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1. Introduction 

1.1 Cathepsins 
Cathepsins, originally identified as lysosomal proteases, play a fundamental role in 

intracellular protein turnover in lysosomes. However, several cathepsins and variants of 

cathepsins can also be found on the cell membrane, in the cytosol, nucleus, mitochondria, and 

extracellular space. These cathepsins are involved in a variety of important physiological and 

pathological processes [reviewed in: (Brix et al., 2008; Frlan and Gobec, 2006; Lutgens et al., 

2007; Mohamed and Sloane, 2006; Nomura and Katunuma, 2005; Obermajer et al., 2008; Reiser 

et al., 2010; Stoka et al., 2005; Turk et al., 2001; Vasiljeva et al., 2007; Victor and Sloane, 2007)]. 

Cathepsins are classified mechanistically into groups which include serine (cathepsins A and 

G), aspartic (cathepsins D and E), and cysteine cathepsins (cathepsins B, C, F, H, L, K, O, S, V, 

W, and X). This classification is based on the nucleophilic residues present on their active sites 

responsible for proteolytic cleavage (Rawlings et al., 2006; Turk et al., 2001).   

Cathepsins are synthesized as zymogens composed of a signal peptide, a propeptide, and 

mature protein of distinct length and substrate specificity for individual cathepsins 

(Rawlings et al., 2006). The signal peptide is cleaved in the Endoplasmic Reticulum and the 

pro-protein is activated by proteolytic removal of the N-terminal pro-peptide either by 

autocatalysis in acidic environments, or by other proteases. The pro-peptide region of the 

cathepsin plays multiple roles. It can act as an inhibitor to block access to the active site that 

regulates cathepsin activity. In addition the propeptide can act as an intramolecular 

chaperone that assists in protein folding, or as a trafficking signal that targets the protein to 

its destination (Turk et al., 2002). Cathepsins exhibit a broad range of functions and tissue 

expression (Brix et al., 2008; Turk et al., 2001). Some of the cathepsins are ubiquitously 

expressed and others are tissue or cell-type specific. 

Cathepsins have been shown to be involved in the process of tumor invasion and metastasis 
(Białas and Kafarski, 2009; Lindeman et al., 2004; Nomura and Katunuma, 2005; Obermajer 
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et al., 2008) and have been linked to many types of cancer including melanoma (Matarrese et 
al., 2010; Quintanilla-Dieck et al., 2008), hepatocellular carcinoma (Leto et al., 1997; Leto et 
al., 1996), breast cancer (Foekens et al., 1998; Laurent-Matha et al., 1998; Masson et al., 2011; 
Vashishta et al., 2007), lung cancer (Ledakis et al., 1996; Schweiger et al., 2000), prostate 
cancer (Brubaker et al., 2003; Kishore Kumar et al., 2010; Podgorski et al., 2009; Podgorski et 
al., 2007; Steffan et al., 2010), nasopharyngeal cancer (Cheng et al., 2008; Xu et al., 2009), 
thyroid cancer (Mikosch et al., 2008; Tedelind et al., 2010), bone cancer (Podgorski et al., 
2009; Podgorski et al., 2007) as well as osteoporosis (Bone et al., 2010; Deal, 2009; Stoch and 
Wagner, 2007; Yasuda et al., 2005), rheumatoid arthritis (Skoumal et al., 2005; Skoumal et al., 
2008), Alzheimer’s Disease (Hook et al., 2007; Hook et al., 2009; Urbanelli et al., 2008), 
cardiovascular disease (Bengtsson et al., 2008; Lutgens et al., 2007), and obesity (Li et al., 
2010; Naour et al., 2010; Podgorski et al., 2007; Yang et al., 2008).  

1.2 Cysteine cathepsins 
Cysteine cathepsins belong to papain-like enzyme family sharing similar amino acid 
sequences and tertiary structures (Turk et al., 2001). Eleven cysteine cathepsins B, C, F, H, L, 
K, O, S, V, W, and X have been identified in the human genome (Turk et al., 2001). Cysteine 
cathepsins have been documented to play a vital role in a variety of biological processes and 
pathological processes (Brix et al., 2008; Joyce et al., 2004; Lecaille et al., 2002; Obermajer et 
al., 2008; Reiser et al., 2010; Stoka et al., 2005; Turk et al., 2001; Victor and Sloane, 2007). The 
correct sorting and trafficking of the members of cysteine cathepsins are critical in their 
proteolytic actions to maintain homeostasis (Brix et al., 2008). The dysregulation of protease 
activity has resulted in numerous pathologies. Several cysteine cathepsins have been 
recognized as relevant drug targets in the development of many disease therapies (Deal, 
2009; Le Gall et al., 2008; Mohamed and Sloane, 2006; Podgorski, 2009; Turk, 2006; Vasiljeva 
et al., 2007). 

1.2.1 Cathepsin B and K 
Human cathepsin B precursor is a protein of 339 amino acids that consists of a signal 

peptide at amino-terminal end of 17 amino acids (1-17). The proprotein is then activated as a 

single-chain form of 254 amino acids (80-333) or double-chain form of 47 amino acids (80-

126) and 205 amino acids (129-333) (Pungerčar et al., 2009; Rozman et al., 1999). Unlike other 

cysteine proteases cathepsin B is unique due to its ability to act both as an endopeptidase 

and a peptidyldipeptidase. It contains a unique occluding loop which is characterized by 

two adjacent histidine residues (His 110 and His 111) and are responsible for the 

dipeptidityl carboxypeptidase activity (Illy et al., 1997). Cathepsin B is the most abundant in 

all of the cysteine proteases (Kirschke et al., 1995). 

Cathepsin B participates in many diverse cellular processes including protein degradation, 

antigen processing (Zhang et al., 2000), and apoptosis (Bien et al., 2010; Chwieralski et al., 2006; 

Roberts et al., 1999). It has been implicated in a variety of diseases including cancer invasion 

and metastasis (Ledakis et al., 1996; Matarrese et al., 2010; Roshy et al., 2003; Sinha et al., 2001; 

Szpaderska and Frankfater, 2001; Yan et al., 1998), angiogenesis (Im et al., 2005; Kruszewski et 

al., 2004; Malla et al., 2011; Sinha et al., 1995), inflammation (Hashimoto et al., 2001; Kakegawa 

et al., 2004), and Alzheimer’s Disease (Gan et al., 2004; Hook, 2006; Hook et al., 2008). Thus, 

cathepsin B is a promising target for anti-cancer drug design (Lim et al., 2004; Palermo and 

Joyce, 2008) and a potential target for Alzheimer’s Disease (Hook et al., 2008). 
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Human cathepsin K precursor is a protein of 329 amino acids that consists of an amino-
terminal signal peptide of 15 amino acids (1-15), a propeptide of 99 amino acids (16-114), 
and a catalytic region of 215 amino acids (115-329) (Lecaille et al., 2008).  
Cathepsin K is highly expressed in osteoclasts (Drake et al., 1996) but also occurs in lung 

epithelia cells (Bühling et al., 1999), cultured primary neonatal skin fibroblasts activated 

chondrocytes, and in synovial fibroblasts of patients suffering from rheumatoid arthritis 

(Lecaille et al., 2008; Ruettger et al., 2008; Skoumal et al., 2005). Because of its strong 

collagenolytic activity cathepsin K has been described as the major enzyme responsible for 

the degradation of organic bone matrix, and is believed to play a fundamental role in bone 

resorption (Gowen et al., 1999; Saftig et al., 1998; Salminen-Mankonen et al., 2007; Stoch and 

Wagner, 2007). Cathepsin K is also involved in lung matrix homeostasis (Bühling et al., 

2004), dermal extracellular matrix homeostasis (Rünger et al., 2007), and atherosclerotic 

plaque remodeling (Guo et al., 2009). Circulating serum cathepsin K has been found to play 

a significant role in both prostate cancer and breast cancer related bone metastasis (Tomita 

et al., 2008; Valta et al., 2008).   

