C4-S (dp6), whereas 

the further analyzed binding pose for C4-S (dp12) was chosen as it is described in the results 

section.  

 

Molecular dynamics simulations 

The structures of rCatK and hCatK:C4-S complex obtained from the docking calculations were 

refined by applying MD simulations carried out with AMBER16 and compared with the crystal 
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structures of hCatK with C4-S (pdb ID: 3C9E and 4N8W). Parameters from the ff14SB and 

GLYCAM-06 force fields were used for protein and GAGs, respectively. The partial ligand 

(GAG) charges used in the simulations were the same ones as in the docking calculations for 

consistency and were compatible with the applied force fields: they were either included already 

in the default libraries from GLYCAM06 or obtained in our previous study where the charges for 

the sulfated groups calculated by Huige and Altona [39] were introduced to the GAG units [41]. 

The complexes were solvated in a TIP3P octahedral periodic box with a minimal distance to the 

periodic box border of 6Å, and counter ions were used to neutralize the system. Two energy-

minimization steps were carried out: first 0.5×103 steepest descent cycles and 103 conjugate 

gradient cycles with harmonic force restraints on solute atoms, and then 3×103 steepest descent 

cycles and 3×103 conjugate gradient cycles without constraints. Afterwards, the system was 

heated up to 300K for 10ps, equilibrated for 50ps at 300K and 106Pa in isothermal isobaric 

ensemble (NPT). Finally, a 20ns of productive MD run was performed in an NTP ensemble. The 

SHAKE algorithm, 2fs time integration step, 8Å cutoff for non-bonded interactions and the 

Particle Mesh Ewald method were used.  

 
Rat and human cathepsin K dimer/C4-S complexes simulations 

Based on the experimental structure of hCatK with C4-S (pdb ID: 4N8W) we modeled the 

structures of hCatK and rCatK dimers with C4-S being bound in the same binding site using 

Chimera [42]. MD protocols for these complexes as well as for unbound CatK dimers were the 

same as described above. Ten independent runs for each rCatK dimer/C4-S and hCatK dimer/C4-

S complexes were performed. Energetic post-processing of the trajectories and per residue energy 

decomposition were done in a continuous solvent model using MM-GBSA with igb=2 of 

AMBER16. Only frames of MD were taken for this analysis, where the complex was stable in 

terms of RMSD convergence and no dissociation of the ligand was observed. 
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Results and discussion 

 

S2 substrate specificity of rat CatK and human CatK: a comparative analysis  

Primary structure of mature rCatK exhibits a high degree of identity (88%) and similarity (93%) 

with hCatK, displaying 25 non-conserved residues over the 215-length amino acid chain (Figure 

1A). The predicted 3D structure of rCatK obtained by homology modeling was superimposed 

with the structure of hCatK (RMSD= 0.2Å) (Fig. 1B). The catalytic triad (Cys25, His159, and 

Asn175) is conserved and located in a cleft between the L domain and the R domain. However, 

differences exist within the S2 pocket, which contributes substantially to the substrate specificity 

for papain-related cysteine cathepsins. The S2 subsite is defined by residues Tyr67, Met68, 

Ser134, Val160, Ala163 and Leu209. Ser134 and Val160 that are forming a side part of the S2 

pocket of rCatK are replaced by Ala and Leu residues in hCatK, respectively (numbering of the 

mature protease used throughout this article). In particular, the hydroxyl group in the side chain 

of Ser134 may affect the binding of substrates by favoring hydrogen bonds with residues that 

occupy position P2. As previously reported, the S2 subsite pocket of hCatK exhibits a strong 

preference for aliphatic residues over aromatic amino acids (Leu>>Phe) and possesses an 

exclusive preference for Pro at P2 among mammalian cathepsins [6,23,33,43]. Therefore, we 

evaluated the S2 subsite specificity of rCatK using Z-Leu-Arg-AMC, Z-Phe-Arg-AMC, and Z-

Gly-Pro-Arg-AMC as substrates and compared with that of hCatK. The kinetic parameters for the 

hydrolysis of these substrates are given in Table 1. rCatK displayed a stronger preference (20-

fold increase of kcat/Km) for Leu over Phe compared to its orthologs (3-fold) (Figure 2A). Pro is 

also suitably accepted in the S2 pocket of rCatK with a Km value identical to that of hCatK. 