Cathepsin K has become an established drug target for osteoporosis (Deal, 2009; Stoch and 

Wagner, 2007; Vasiljeva et al., 2007) . Two cathepsin K inhibitors have progressed to Phase II 

and Phase III clinical trials for osteoporosis. Ono’s ONO-5334 (Eastell et al., 2011; Manako, 

2011) is in Phase II while Merck’s odanacatib (Pérez-Castrillón et al., 2010) is in Phase III 

clinical trials.  

Cathepsin K has also been found to play roles in atherosclerosis (Guo et al., 2009), 

inflammation (Asagiri et al., 2008; Lecaille et al., 2008), and obesity (Podgorski et al., 2007; 

Yang et al., 2008). These findings suggested that cathepsin K may be one of the common 

biological links connecting low bone density to cardiovascular disease (Lutgens et al., 2007; 

Podgorski, 2009; Podgorski et al., 2007). Thus pointing to possible future anti-cathepsin K 

drug applications toward dual therapy for skeletal disease and atherosclerosis (Podgorski, 

2009) 

1.3 Research objectives 
Specific proteinase inhibitors are useful in investigations of the mechanisms and pathways 

of intracellular protein degradation and could lead to the development of therapeutic agents 

for treatment of many types of carcinomas, skeletal disease and atherosclerosis,  as well as 

Alzheimer's Disease. In the present communication, we report the successful production of 

functional human recombinant cathepsin B and K. The active enzymes have been used 

successfully in screening flavonoids for effective inhibitors against human cathepsins B and 

K enzymes. 

2. Experimental 

2.1 Materials 
E. coli strains JM109 and BL21(DE3)pLysS were used as host cells. The pET-15b was used for 
the expression vector. Antibiotics ampicillin and chloramphenicol were purchased from 
Sigma and Fisher Scientific, respectively. Yeast extract and bactotryptone were from BD 
Biosciences. Isopropyl thio-β-galactoside (IPTG) was from Calbiochem. FideliTaqTM PCR 
master mix was from United States Biochemical Corp and PCR master mix (2x) from 
Promega corporation. XhoI, alkaline phosphatase, and T4 DNA ligase were from New 
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England Biolabs. HisTrap FF column was from GE Healthcare. Z-Phe-Arg-pNA 
(Carbobenzoxycarbonyl-L-Phenylalanyl-L-Arginine para-nitroanilide) was from Enzo Life 
Sciences. Oligonucleotides were synthesized by Integrated DNA Technology. Glutathione 
(reduced) and GSSG (oxidized) were from Sigma–Aldrich. Precision Plus Protein 
Kaleidoscope Standards were from Bio-Rad Laboratories. 

2.2 Subcloning of recombinant human procathepsin B and K  
Full-length cDNA encoding of the human pre-pro-cathepsin B (GenBank accession number 
BC095408) and the human pre-pro-cathepsin K (GenBank accession number BC016058) were 
purchased from Open Biosystems. Plasmid DNA isolated from each clone was used as 
templates for amplification of coding region of procathepsin B and K (excluding signal 
peptide) using gene-specific primer pairs (see Table 1). Each primer was appended with 
XhoI restriction enzyme recognition site (underlined) to facilitate cloning. The XhoI 
restriction site was chosen because both cathepsin genes lack XhoI recognition site. The extra 
six nucleotides (selected at random) at the 5‘end of each primer were to facilitate cleavage 
by restriction enzymes.  
 

 Primers 

ProCatB forward primer ATA TAA CTC GAG CGG AGC AGG CCC TCT TTC C  

ProCatB reverse primer 
ATA TAA CTC GAG TTA GAT CTT TTC CCA GTA CTG 
ATC GGT G  

ProCatK forward primer ATG CGA CTC GAG CTG TAC CCT GAG GAG ATA CTG G 

ProCatK reverse primer ATG CGA CTC GAG TCA CAT CTT GGG GAA GCT GG 

Table 1. Synthetic primers for amplification of coding sequences of procathepsin B and K.   

Each PCR solution (50 μl) consisted of 25 μl FideliTaqTM PCR Master Mix (2x), 1 μM of 

each forward and reverse primer, and 10 ng plasmid template. The reaction was pre-

denatured at 94 oC for 5 min. Then 25 cycles were conducted, which consisted of 

denaturation at 94 oC for 45 sec, annealing at 55±10 oC for 45 sec, and extension at 68 oC 

for 1.5 min. A final extension was done at 68 oC for 10 min. The cycling process was 

accomplished by the Eppendorf Mastercycler. The PCR amplified DNA fragments were 

extracted once with equal volume of phenol/chloroform (1/1), once with 

chloroform/isoamyl alcohol (24/1), and DNA precipitated with ethanol (Sambrook and 

Russell, 2001). Each PCR fragments of procathepsin B or K was digested with XhoI to 

generate sticky ends and the digested products were separated on a 1.2% agarose gel. The 

desired bands were purified from agarose gel slice (Kim, 1992) and ligated to pET-15b 

which had been treated with XhoI and alkaline phosphatase. Each ligation reaction was 

then transformed into JM109 competent cells according to the method of Chung et al. 

(Chung et al., 1989) and plated on ampicillin containing plates. The transformants were 

screened to find recombinant DNA containing colonies by Quick Screening (Huang et al., 

2004). In Quick Screening, a toothpick was used to isolate a colony and the cells were 

resuspended in 25 μl of STE solution (100 mM NaCl, 20 mM Tris–Cl pH 7.5, and 10 mM 

EDTA). The suspension was extracted with phenol/chloroform and the aqueous layer 

was analyzed on a 1% agarose gel. The chimeric DNA (with DNA insert) migrates slower 

than the vector alone. The selected chimeric plasmids were isolated using boiling method 

(Sambrook and Russell, 2001).  
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The orientation of the insert in the chimeric plasmids was checked by PCR using the pET 5' 
sequencing primer and the gene specific reverse primer. Promega’s 2x PCR master mix was 
used because proofreading was not required in this case. PCR products are expected only 
for clones harboring an insert in the correct orientation. The correct recombinant plasmids 
(confirmed by DNA sequencing) were each transformed into BL21(DE3)pLysS host cells for 
protein expression.  

2.3 Overexpression of recombinant human procathepsin B and K 
The chosen transformants of BL21(DE3)pLysS harbored the chimeric plasmid (procathepsin B 
or K) in the correct orientation and reading frame was induced for protein expression in the 
presence of IPTG. Several growth conditions (varying growth media, induction temperatures, 
induction time, and inducer concentration) were tested and the one yielded the best results is 
described below. Each clone was grown in 10 mL terrific broth  (1.2 % bacto-tryptone, 2.4 % 
bacto-yeast extract, 0.4 % glycerol, 0.017 M KH2PO4 and 0.072 M K2HPO4) containing 100 
µg/ml ampicillin and 20 µg/ml chloramphenicol overnight on a shaker at 37 oC. Next day, the 
culture was diluted 1:20 in terrific broth containing ampicillin and chloramphenicol in a 
baffled Erlenmeyer flask. The culture was grown until A600 reached 0.8–1.2. At this point IPTG 
inducer was added to a final concentration of 0.5 mM along with 25% fresh terrific broth. The 
incubation temperature was dropped to 25 oC and cells were harvested 4-16 hours after IPTG 
induction. Overexpression of the target protein was checked by comparing total protein 
patterns before and after IPTG induction by SDS-PAGE.  

2.4 Purification of recombinant procathepsin B  
Recombinant procathepsin B was obtained from purified inclusion bodies of IPTG induced cells 

by a procedure described by Kuhej, et al, 1995 with minor modifications. The IPTG induced cell 

pellet (4.6 g from 500 mL culture) was re-suspended in 46 mL of 50 mM Tris-HCl, pH 8.0 

containing 5 mM EDTA and 5% sucrose, and was sonicated. The homogenate was divided into 

two centrifuge tubes and centrifuged at 6,000 x g for 10 min. The pellets containing inclusion 

body were washed twice by homogenizing each in 15 mL of 50 mM Tris-HCl, pH 8.0 containing 

5 mM EDTA and 0.1% Triton X-100 using a generator sawtooth followed by centrifugation at 

6,000 x g for 10 min at 4 °C. Each inclusion body pellet was consecutively washed twice with 10 

-15 mL of 50 mM Tris-HCl, pH 8.0 containing 5 mM EDTA and 2 M Urea.  The content was 

centrifuged as before. The purified inclusion bodies were solubilized in approximately 10 mL of 

8 M Urea/0.1 M Tris-HCl, pH 8.0/10 mM DTT by stirring for 1.5 h at room temperature. The 

protein concentration was approximately 10.8 mg/mL.  

The procathepsin B in the solubilized inclusion body was refolded and re-oxidized by 

dilution and dialysis according to a reported procedure (Kuhelj et al., 1995) with minor 

modification. An aliquot of the solubilized inclusion body was diluted to approximately 30 

μg/mL with 8 M urea in 0.1 M Tris-HCl, pH 8.0 containing 10 mM DTT and dialyzed 

against 4 L of 0.1 M sodium phosphate pH 7.0 containing 5 mM EDTA and 5 mM L-Cysteine 

overnight. (It took about 2 hours of occasional stirring with a glass rod to diffuse some urea 

so that the dialysis tubing could float). Dialysis was then carried out for approximately 24 

hours. Fresh buffer was changed once during dialysis. The dialyzed procathepsin B solution 

was collected and centrifuged at 10,000 x g for 10 min to remove precipitated protein. The 

protein was stored at -70 oC until use. Protein purification progress and purity were checked 

by 12% SDS-PAGE.  
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2.5 Activation of the procathepsin B  
Procathepsin B was autoactivated to its mature cathepsin B form by lowering the pH to 3.6 
(Kuhelj et al., 1995) with 1 M formic acid. The reaction was terminated by increasing the pH 
to 6 with addition of 1 M sodium phosphate pH 6.0. The autoactivation was carried out at 

4°C for various time intervals. The successful activation/cleavage was monitored by 
cathepsin B activity assay and 15% SDS-PAGE analysis.   

2.6 Activity assay of cathepsin B  
Cathepsin B was assayed using chromogenic substrate, Z-Phe-Arg-ρNA. The reaction consisted 
of 20 mM sodium acetate, pH 5.0, 1 mM EDTA, 5 mM L-Cysteine, 0.9-1.8 μg/mL cathepsin B, 
and 0.015-0.6 mM Z-Phe-Arg-ρNA in a total volume of 500 μl. The release of the para-
nitroaniline (ρNA) chromophore was monitored at 405 nm at 25 °C for 3 min, and the reaction 
rate was calculated from the slope of the trace showing the increase in absorbance over time. 

2.7 Purification of recombinant procathepsin K  
The recombinant procathepsin K was purified from IPTG induced E. coli cells according to a 

procedure reported by Hwang and Chung (Hwang and Chung, 2002) with slight 

modifications. Briefly, the cell pellet (from 250 mL culture) was sonicated in 25 mL of buffer 

A (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl). The homogenate was centrifuged at 10,000 g for 20 

minutes at 4 °C. The pellet (containing inclusion body) was washed in buffer A plus 2 M 

urea. The content was centrifuged at 10,000 g for 20 minutes at 4 °C. The pellet was re-

suspended in 12.5 mL of buffer B (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 6 M guanidine 

hydrochloride, 5 mM imidazole) to solubilize the inclusion body. The suspension was 

homogenized using a generator sawtooth and stirred at 4 °C for 1 hour. This was 

centrifuged at 10,000 g for 30 minutes. The supernatant was filtered using a 0.8 µM syringe 

filter. The filtrate (approximately 12 mL) was loaded onto a Ni column (5 mL HisTrapTM FF 

from GE Healthcare) that had been equilibrated with buffer B. The column was washed with 

buffer B until A280 reached baseline. The bound protein was eluted with buffer B plus 1 M 

imidazole and ten 1.3 mL fractions were collected. Protein assay was performed using Bio-

Rad protein binding assay. Fractions #4 and #5 which contained the most protein were used 

in refolding. The purified procathepsin K was observed on 12 % SDS-PAGE.    

2.8 Refolding and activation of recombinant procathepsin K 
The refolding of procathepsin K was performed by dilution and dialysis (Hwang and 
Chung, 2002). The eluted protein (2 mL) in guanidine-HCl was diluted in 100 mL of 
refolding buffer A (5 mM EDTA, 10 mM GSH, 1 mM GSSG, 0.7 M L-Arg, 1 % CHAPS). The 
dilution was achieved by adding the denatured protein drop by drop at 1 mL/minute into 
the refolding buffer followed by stirring overnight at 4 °C. The content was dialyzed 
(MWCO 8,000 – 14,000) against 4 L of 25 mM Tris-HCl, pH 8.0, 0.5 M NaCl overnight at 4 
°C. Fresh buffer was changed once during dialysis. Dialyzed protein was clarified by 
centrifugation and then concentrated using Vivaspin 20 with MWCO 10,000. The volume 
was reduced to one third of the original volume.  The procathepsin K protein was then 
activated in 0.2 M sodium acetate, pH 4.0, 5 mM DTT, 5 mM EDTA, and porcine pepsin (20 
μg/mL). The progress of activation was monitored by activity assay and 15% SDS-PAGE. 
Activation was terminated by raising the pH to 5.5 with addition of sodium acetate (pH 5.5) 
to 0.1 M as pepsin is inactive at this pH (Tauber and Kleiner, 1934). 
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2.9 Cathepsin K activity assay 
Cathepsin K was assayed using chromogenic substrate, Z-Phe-Arg-ρNA. The reaction 
mixture consisted of 100 mM sodium acetate buffer, pH 5.5, 2.5 mM EDTA, 2.5 mM DTT, 
various amounts of Z-Phe-Arg-ρNA, and appropriate amount of mature cathepsin K in a 
total volume of 500 μl using a procedure reported by Hwang and Chung  (Hwang and 
Chung, 2002) with minor modifications. The release of the ρNA chromophore was 
monitored at 405 nm at 25 °C for 3 min, and the reaction rate was calculated from the slope 
of the trace showing the increase in absorbance over time. 

2.10 Inhibition of active cathepsin B and K with flavonoids 
Amentoflavones have been shown to inhibit cathepsin B and K (Pan et al., 2005; Zeng et al., 
2006). Therefore, several different commercially available flavonoids were utilized, 
including baicalin, ametoflavone, celastrol, fisetin, kaempferol, luteolin, rutin, limonin, 
myricetin, and apigenin. Each flavonoid was tested for its activity as cathepsin B or K 
inhibitors. The enzyme reaction was monitored for three minute intervals by 
spectrophotometic assay at 405 nm using the chromogenic substrate described above. 

3. Results and discussion 

3.1 Subcloning of human procathepsin B and K 
The full-length human cDNA clone encoding cathepsin B purchased from Open Biosystems 
was in pBluescriptR vector and the cathepsin K cDNA was in pOTB7 vector. Each of the 
procathepsin B or K genes was amplified by PCR as described in the Experimental section. The 
PCR products were analyzed by 1% agarose gel (Figure 1).  The reaction worked well at all 
three annealing temperatures (57.1 oC, 54.4 oC, 51.7 oC for procathepsin B and 54.4 oC, 51.7 oC, 
49.3 oC for procathepsin K) as a strong band of about 900 bp was observed in every lane.   
 