Additionally, docking stimulations were performed within the S2 subsite of each enzyme (Fig. 

2B). The binding energies of rCatK S2 pocket showed a stronger affinity for Leu at P2 (∆G=-

31.6±3.2kcal/mol) over Phe (∆G=-23.6±3.6kcal/mol) and Pro (∆G=-25.2±4.2kcal/mol). 

Nevertheless, the specificity constants (kcat/Km) of rCatK towards Z-Gly-Pro-Arg-AMC, Z-Leu-

Arg-AMC and Z-Phe-Arg-AMC were, respectively, ∼32-, ∼34- and ∼169-fold lower than that of 

hCatK, supporting that rCatK displays a weaker peptidase activity than hCatK in agreement with 

[21]. We expanded our analysis with two selective quenched fluorogenic substrates, Abz-

HPGGPQ-(3-NO2-Tyr) and Abz-RPPGFSPFR-(3-NO2-Tyr) of hCatK, which encompass a Pro 

residue at P2 and span the entire active site of hCatK [23,24]. rCatK cleaved more efficiently the 
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bradykinin-mimicking substrate Abz-RPPGFSPFR-(3-NO2-Tyr) than Abz-HPGGPQ-(3-NO2-

Tyr) (kcat/Km=115,148M-1.s-1 vs kcat/Km=9,687M-1.s-1). Comparably to AMC-derived 

substrates, specificity constants were dramatically lowered for rCatK compared to hCatK, mainly 

due to a ∼5 to 360-fold reduction in kcat values (Abz-RPPGFSPFR-(3-NO2-Tyr): kcat=0.2s-1 vs 

kcat=1.1s-1; Abz-HPGGPQ-(3-NO2-Tyr): kcat=0.005s-1 vs kcat=1.8s-1). Since the kinetic data 

revealed critical differences between the S2 subsite of rCatK and hCatK, the binding free energy 

of both Ser134 and Val160 was estimated using the MM/GBSA per residue decomposition 

method to gain information on their potential interactions with Leu, Phe, or Pro residues at P2. 

Detailed results are listed in Table 2. Overall, Ser134 and Val160 residues in rCatK contribute 

in a lesser extent to the binding of Leu, Phe, or Pro than their S2 subsite counterparts (Ala134 

and Leu160) in hCatK. Accordingly, site-directed mutagenesis studies, using Ser134Ala and 

Val160Leu rCatK mutants, supported that the weaker activity of rCatK compared to hCatK partly 

depends on these two S2 residues [20]. These results suggest that rCatK S2 subsite specificity is 

more restricted than that of hCatK. A similar finding was obtained for mouse CatK S2 subsite, 

which differs from a single residue (Met209) with rCatK (Leu209) [22]. Additionally, the pH 

activity profile of both enzymes displayed a similar bell-shaped curve with an optimal activity at 

pH 6.4 (pK values for rCatK: pK1=3.9±0.1 and pK2=8.6±0.1; pK values for hCatK: 

pK1=4.07±0.1and pK2=7.8±0.1) (Fig. 2C), supporting that the overall structural integrity of the 

catalytic site is somewhat well preserved between rat CatK and human CatK.  

 

Inhibition of rat and human CatK by T-kininogen 

T-kininogen (TK, a.k.a. thiostatin), which is an additional kininogen only found in rat (for 

review: [18]), is both a serum acute phase reactant and a tight-binding inhibitor of rat cathepsins 

B, H and L [26,44]. Here we established that TK is also a potent inhibitor of rCatK 

(Ki=2.8±0.8nM). Importantly, TK inhibits also hCatK with a ∼25-fold lower Ki value 

(Ki=0.11±0.05nM). Two days after subcutaneous turpentine injection, a circa 3-fold increase of 

immunoreactive TK was observed by immunoblotting in IRS compared to NRS used as control 

(data not shown). Alternatively, dosage of TK in inflamed serum was achieved by rocket 

immunoelectrophoresis (RIEP) (Figure 3A), using NRS for calibration (TK concentration: 

0.5±0.05µg/µl, [25]). Although this immunochemical technique is not very sensitive, RIEP is 
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very robust and reproducible [30], making possible to overcome the lack of other available 

quantitative immunoassays such as ELISA. Here we found that the concentration of 

immunoreactive TK in IRS samples from turpentine-treated rats (Wistar strain) was ~1.7µg/µl, 

thus confirming the ~3-fold increase of TK compared to NRS [26]. It should be noted that 

substantially variable assay results were reported, TK levels in inflamed sera (from 2- to 20-fold 

TK increase compared to NRS) depending on rat strains, experimental protocols of inflammation 

and most probably also depending on age and sex [31,45,46]. Thereafter, hCatK-inhibiting 

properties of rat serum were evaluated. A dose-dependent decrease of hCatK activity was 

observed upon addition of NRS, while IRS led to a ∼ 3-fold greater inhibition of hCatK, 

consistently with the ~3-fold rise of immunoreactive TK (Fig. 3B). Taken together the unique 

presence of TK in rat, its tight-binding (nM range) inhibitory properties and its increased level in 

IRS after an inflammatory challenge, present data raise the accuracy issue of the therapeutic 

evaluation of pharmacological inhibitors of hCatK using rat as an experimental animal model. 

 

Structural analysis of rat CatK:C4-S and human CatK:C4-S interactions 

Comparison of C4-S mediated collagenolytic activity between rat and human CatK 

While collagenases of the matrix metalloprotease family (MMP-1, -2, -8, -13, and -14, [47]) 

cleave triple helical collagen (type I and II) at a single site toward the C-terminal end, resulting in 

the release of ¾ N-terminal and ¼ C-terminal fragments, hCatK is a unique and potent 

collagenase that cleaves at various site in the helical region of both type I and II collagens [6]. 

This cleavage event takes place at the site of bone resorption, within the so-called resorption 

lacuna, in which acidic pH conditions prevail. Its collagenolytic activity requires specifically the 

presence of the cartilage-resident glycosaminoglycan C4-S, a major component of extracellular 

matrix with which it forms an active complex. Indeed, monomeric hCatK has no significant 

collagenase activity [8]. To determine whether C4-S may enhance the ability of rCatK to cleave 

interstitial collagens, soluble rat type I and II triple helical collagens were incubated with rCatK 

in the absence and presence of C4-S (∼20-30kDa), and its activity was compared with those of 

hCatK at equal enzyme concentration (Figure 4). After 8h of incubation, in the presence or 

absence of C4-S (0.15%), rCatK activity was limited to a cleavage in the nonhelical telopeptide 

regions leading to the diseapparance of the high-molecular-weight β and γ bands of type I 

collagen and the accumulation of α1/2 chains (Fig. 4A). In contrast, hCatK degraded efficiently 



 

 13

rat triple-helical type I collagen only in the presence of C4-S. Moreover, C4-S has a negligible 

effect on rCatK collagenase activity against type II rat collagen, contrary to hCatK (Fig. 4B). The 

degradation of both type I and II rat collagen was blocked by E-64. Other studies reported that 

higher concentrations of hCatK (≥125nM) are required in vitro to degrade efficiently both soluble 

calf skin type I collagen and soluble calf articular joints type II collagen with C4-S (0.15%) 

[7,48–50]. A plausible explanation of this apparently discrepant result is that the ultrastructural 

organization of fibrillar collagens may depend both on the animal species considered and on the 

tissue source. In a convergent way with present results, rCatK displayed comparable kinetics 

constants for the hydrolysis of the peptidyl substrate Z-Leu-Arg-AMC in the presence of C4-S 

(kcat/Km=183,000M-1.s-1, Km=21.7±4.3, kcat=3.9±0.7s-1) and in the absence of C4-S (kcat/Km 

=144,569M-1.s-1; Km=13.3±2.5µM; kcat=1.9±0.4s-1). 