 

Fig. 1. Agarose gel electrophoresis of PCR products of procathepsin B and K DNA inserts.  The 
plasmid pBluescriptR containing human cathepsin B cDNA was used as template and gene 
specific primer pair shown in Table 1 to amplify procathepsin B gene. Similarly, the plasmid 
pOTB7 containing human cathepsin K cDNA was used as template and its gene specific primer 
pair to amplified procathepsin K gene. PCR cycles were described in the Experimental section.  
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The XhoI-treated procathepsin B and K fragment from each gel was purified, inserted into 
the expression vector pET-15b, and transformed into JM109 competent cells. Transformants 
were treated with ampicillin to induce ampicillin resistance. All transformants were 
screened for the presence of a chimeric plasmid by the quick screening method as described 
in the Experimental. Since the cDNA was inserted into the vector at a single restriction site, 
XhoI, ligation of the insert is possible in either orientation.  Only the chimeric plasmid that 
contains the procathepsin B or K cDNA insert in the correct orientation is useful. Therefore, 
several insert-containing clones were checked for the orientation of the insert by PCR. 
Plasmids isolated by boiling method from each selected colony were used as template in the 
PCR. When the insert is in the correct orientation, a PCR product of about 1050 bp appears 
with pET 5’ primer and procat B or K reverse primer (Figure 2). This PCR product cannot be 
formed unless the insert is in the correct orientation. A positive PCR control was included 
using Forward and Reverse primer pair of procatB or K which yields about a 900 bp PCR 
product regardless of the insert orientation. Clones 3, 12 and 13 of procathepsin B 
candidates appeared to contain the DNA insert in the correct orientation, while clone 5 
contained a deletion and clones 1 and 14 contained the DNA insert in the wrong orientation 
(Figure 2 left panel). Clones 6, 7, 11, 12, 14 and 15 of procathepsin K candidates appeared to 
contain the DNA insert in the correct orientation, while clones 8, 10 and 13 had the DNA 
insert in the wrong orientation (Figure 2 right panel).  
 

 

Fig. 2. Orientation check of putative pET-15b-procat B and K clones by PCR. Template used: 
isolated plasmids from clones #1, 3, 5, 12, 13, and 14 of procatB candidates; isolated 
plasmids from clones #6, 7, 8, 10, 11, 12, 13, 14, and 15 of procatK candidates. Primers used: 
for the PCR control, procatB or K forward and reverse primer pairs were used; for procatB 
candidate clones pET 5’ primer and procatB reverse primer were used; for procatK 
candidate clones pET 5’ primer and procatK reverse primer were used. Promega’s 2x PCR 
mix was used. PCR cycles were described in the Experimental section.  

3.2 Overexpression of recombinant procathepsin B and K 
The chimeric plasmids with DNA inserts in the correct orientation and correct reading 

frame were transformed into BL21(DE3)pLysS for protein expression. Overexpression of the 
procathepsin B had been achieved according to the SDS-PAGE which showed 

overexpression of the proenzyme at about 35 kDa (Figure 3. left panel). Expression level of 
the recombinant procathepsin B after 4 h IPTG induction was greater than 40% of total 

bacterial protein and the procathepsin B level remained high after overnight induction.  
Overexpression of the recombinant procathepsin K was clearly visible after 4 h IPTG 
induction and the expression level increased with increasing induction time up to 22 hours 
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(Figure 3. Right panel). The recombinant procathepsin K showed an approximate molecular 
weight of 38 kD on SDS-PAGE gel. 

3.3 Purification of recombinant procathepsin B and K 
3.3.1 Purification of recombinant procathepsin B  
The recombinant procathepsin B was expressed largely as insoluble inclusion bodies as very 
little procathepsin B was found in the soluble protein fraction (Figure 4. lane 3). 
Procathepsin B was purified from the inclusion bodies as described in the Experimental 
section. The progress of purification was monitored by SDS-PAGE (Figure 4). As shown in 
Figure. 4 lane 4, the inclusion bodies contained greater than 90% of procathepsin B. Overall 
yield of the procathepsin B enzyme was about 1.5 mg per 100 ml of bacterial culture. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 3. SDS-PAGE showing induction progress of recombinant procathepsin B and K after 
IPTG addition. BL21 (DE3)pLysS cells containing pET-15b-procathepsin B or pET-15b-
procathepsin K were cultured and protein expression induced by IPTG as described in the 
Experimental section. An aliquot of each culture was collected at various time intervals after 
IPTG addition. The cells were lysed in SDS-PAGE loading buffer by repeated vortexing and 
heating. The cell lysate was analyzed by 12% SDS-PAGE. 
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Fig. 4. SDS-PAGE showing the progress of purification of procathepsin B. The gel contained 
12% acrylamide. Lane 1: Precision Plus Protein Kaleidoscope Standards; lane 2: Total IPTG 
induced E. coli cell lysate; Lane 3: Soluble proteins in the cell-free extract; Lane 4: Crude 
inclusion bodies before being subjected to washes; Lanes 5 & 6: First and second washes of 
the inclusion bodies with 50 mM Tris-HCl pH 8.0 containing 5 mM EDTA and 0.1% Triton 
X-100; lane 7 & 8: First and second washes of the inclusion bodies with 50 mM Tris-HCl, pH 
8.0 containing 5 mM EDTA and 2 M Urea; Lane 9: Purified and refolded procathepsin B. 

3.3.2 Purification of recombinant procathepsin K  
The procathepsin K was also expressed as insoluble proteins in inclusion bodies as the 
procathepsin K band was missing from the soluble protein fraction (Figure. 5. lane 5). His-
tagged procathepsin K protein was purified from the solubilized inclusion bodies by affinity 
chromatography on a HisTrapTM FF column to near homogeneity. The protein was then 
refolded and concentrated (Figure. 5 lane 7). Overall yield of the procathepsin K enzyme 
was about 1 mg per 100 ml of bacterial culture. 
 

 

Fig. 5. SDS-PAGE showing overexpression of the human procathepsin K and the purification 
process. The gel contained 12% acrylamide. Lane 1: Precision Plus Protein Kaleidoscope 
Standards; lane 2: total lysate of the uninduced cells; lane 3: total lysate of 8 hours IPTG induced 
cells; lane 4: homogenate of the IPTG induced sample; lane 5: soluble proteins in cell-free extract 
of the IPTG induced sample; lane 6: Ni column wash; lane 7: purified procathepsin K. 
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3.4 Activation of the procathepsin B and K proteins 
3.4.1 Activation of procathepsin B and functional cathepsin B assay 
The recombinant procathepsin B activation was carried out by autoactivation as described in 
the Experimental section. The success of the activation was demonstrated by the cathepsin B 
activity assay and SDS-PAGE. As observed in the SDS-PAGE (Figure 6) clear bands are 
observed and the proteolytic cleavage was evident (lane 2). 
The cathepsin B activity was demonstrated by its ability to cleave the Z-Phe-Arg-ρNA. 
These results show a linear relationship between the formation ρNA products with 
increasing cathepsin B levels from 0.024 to 0.19 μM (Figure 7).  
 

 

Fig. 6. SDS-PAGE showing autoactivation of procathepsin B. The gel contained 15% 
acrylamide. Lane 1: purified procathepsin B protein; Lane 2: autoactivated cathepsin B protein. 

 

 

Fig. 7. Cathepsin B demonstrated enzyme concentration-dependent activity. The product 
formation linearity was verified by the use of increasing amounts of cathepsin B from 0.024 
to 0.19 µM. The activity was assayed using a chromogenic substrate, Z-Phe-Arg-ρNA, and 
the rate was monitored by the increase in absorption at 405 nm due to the release of the 
ρNA chromophore. 
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3.4.2 Activation of procathepsin K and functional cathepsin K assay 
The refolded procathepsin K protein was activated to mature cathepsin K with the aid of 
porcine pepsin. Figure 8 shows successful cleavage of the procathepsin K (~38 kDa) into 2 
fragments: mature cathepsin K (~26.5 kDa) and propeptide fragment (~11.5 kDa).  
 