Next, in order to delineate differences in collagenolytic activity, we evaluated the conservation of 

hCatK residues that are involved in the binding of hexameric C4-S (dp6) in rCatK, using two 

hCatK-C4-S complex X-ray structures [51] (pdb ID: 3C9E) [52] (pdb ID: 4N8W). A previous 

study demonstrated that mutation of Ile171, which is substituted by Thr171 in rCatK (Fig. 1), 

contributes in combination with other residues (Lys9, Lys77, Arg79, Lys103, Lys106, Arg108, 

Arg111, Lys122, Arg127, and Gln172) in the loss of the collagenase activity of hCatK, due to its 

close vicinity to a C4-S sulfate group [49]. Moreover, five substitutions were observed between 

rCatK and hCatK: i.e. Ile5 vs Val5, Gln77 vs Lys77, Gly79 vs Arg79, Tyr177 vs His177, and 

Val194 vs Ile194, respectively. These residues are located at the boundary of GAG-binding sites, 

but do not interact directly with C4-S as revealed by the two structures of hCatK-C4-S complexes 

(3C9E and 4N8W). The basic side chains of Arg79 and to a lesser extent His177 in hCatK are 

more likely favorable to bind to the highly acid sulphates groups of C4-S, via stable hydrogen 

bonds and electrostatic interactions, than aliphatic Gly79 and aromatic Tyr177 in rCatK. In the 

aforementioned “beads-on-a-strain”-like organization (pdb ID: 3C9E), a single C4-S (dp6) binds 

to GAG-binding residues (Asp6, Arg8, Lys9, Lys10, Ile171, Gln172, Asn190, Lys191, and 

Leu195) via hydrogen-bonded ion pairs in the groove of hCatK surface, located in the R-domain, 

opposite to that of the active site. Alternatively, two distinct long-stretched GAG binding sites, 

which include basic residues Lys119, Lys122, Arg123, and Arg127 for the first one and Lys40, 

Lys41, Arg108, Arg111, Arg127, and Lys214 for the second binding site were identified (pdb ID: 

4N8W). Beside this second binding site, an additional or alternative GAG binding site (i.e. 
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Lys10, Lys39, and Lys77) was pinpointed by in silico modeling [53]. According to these data, 

presence of both Gln77 and Thr171 (instead of Lys77 and Ile171for hCatK), in concert with other 

dissimilar residues, may support the lower binding of C4-S to rCatK. 

Likewise, analysis of PBSA electrostatic potential of rCatK model and hCatK X-ray structure 

(pdb ID: 4N8W) depicted a noticeable difference in the vicinity of position 5 (Fig. 5A). Indeed, a 

positively charged electrostatic patch was found on rCatK surface conversely to hCatK that 

displayed a negative electrostatic patch. This difference suggests that rCatK may interact 

preferentially with C4-S (dp6) in the binding pose reported by [51].  

Furthermore, molecular docking studies were conducted to scrutinize potential alternative 

binding poses of C4-S (dp6) with rCatK and to relate to the two X-ray structures of hCatK-C4-S 

complexes (i.e. pdb ID: 3C9E and pdb ID: 4N8W). Although, three clusters of GAG binding sites 

were comparable for both proteases, they displayed different free binding energies (∆G) (Fig. 5B, 

Table 3). Among the top 50 binding poses obtained, also experimentally observed GAG binding 

sites, which predominantly correspond to the binding site from 4N8W structure, were identified. 

The next docking step was completed using a longer linear chain of C4-S (dp12) in order to 

better mimic in vitro collagen-degrading experiments in the presence of ~20-30kDa C4-S. The 

dodecameric saccharide (dp12) model bound to hCatK experimental structure in two binding 

sites, either in the binding site corresponding to 3C9E or 4N8W structure (Fig. 5C). Although 

similar results were found for rCatK model, supplementary rCatK/C4-S (dp12) complexes were 

predicted at the interface of both GAG binding sites connecting them. Finally, comparative MD-

based analysis of the modeled structure with both hCatK:C4-S complexes (3C9E and 4N8W), 

which allowed us to identify additional hydrogen bonds between C4-S (dp12) and 6 residues of 

rCatK (e.g. Arg8, Tyr12, Lys40, Gln172, Asn190, and Tyr193), also reflected by the computed 

binding free energies (Fig. 5D).  

 

Molecular dynamics analysis and free energy calculations  

To gain further insights into the deficiency of C4-S to enhance collagenolytic activity of rCatK, 

MD simulations were carried out for nine monomeric rCatK and hCatK:C4-S (dp6) complexes 

previously obtained by docking experiments. From each cluster of structures obtained from 

molecular docking (Fig. 5B), we chose three random structures to increase the sampling within a 
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cluster. Differences of binding free energy (∆G) of the C4-S binding pose were found for both 

enzymes, the 4N8W structure being more favorable than the 3C9E structure (Table 3). 

Interestingly, MD simulations (20 ns) performed on monomeric rCatK in complex with C4-S 

(dp12) resulted in matching C4-S binding poses to both 3C9E and 4N8W binding sites. The 

corresponding computed free energy value (-56.7±16.1kcal/mol) was among the lowest energy 

calculated for all rCatK:C4-S complexes.  

Besides monomeric forms of rCatK and hCatK, analysis of hCatK:C4-S complex (4N8W) 

revealed a dimeric organization of hCatK held together by protein-protein and protein-C4-S 

interactions [52]. Based on this structure, we built a model of rCatK dimer (in complex with C4-S 

(dp6)) that was further analyzed by MD and compared to hCatK dimer. Again, we did not 

observe ligand dissociation during MD simulations, providing evidences that complexes were 

stable. The free energy analysis results also showed that the free energy values of rCatK dimer 

complexes with C4-S (Table 4) were in most case more favorable in comparison to the free 

energy values obtained for rCatK and hCatK:C4-S complexes from the experimental structures 

(Table 3), furthermore suggesting the stability of rCatK dimer complexes with C4-S calculated 

by applying the same methodology. At the same time, we are aware that the long MD simulations 

may provide significantly different results [54] and potentially result in the dissociation of a 

ligand. MM-GBSA free energy analysis showed that - in eight out of ten repeated MD 

simulations - complex formation of hCatK dimer with C4-S was more stable than rCatK dimer 

with C4-S (Table 4). Also, C4-S interacted preferentially with the site corresponding to the 

4N8W structure. 

 

Conclusion 

Despite rCatK and hCatK share a close substrate specificity as well as a high degree of identity 

(88%) and similarity (93%), some distinctive features, which are mostly related to non-conserved 

residues, were disclosed in terms of peptidase activity, S2 subsite specificity and C4-S-mediated 

collagen degradation. Based on our present in silico data, we propose a hypothetical molecular 

model, which could sustain the difference between the mechanisms of collagen degradation by 

rCatK and hCatK (Figure 6). In this model, C4-S first binds to both to rCatK and hCatK by its 

short hexameric fragment, which according to the experimental structural data represents a 
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sufficient binding unit, in the binding site corresponding to the crystal structure from pdb ID: 

4N8W. Upon the CatK dimer formation stimulated by C4-S binding, depending on the protein, 

the long chains of C4-S could either further combine with the CatK dimer in a binding pose as 

found in pdb ID:4N8W for hCatK or as in pdb ID:3C9E for rCatK, respectively, which may 

correspond to different levels of collagenolytic activities of these two proteases. Otherwise, 

following an inflammatory challenge, the increased level of serum TK, a unique tight-binding 

inhibitor of cysteine cathepsins, raised the question of the appropriateness to evaluate 

pharmacological hCatK inhibitors in rat. Also, present data support limitations of this rodent 

model to delineate molecular mechanisms underlying C4-S-mediated collagenolytic activity of 

CatK during inflammatory diseases like rheumatoid arthritis or osteoporosis. Besides the absence 

of T-kininogen, humanized CatK mouse models would be a beneficial alternative in order to 

assess the potential efficiency of hCatK inhibitors.  
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Table 1: Kinetic parameters for hydrolysis of peptidyl-AMC substrates by rCatK and hCatK.  

The selectivity factor corresponds to the ratio of the second order rat constants (kcat/Km) of 

hCatK vs rCatK. The kcat/Km values are reported as the average of three independent 

experiments. 