 

Fig. 8. SDS-PAGE showing activation of procathepsin K with pepsin. The gel contained 15% 
acrylamide. Lane 0: procathepsin K untreated; Lane 1: procathepsin K treated with pepsin for 1 
hr. After 1 hr of pepsin activation, the procathepsin K (~38 kDa) was successfully cleaved into 
2 fragments: mature cathepsin K (~26.5 kDa) and propeptide fragment (~11.5 kDa). 

The cathepsin K activity is demonstrated by its ability to cleave the Z-Phe-Arg-ρNA. The 
results show a linear relationship between the formation ρNA chromophore product with 
increasing cathepsin K levels from 0.09 to 0.72 μM (Figure 9).  
 

 

Fig. 9. Cathepsin K demonstrated enzyme concentration-dependent activity. The product 
formation linearity was verified  by the use of increasing amounts of cathepsin K from 0.09 
to 0.72 μM. The activity was assayed spectrophotometrically by monitoring the increase in 
absorption at 405 nm as described in the text. 
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3.5 Screening of flavonoid inhibitors of cathepsin B and K  
Flavonoids, polyphenolic compounds predominantly found in colorful fruits and 
vegetables, have been regarded of as possessing “antiviral, anti-allergic, antiplatelet, anti-
inflammatory, antitumor, and antioxidant (Arora et al., 1998; Rice-Evans and Miller, 1996)” 
properties. Flavonoids have been known to have anti-cancer effects and could potentially 
inhibit cathepsin B. In particular, amentoflavones have been shown to inhibit cathepsin B 
and K (Pan et al., 2005; Zeng et al., 2006). Therefore a search for other flavonoid inhibitors of 
cathepsins was undertaken. Several commercially available flavonoids were tested 
(amentoflavone, apigenin, baicalin, celastrol, fisetin, kaempferol, limonin, luteolin, 
myricetin, and rutin), for their ability to inhibit cathepsin B or K. The inhibition of cathepsin 
B activity by each of the flavonoid at 40 μM is shown in Figure 10. Ametoflavone, celastrol, 
and luteolin demonstrated the best flavonoid inhibitors of cathepsin B of those screened. 
The IC50 value for celastrol was 125 μM. 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 10. Inhibition data of cathepsin B by flavonoids. Cathepsin B was incubated with 40 µM 
flavonoid. The residual activity was determined using chromogenic substrate, Z-Phe-Arg-
ρNA. The enzymatic reaction was monitored by the increase in absorption at 405 nm due to 
the release of the ρNA chromophore. 
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Most of these flavonoids were also screened for their inhibition of cathepsin K activity 
(Figure 11). Results show that apigenin, celastrol, and myricetin are among the strongest 
inhibitors of cathepsin K of those tested. Their IC50 values of the cathepsin K inhibitors were 
determined to be 8.7 µM, 135.5 µM, and 100.5 µM for apigenin, celastrol, and myricetin, 
respectively.  
 

 

Fig. 11. Inhibition data of cathepsin K by flavonoids. Cathepsin K was incubated with 40 µM 
flavonoid. The residual enzyme activity was determined using chromogenic substrate, Z-
Phe-Arg-ρNA, by monitoring the increase in absorption at 405 nm due to the release of the 
ρNA chromophore. 

4. Conclusion  

In conclusion, the subcloning, expression, and purification of recombinant procathepsins 
B and K has been accomplished. Each of the proenzyme has been activated and shown to 
be functional as demonstrated by the enzyme’s ability to cleave the chromogenic 
substrate, Z-Phe-Arg-ρNA. The enzymes have been used successfully to screen potent 
flavonoid inhibitors. The availability of substantial amounts of active cathepsin B and K 
will greatly facilitate the identification of small molecule inhibitors. The information 
obtained from studies such as this will greatly facilitate drug discovery programs in the 
efforts to develop effective therapies for osteoporosis, cancer, and Alzheimer’s Disease.  

5. Acknowledgment  

This work was supported by National Cancer Institute at NIH (Grant No. 3R15CA086933-04 
and 3R15CA086933-04A2S1) and the College of Arts and Sciences, Western Illinois 
University.   

www.intechopen.com



Subcloning and Expression of Functional Human  
Cathepsin B and K in E. coli: Characterization and Inhibition by Flavonoids 

 

51 

6. References  

Arora, A., Nair, M.G., and Strasburg, G.M. (1998). Structure-Activity Relationships for 

Antioxidant Activities of a Series of Flavonoids in a Liposomal System. Free 

Radical Biology and Medicine 24, 1355-1363. 

Asagiri, M., Hirai, T., Kunigami, T., Kamano, S., Gober, H.-J., Okamoto, K., Nishikawa, K., 

Latz, E., Golenbock, D.T., Aoki, K., et al. (2008). Cathepsin K-Dependent Toll-Like 

Receptor 9 Signaling Revealed in Experimental Arthritis. Science 319, 624-627. 

Bengtsson, E., Nilsson, J., and Jovinge, S. (2008). Cystatin C and cathepsins in cardiovascular 

disease. Frontiers in Bioscience 13, 5780-5786. 

Białas, A., and Kafarski, P. (2009). Proteases as Anti-Cancer Targets - Molecular and 

Biological Basis for Development of Inhibitor-Like Drugs Against Cancer. Anti-

Cancer Agents in Medicinal Chemistry 9, 728-762. 

Bien, S., Rimmbach, C., Neumann, H., Niessen, J., Reimer, E., Ritter, C.A., Rosskopf, D., 

Cinatl, J., Michaelis, M., Schroeder, H.W.S., et al. (2010). Doxorubicin-induced cell 

death requires cathepsin B in HeLa cells. Biochemical Pharmacology 80, 1466-1477. 

Bone, H.G., McClung, M.R., Roux, C., Recker, R.R., Eisman, J.A., Verbruggen, N., Hustad, 

C.M., DaSilva, C., Santora, A.C., and Ince, B.A. (2010). Odanacatib, a cathepsin-K 

inhibitor for osteoporosis: A two-year study in postmenopausal women with low 

bone density. Journal of Bone and Mineral Research 25, 937-947. 

Brix, K., Dunkhorst, A., Mayer, K., and Jordans, S. (2008). Cysteine cathepsins: Cellular 

roadmap to different functions. Biochimie 90, 194-207. 

Brubaker, K.D., Vessella, R.L., True, L.D., Thomas, R., and Corey, E. (2003). Cathepsin K 

mRNA and Protein Expression in Prostate Cancer Progression. Journal of Bone and 

Mineral Research 18, 222-230. 

Bühling, F., Gerber, A., Hackel, C., Kruger, S., Kohnlein, T., Bromme, D., Reinhold, D., 

Ansorge, S., and Welte, T. (1999). Expression of Cathepsin K in Lung Epithelial 

Cells. American Journal of Respiratory Cell and Molecular Biology 20, 612-619. 

Bühling, F., Röcken, C., Brasch, F., Hartig, R., Yasuda, Y., Saftig, P., Brömme, D., and Welte, 

T. (2004). Pivotal Role of Cathepsin K in Lung Fibrosis. The American Journal of 

Pathology 164, 2203-2216. 

Cheng, A.-L., Huang, W.-G., Chen, Z.-C., Zhang, P.-F., Li, M.-Y., Li, F., Li, J.-L., Li, C., Yi, H., 

Peng, F., et al. (2008). Identificating Cathepsin D as a Biomarker for Differentiation 

and Prognosis of Nasopharyngeal Carcinoma by Laser Capture Microdissection 

and Proteomic Analysis. Journal of Proteome Research 7, 2415-2426. 

Chung, C.T., Niemela, S.L., and Miller, R.H. (1989). One-step preparation of competent 

Escherichia coli: transformation and storage of bacterial cells in the same solution. 

Proceedings of the National Academy of Sciences of the United States of America 

86, 2172-2175. 

Chwieralski, C., Welte, T., and Bühling, F. (2006). Cathepsin-regulated apoptosis. Apoptosis 

11, 143-149. 

Deal, C. (2009). Future therapeutic targets in osteoporosis. Current Opinion in 

Rheumatology 21, 380-385  

Drake, F.H., Dodds, R.A., James, I.E., Connor, J.R., Debouck, C., Richardson, S., Lee-

Rykaczewski, E., Coleman, L., Rieman, D., Barthlow, R., et al. (1996). Cathepsin K, 

www.intechopen.com



  
Molecular Cloning – Selected Applications in Medicine and Biology 

 

52

but Not Cathepsins B, L, or S, Is Abundantly Expressed in Human Osteoclasts. 

Journal of Biological Chemistry 271, 12511-12516. 

Eastell, R., Nagase, S., Ohyama, M., Small, M., Sawyer, J., Boonen, S., Spector, T., 

Kuwayama, T., and Deacon, S. (2011). Safety and efficacy of the Cathepsin K 

inhibitor, ONO-5334, in postmenopausal osteoporosis - the OCEAN study. Journal 

of Bone and Mineral Research, 26, 1303-1312.  

Foekens, J.A., Kos, J., Peters, H.A., Krasovec, M., Look, M.P., Cimerman, N., Meijer-van 

Gelder, M.E., Henzen-Logmans, S.C., van Putten, W.L., and Klijn, J.G. (1998). 

Prognostic significance of cathepsins B and L in primary human breast cancer. 

Journal of Clinical Oncology 16, 1013-1021. 

Frlan, R., and Gobec, S. (2006). Inhibitors of cathepsin B. Current Medicinal Chemistry 13, 

2309-2327. 

Gan, L., Ye, S., Chu, A., Anton, K., Yi, S., Vincent, V.A., von Schack, D., Chin, D., Murray, J., 

Lohr, S., et al. (2004). Identification of Cathepsin B as a Mediator of Neuronal Death 

Induced by Aβ-activated Microglial Cells Using a Functional Genomics Approach. 

Journal of Biological Chemistry 279, 5565-5572. 

Gowen, M., Lazner, F., Dodds, R., Kapadia, R., Feild, J., Tavaria, M., Bertoncello, I., Drake, 

F., Zavarselk, S., Tellis, I., et al. (1999). Cathepsin K Knockout Mice Develop 

Osteopetrosis Due to a Deficit in Matrix Degradation but Not Demineralization. 

Journal of Bone and Mineral Research 14, 1654-1663. 

Guo, J., Bot, I., de Nooijer, R., Hoffman, S.J., Stroup, G.B., Biessen, E.A.L., Benson, G.M., 

Groot, P.H.E., Van Eck, M., and Van Berkel, T.J.C. (2009). Leucocyte cathepsin K 

affects atherosclerotic lesion composition and bone mineral density in low-density 

lipoprotein receptor deficient mice. Cardiovascular Research 81, 278-285. 

Hashimoto, Y., Kakegawa, H., Narita, Y., Hachiya, Y., Hayakawa, T., Kos, J., Turk, V., and 

Katunuma, N. (2001). Significance of cathepsin B accumulation in synovial fluid of 

rheumatoid arthritis. Biochemical and Biophysical Research Communications 283, 

334-339. 

Hook, V., Kindy, M., and Hook, G. (2007). Cysteine protease inhibitors effectively reduce in 

vivo levels of brain β-amyloid related to Alzheimer's disease. Biological Chemistry 

388, 247-252. 

Hook, V.Y.H. (2006). Unique neuronal functions of cathepsin L and cathepsin B in secretory 

vesicles: biosynthesis of peptides in neurotransmission and neurodegenerative 

disease. Biological Chemistry 387, 1429-1439. 

Hook, V.Y.H., Kindy, M., and Hook, G. (2008). Inhibitors of Cathepsin B Improve Memory 

and Reduce β-Amyloid in Transgenic Alzheimer Disease Mice Expressing the 

Wild-type, but Not the Swedish Mutant, β-Secretase Site of the Amyloid Precursor 

Protein. Journal of Biological Chemistry 283, 7745-7753. 

Hook, V.Y.H., Kindy, M., Reinheckel, T., Peters, C., and Hook, G. (2009). Genetic cathepsin B 

deficiency reduces [beta]-amyloid in transgenic mice expressing human wild-type 

amyloid precursor protein. Biochemical and Biophysical Research Communications 

386, 284-288. 

www.intechopen.com



Subcloning and Expression of Functional Human  
Cathepsin B and K in E. coli: Characterization and Inhibition by Flavonoids 

 

53 

Huang, J.-K., Tsai, S., Huang, G.H., Sershon, V.C., Alley, A.M., and Wen, L. (2004). 

Molecular Cloning of Bovine eIF5A and Deoxyhypusine Synthase cDNA. DNA 

Sequence - The Journal of Sequencing and Mapping 15, 26-32. 

Hwang, H.-S., and Chung, H.-S. (2002). Preparation of active recombinant cathepsin K 

expressed in bacteria as inclusion body. Protein Expression and Purification 25, 

541-546. 

Illy, C., Quraishi, O., Wang, J., Purisima, E., Vernet, T., and Mort, J.S. (1997). Role of the 

Occluding Loop in Cathepsin B Activity. Journal of Biological Chemistry 272, 1197-

1202. 

Im, E., Venkatakrishnan, A., and Kazlauskas, A. (2005). Cathepsin B Regulates the Intrinsic 

Angiogenic Threshold of Endothelial Cells. Molecular Biology of the Cell 16, 3488-

3500. 

Joyce, J.A., Baruch, A., Chehade, K., Meyer-Morse, N., Giraudo, E., Tsai, F.-Y., Greenbaum, 

D.C., Hager, J.H., Bogyo, M., and Hanahan, D. (2004). Cathepsin cysteine proteases 

are effectors of invasive growth and angiogenesis during multistage tumorigenesis. 

Cancer Cell 5, 443-453. 

Kakegawa, H., Matano, Y., Inubushi, T., and Katunuma, N. (2004). Significant 

accumulations of cathepsin B and prolylendopeptidase in inflammatory focus of 

delayed-type hypersensitivity induced by Mycobacterium tuberculosis in mice. 

Biochemical and Biophysical Research Communications 316, 78-84. 

Kim, S.-S. (1992). Expression in Escherichia coli and site-directed mutagenesis of a pumpkin 

seed protein inhibitor of trypsin and bloof coagulation factor XIIa. In Department 

of Chemistry (Macomb, Western Illinois University), pp. 140. 

Kirschke, H., Barrett, A.J., and Rawlings, N.D. (1995). Proteinases 1: lysosomal cysteine 

proteinases. Protein Profile 2, 1581-1643. 

Kishore Kumar, G.D., Chavarria, G.E., Charlton-Sevcik, A.K., Arispe, W.M., MacDonough, 

M.T., Strecker, T.E., Chen, S.-E., Siim, B.G., Chaplin, D.J., Trawick, M.L., et al. (2010). 

Design, synthesis, and biological evaluation of potent thiosemicarbazone based 

cathepsin L inhibitors. Bioorganic & Medicinal Chemistry Letters 20, 1415-1419. 

Kruszewski, W.J., Rzepko, R., Wojtacki, J., Skokowski, J., Kopacz, A., and Drucis, K. (2004). 

Overexpression of cathepsin B correlates with angiogenesis in colon 

adenocarcinoma. Neoplasma 51, 38-43. 

Kuhelj, R., Dolinar, M., Pungerčar, J., and Turk, V. (1995). The Preparation of Catalytically 

Active Human Cathepsin B from Its Precursor Expressed in Escherichia coli in the 

Form of Inclusion Bodies. European Journal of Biochemistry 229, 533-539. 

Laurent-Matha, V., Farnoud, M.R., Lucas, A., Rougeot, C., Garcia, M., and Rochefort, H. 