 

      rCatK hCatK  
 Km 

(µM) 
kcat 
(s-1) 

kcat/Km 
(M-1.s-1) 

Km 
(µM) 

kcat 
(s-1) 

kcat/Km 
(M-1.s-1) 

Selectivity 
factor 

Z-LR-AMC 13.3±2.5 1.9±0.4 144 569 2.6±0.3 12.7±0.1 4 900 000   33.9 
Z-FR-AMC 19.2±1.2 0.13±0.01     7 823 9.7±1.0 12.8±0.2 1 321 000 168.8 
Z-GPR-AMC 32.8±5.0 0.07±0.01     2 073 36±3.0 2.4±0.02     65 319    31.5 
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Table 2: MM-GBSA free energy decomposition of rat (model) and human CatK (experimental 

structure) S2 pocket. 

 rCatK hCatK 
 Ser134 Val160 Ala134 Leu160 
P2 residue ∆G (kcal/mol) 
Phe -0.31 -0.35 -0.96 -0.44 
Leu -0.34 -0.18 -0.31 -0.44 
Pro -0.02 -0.02 -0.30 -0.11 
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Table 3: Free binding energy in rat (model) and human (experimental structure) CatK 

monomer/C4-S (dp6) complexes. Mean values and standard deviations are provided. 

 

 

Run No. ΔGrCatK (kcal/mol) ΔGhCatK (kcal/mol) 

cluster 1 

1 -43.2±8.8 -48.8±7.8 

2 -49.9±8.1 -58.6±11.4 

3 -52.2±16.5 -68.7±15.0 

cluster 2 

1 -48.5±8.9 -62.5±10.9 

2 -52.4±8.0 -39.8±7.6 

3 -45.3±11.2 -44.9±9.4 

cluster 3 

1 -63.5±13.5 -47.8±13.3 

2 -60.1±8.9 -42.4±9.1 

3 -52.5±8.5 -38.4±14.7 

reference experimental structure 

3C9E -42.2±7.8 -36.2±9.6 

4N8W -49.4±14.5 -55.1±17.3 
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Table 4: Free binding energy in human (experimental structure) and rat (model) CatK dimer/C4-

S (dp6) complexes. Mean values and standard deviations are provided. 

 

 

Run No. 
ΔGhCatK  

(kcal/mol) 

ΔGrCatK  

(kcal/mol) 

ΔGhCatK–ΔGrCatK 

(kcal/mol) 

1 -32.5±11.1 -40.7±10.9 8.2 

2 -52.2±10.2 -27.9±9.0 -24.3 

3 -60.6±14.3 -44.9±8.8 -15.7 

4 -49.1±9.2 -44.8±9.6 -4.3 

5 -64.6±14.3 -61.1±11.6 -3.5 

6 -46.7 ± 7.8 -59.5±17.5 12.8 

7 -64.2±16.2 -44.0±9.0 -20.2 

8 -51.6±11.2 -41.2±7.9 -10.4 

9 -52.7±12.6 -35.2±7.9 -17.5 

10 -53.4±10.5 -50.8±10.8 -2.6 
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Legend to Figures 

 
Figure 1: Structural comparison between rat and human CatK. 

A) Primary sequence alignment of rCatK (Rattus norvegicus, UniProtKB accession: 035186) and 

hCatK (Homo sapiens, UniProtKB accession: P43235). The nonconserved residues in both 

proteins are highlighted in grey. The residues of the catalytic triad (Cys25, His159 and Asn175) 

are marked with an asterisk. The residues of the S3, S2, S1 and S1’ subsites are indicated. B) 

Superposition of rCatK (homology model, blue) and hCatK (pdb ID: 4N8W, grey) structures 

(cartoon representation). Cys25 is in yellow, and the nonconserved residues of rCatK are shown 

as stick representation.  

 
Figure 2: S2 specificity and pH profile comparison between rat and human CatK. 

A) kcat/Km values for the hydrolysis of Z-Leu-Arg-AMC, Z-Phe-Arg-AMC and Z-Gly-Pro-Arg-

AMC by rCatK (black bar) and hCatK (grey bar) (normalized to the best substrate: Z-Leu-Arg-

AMC). B) 3D representation of the S2 pocket of rCatK (model) and hCatK (pdb ID: 1MEM) 

with Z-Leu-Arg-AMC (panels 1, 2), Z-Phe-Arg-AMC (panels 3, 4) and Z-Gly-Pro-Arg-AMC 

(panels 5, 6). C) pH activity profile for rCatK and hCatK. Residues of the S2 pocket are 

indicated. Relative kcat/Km values for the hydrolysis of Z-Leu-Arg-AMC were plotted against 

the pH values.  