(1998). Endocytosis of pro-cathepsin D into breast cancer cells is mostly 

independent of mannose-6-phosphate receptors. Journal of Cell Science 111, 2539-

2549. 

Le Gall, C., Bonnelye, E., and Clézardin, P. (2008). Cathepsin K inhibitors as treatment of 

bone metastasis. Current Opinion in Supportive and Palliative Care 2, 218-222  

Lecaille, F., Brömme, D., and Lalmanach, G. (2008). Biochemical properties and regulation of 

cathepsin K activity. Biochimie 90, 208-226. 

www.intechopen.com



  
Molecular Cloning – Selected Applications in Medicine and Biology 

 

54

Lecaille, F., Kaleta, J., and Brömme, D. (2002). Human and Parasitic Papain-Like Cysteine 

Proteases: Their Role in Physiology and Pathology and Recent Developments in 

Inhibitor Design. Chemical Reviews 102, 4459-4488. 

Ledakis, P., Tester, W.T., Rosenberg, N., Romero-Fischmann, D., Daskal, I., and Lah, T.T. 

(1996). Cathepsins D, B, and L in malignant human lung tissue. Clinical Cancer 

Research 2, 561-568. 

Leto, G., Tumminello, F.M., Pizzolanti, G., Montalto, G., Soresi, M., and Gebbia, N. (1997). 

Lysosomal cathepsins B and L and Stefin A blood levels in patients with 

hepatocellular carcinoma and/or liver cirrhosis: potential clinical implications. 

Oncology 54, 79-83. 

Leto, G., Tumminello, F.M., Pizzolanti, G., Montalto, G., Soresi, M., Ruggeri, I., and Gebbia, 

N. (1996). Cathepsin D serum mass concentrations in patients with hepatocellular 

carcinoma and/or liver cirrhosis. European Journal of Clinical Chemistry and 

Clinical Biochemistry 34, 555-560. 

Li, X., Wu, K., Edman, M., Schenke-Layland, K., MacVeigh-Aloni, M., Janga, S.R., Schulz, B., 

and Hamm-Alvarez, S.F. (2010). Increased Expression of Cathepsins and Obesity-

Induced Proinflammatory Cytokines in Lacrimal Glands of Male NOD Mouse. 

Investigative Ophthalmology & Visual Science 51, 5019-5029. 

Lim, I.T., Meroueh, S.O., Lee, M., Heeg, M.J., and Mobashery, S. (2004). Strategy in 

Inhibition of Cathepsin B, A Target in Tumor Invasion and Metastasis. Journal of 

the American Chemical Society 126, 10271-10277. 

Lindeman, J.H.N., Hanemaaijer, R., Mulder, A., Dijkstra, P.D.S., Szuhai, K., Bromme, D., 

Verheijen, J.H., and Hogendoorn, P.C.W. (2004). Cathepsin K Is the Principal 

Protease in Giant Cell Tumor of Bone. The American Journal of Pathology 165, 593-

600. 

Lutgens, S., Cleutjens, K.B., Daemen, M.J., and Heeneman, S. (2007). Cathepsin cysteine 

proteases in cardiovascular disease. The FASEB Journal 21, 3029-3041. 

Malla, R.R., Gopinath, S., Gondi, C.S., Alapati, K., Dinh, D.H., Gujrati, M., and Rao, J.S. 

(2011). Cathepsin B and uPAR knockdown inhibits tumor-induced angiogenesis by 

modulating VEGF expression in glioma. Cancer Gene Therapy 18, 419-434 

Manako, J. (2011). New approach for osteoporosis treatment: cathepsin K inhibitor, ONO-

5334. Clinical Calcium 21, 64-69. 

Masson, O., Prébois, C., Derocq, D., Meulle, A., Dray, C., Daviaud, D., Quilliot, D., Valet, P., 

Muller, C., and Liaudet-Coopman, E. (2011). Cathepsin-D, a Key Protease in Breast 

Cancer, Is Up-Regulated in Obese Mouse and Human Adipose Tissue, and 

Controls Adipogenesis. PLoS ONE 6, e16452. 

Matarrese, P., Ascione, B., Ciarlo, L., Vona, R., Leonetti, C., Scarsella, M., Mileo, A.M., 

Catricalà, C., Paggi, M.G., and Malorni, W. (2010). Cathepsin B inhibition interferes 

with metastaticpotential of human melanoma: an in vitro andin vivo study. 

Molecular Cancer 9, 207-220. 

Mikosch, P., Kerschan-Schindl, K., Woloszczuk, W., Stettner, H., Kudlacek, S., Kresnik, E., 

Gallowitsch, H.J., Lind, P., and Pietschmann, P. (2008). High Cathepsin K Levels in 

Men with Differentiated Thyroid Cancer on Suppressive l-Thyroxine Therapy. 

Thyroid 18, 27-33. 

www.intechopen.com



Subcloning and Expression of Functional Human  
Cathepsin B and K in E. coli: Characterization and Inhibition by Flavonoids 

 

55 

Mohamed, M.M., and Sloane, B.F. (2006). Cysteine cathepsins: multifunctional enzymes in 

cancer. Nature Reviews, Cancer 6, 764-775. 

Naour, N., Rouault, C., Fellahi, S., Lavoie, M.-E., Poitou, C., Keophiphath, M., Eberle, D., 

Shoelson, S., Rizkalla, S., Bastard, J.-P., et al. (2010). Cathepsins in Human Obesity: 

Changes in Energy Balance Predominantly Affect Cathepsin S in Adipose Tissue 

and in Circulation. The Journal of Clinical Endocrinology & Metabolism 95, 1861-

1868. 

Nomura, T., and Katunuma, N. (2005). Involvement of cathepsins in the invasion, metastasis 

and proliferation of cancer cells. The Journal of Medical Investigation 52, 1-9. 

Obermajer, N., Jevnikar, Z., Doljak, B., and Kos, J. (2008). Role of Cysteine Cathepsins in 

Matrix Degradation and Cell Signalling. Connective Tissue Research 49, 193-

196. 

Palermo, C., and Joyce, J.A. (2008). Cysteine cathepsin proteases as pharmacological targets 

in cancer. Trends in Pharmacological Sciences 29, 22-28. 

Pan, X., Tan, N., Zeng, G., Zhang, Y., and Jia, R. (2005). Amentoflavone and its derivatives as 

novel natural inhibitors of human Cathepsin B. Bioorganic & Medicinal Chemistry 

13, 5819-5825. 

Pérez-Castrillón, J.L., Pinacho, F., De Luis, D., Lopez-Menendez, M., and Laita, A.D. (2010). 

Odanacatib, a New Drug for the Treatment of Osteoporosis: Review of the Results 

in Postmenopausal  Women. Journal of Osteoporosis 2010, Article ID 401581, 

401585 pages. 

Podgorski, I. (2009). Future of anticathepsin K drugs: dual therapy for skeletal disease and 

atherosclerosis? Future Medicinal Chemistry 1, 21-41. 

Podgorski, I., Linebaugh, B.E., Koblinski, J.E., Rudy, D.L., Herroon, M.K., Olive, M.B., and 

Sloane, B.F. (2009). Bone Marrow-Derived Cathepsin K Cleaves SPARC in Bone 

Metastasis. The American Journal of Pathology 175, 1255-1269. 

Podgorski, I., Linebaugh, B.E., and Sloane, B.F. (2007). Cathepsin K in the bone 

microenvironment: link between obesity and prostate cancer? Biochemical Soceity 

Transactions 35, 701-703. 

Pungerčar, J.R., Caglič, D., Sajid, M., Dolinar, M., Vasiljeva, O., Požgan, U., Turk, D., Bogyo, 

M., Turk, V., and Turk, B. (2009). Autocatalytic processing of procathepsin B is 

triggered by proenzyme activity. FEBS Journal 276, 660-668. 