 
Figure 3: Dosage of TK and inhibition of human CatK by rat serum. 

A) TK immunoassay. The concentration of TK in the serum of inflamed turpentine-treated rats 

(IRS) was determined by rocket immunoelectrophoresis (RIEP, a.k.a. Laurell method) as in-

depth described in the experimental section. Lanes a-e: IRS dilutions (1/16-1/512); Lanes f-k: 

non-inflamed rat serum (NRS) dilutions (1/2-1/64). According to NRS contains 0.5±0.05µg/µl of 

TK [26],[31], NRS dilutions (lanes f-k) correspond to 0.25-0.008µg/µl of TK. The concentration 

of TK in IRS was deduced from the calibration graph [30]. B) Inhibition of hCatK activity by rat 

serum. hCatK (0.5nM) was incubated with increasing doses of non-inflamed (NRS, grey) and 

inflamed (IRS, black) rat serum proteins in sodium acetate buffer 0.1M pH5.5, DTT 2mM. After 

15 minutes, residual peptidase activity of hCatK was measured using Z-Phe-Arg-AMC (20µM) 

(n=3). 
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Figure 4: Comparison of collagenolytic activity between rat and human CatK in the absence or 

presence of C4-S.  

A) Soluble type I or type II (B) rat collagen (0.5mg/mL) was incubated in the absence or 

presence of C4-S (0.15%, m/v) at 28°C with rCatK and hCatK (20nM), respectively for 0-8h. 

Representative gels of the collagenolytic activities of rat and human CatK are shown. Control 

experiments were performed with rCatK and hCatK preincubated with E-64 (10µM) before 

adding collagen. Samples were analyzed by SDS-PAGE and subsequently stained by Coomassie 

blue. Residual activity (%) of each enzyme in the absence or in the presence of 0.15% C4-S was 

monitored spectrofluorometrically using the fluorogenic substrate, Z-Leu-Arg-AMC (10µM) at 

different incubation times. The data represent the mean±SD values of residual activity (%) from 

independent experiments (n=3) performed in triplicate.  

 

Figure 5: Comparison between rat and human CatK:C4-S interactions by docking and MD 

simulations. 

A) Electrostatic potential isosurfaces for rCatK (model) and hCatK (pdb ID: 4N8W) in surface 

representation (the isovalues are: -3kcal/mole in red, 3kcal/mole, in blue, respectively). The C4-S 

(dp6) binding poses of X-ray structures are in sticks: orange and cyan correspond to pdb 

ID:3C9E and pdb ID:4N8W, respectively. B) Structural clusters of C4-S (dp6) obtained by 

molecular docking (Autodock 3) for rCatKat and hCatK receptors. Proteins are shown in white 

surface and clustered C4-S structures are in blue, red and green sticks, respectively. C) Top 50 

structures of C4-S (dp12, black sticks) docked into rCatK (model) and hCatK (pdb ID: 4N8W) 

(proteins are in white surface). D) Clusters of rCatK:C4-S (dp12) interactions are shown in blue, 

red and green sticks, respectively. The structural pose obtained by docking that connects the 

structures corresponding to pdb ID: 3C9E (orange) and pdb ID: 4N8W (cyan) structures is shown 

in green. Hydrogen bonds formed between C4-S (dp12) and rCatK residues are depicted in 

dashed lines in the selected pose. 

 

Figure 6: Proposed mechanism of the collagen degradation by rat CatK in the presence of C4-S. 

1) C4-S (dp6) binds preferentially both rCatK and hCatK in the binding site corresponding to pdb 

ID: 4N8W structure, 2) rCatK and hCatK dimer formation is mediated by the prebound C4-S, 
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and 3) C4-S elongation leads to diverse structures for rCatK and hCatK:GAG complexes, which 

could explain the differences in their collagenolytic activity. 
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