Quintanilla-Dieck, M.J., Codriansky, K., Keady, M., Bhawan, J., and Rünger, T.M. (2008). 

Cathepsin K in Melanoma Invasion. Journal of Investigative Dermatology 128, 

2281-2288. 

Rawlings, N.D., Morton, F.R., and Barrett, A.J. (2006). MEROPS: the peptidase database. 

Nucleic Acids Research 34, D270-D272. 

Reiser, J., Adair, B., and Reinheckel, T. (2010). Specialized roles for cysteine cathepsins in 

health and disease. The Journal of Clinical Investigation 120, 3421-3431. 

Rice-Evans, C.A., and Miller, N.J. (1996). Antioxidant activities of flavonoids as bioactive 

components of food. Biochemical Society Transactions 24, 790-795. 

Roberts, L., Adjei, P., and Gores, G. (1999). Cathepsins as effector proteases in hepatocyte 

apoptosis. Cell Biochemistry and Biophysics 30, 71-88. 

www.intechopen.com



  
Molecular Cloning – Selected Applications in Medicine and Biology 

 

56

Roshy, S., Sloane, B.F., and Moin, K. (2003). Pericellular cathepsin B and malignant 

progression. Cancer and Metastasis Reviews 22, 271-286. 

Rozman, J., Stojan, J., Kuhelj, R., Turk, V., and Turk, B. (1999). Autocatalytic processing of 

recombinant human procathepsin B is a bimolecular process. FEBS Letters 459, 358-

362. 

Ruettger, A., Schueler, S., Mollenhauer, J.A., and Wiederanders, B. (2008). Cathepsins B, K, 

and L Are Regulated by a Defined Collagen Type II Peptide via Activation of 

Classical Protein Kinase C and p38 MAP Kinase in Articular Chondrocytes. Journal 

of Biological Chemistry 283, 1043-1051. 

Rünger, T.M., Quintanilla-Dieck, M.J., and Bhawan, J. (2007). Role of Cathepsin K in the 

Turnover of the Dermal Extracellular Matrix during Scar Formation. Journal of 

Investigative Dermatology 127, 293-297. 

Saftig, P., Hunziker, E., Wehmeyer, O., Jones, S., Boyde, A., Rommerskirch, W., Moritz, 

J.r.D., Schu, P., and von Figura, K. (1998). Impaired osteoclastic bone resorption 

leads to osteopetrosis in cathepsin-K-deficient mice. Proceedings of the National 

Academy of Sciences 95, 13453-13458. 

Salminen-Mankonen, H.J., Morko, J., and Vuorio, E. (2007). Role of Cathepsin K in 

Normal Joints and in the Development of Arthritis. Current Drug Targets 8, 

315-323. 

Sambrook, J., and Russell, D.W. (2001). Molecular Cloning: A Laboratory Manual, 3rd edn 

(Cold Spring Harbor Laboratory). 

Schweiger, A., Staib, A., Werle, B., Krasovec, M., Lah, T.T., Ebert, W., Turk, V., and Kos, 

J. (2000). Cysteine proteinase cathepsin H in tumours and sera of lung  

cancer patients: relation to prognosis and cigarette smoking. Journal of Cancer 

82, 782-788. 

Sinha, A., Gleason, D., Staley, N., Wilson, M., Sameni, M., and Sloane, B. (1995). Cathepsin B 

in angiogenesis of human prostate: an immunohistochemical and immunoelectron 

microscopic analysis. The Anatomical Record 241, 353-362. 

Sinha, A.A., Jamuar, M.P., Wilson, M.J., Rozhin, J., and Sloane, B.F. (2001). Plasma 

membrane association of cathepsin B in human prostate cancer: Biochemical and 

immunogold electron microscopic analysis. The Prostate 49, 172-184. 

Skoumal, M., Haberhauer, G., Kolarz, G., Hawa, G., Woloszczuk, W., and Klingler, A. 

(2005). Serum cathepsin K levels of patients with longstanding rheumatoid 

arthritis: correlation with radiological destruction. Arthritis Research & Therapy 7, 

R65-R70. 

Skoumal, M., Haberhauer, G., Kolarz, G., Hawa, G., Woloszczuk, W., Klingler, A., Varga, F., 

and Klaushofer, K. (2008). The imbalance between osteoprotegerin and cathepsin K 

in the serum of patients with longstanding rheumatoid arthritis. Rheumatology 

International 28, 637-641. 

Steffan, J.J., Williams, B.C., Welbourne, T., and Cardelli, J.A. (2010). HGF-induced invasion 

by prostate tumor cells requires anterograde lysosome trafficking and activity of 

Na+-H+ exchangers. Journal of Cell Science 123, 1151-1159. 

Stoch, S.A., and Wagner, J.A. (2007). Cathepsin K Inhibitors: A Novel Target for 

Osteoporosis Therapy. Clinical Pharmacology & Therapeutics 83, 172-176. 

www.intechopen.com



Subcloning and Expression of Functional Human  
Cathepsin B and K in E. coli: Characterization and Inhibition by Flavonoids 

 

57 

Stoka, V., Turk, B., and Turk, V. (2005). Lysosomal cysteine proteases: structural features 

and their role in apoptosis. IUBMB Life 57, 347-353. 

Szpaderska, A.M., and Frankfater, A. (2001). An Intracellular Form of Cathepsin B 

Contributes to Invasiveness in Cancer. Cancer Research  61, 3493-3500. 

Tauber, H., and Kleiner, I.S. (1934). The Inactivation of Pepsin, Trypsin, and Salivary 

Amylase by Proteases. Journal of Biological Chemistry 105, 411-414. 

Tedelind, S., Poliakova, K., Valeta, A., Hunegnaw, R., Yemanaberhan, E.L., Heldin, N.-E., 

Kurebayashi, J., Weber, E., Kopitar-Jerala, N., Turk, B., et al. (2010). Nuclear 

cysteine cathepsin variants in thyroid carcinoma cells. Biological Chemistry 391, 

923-935. 

Tomita, A., Kasaoka, T., Inui, T., Toyoshima, M., Nishiyama, H., Saiki, H., Iguchi, H., and 

Nakajima, M. (2008). Human breast adenocarcinoma (MDA-231) and human lung 

squamous cell carcinoma (Hara) do not have the ability to cause bone resorption by 

themselves during the establishment of bone metastasis. Clinical and Experimental 

Metastasis 25, 437-444. 

Turk, B. (2006). Targeting proteases: successes, failures and future prospects. Nature 

Reviews Drug Discovery 5, 785-799. 

Turk, V., Turk, B., Guncar, G., Turk, D., and Kos, J. (2002). Lysosomal cathepsins: structure, 

role in antigen processing and presentation, and cancer. Advances in Enzyme 

Regulation 42, 285-303. 

Turk, V., Turk, B., and Turk, D. (2001). Lysosomal cysteine proteases: facts and 

opportunities. The EMBO Journal 20, 4629-4633. 

Urbanelli, L., Emiliani, C., Massini, C., Persichetti, E., Orlacchio, A., Pelicci, G., Sorbi, S., 

Hasilik, A., Bernardi, G., and Orlacchio, A. (2008). Cathepsin D expression  

is decreased in Alzheimer's disease fibroblasts. Neurobiology of Aging 29, 12-

22. 

Valta, M.P., Tuomela, J., Bjartell, A., Valve, E., Väänänen, H.K., and Härkönen, P. (2008). 

FGF-8 is involved in bone metastasis of prostate cancer. International Journal of 

Cancer 123, 22-31. 

Vashishta, A., Ohri, S.S., Proctor, M., Fusek, M., and Vetvicka, V. (2007). Ribozyme-targeting 

procathepsin D and its effect on invasion and growth of breast cancer cells: An 

implication in breast cancer therapy. International Journal of Oncology 30, 1223-

1230. 

Vasiljeva, O., Reinheckel, T., Peters, C., Turk, D., Turk, V., and Turk, B. (2007). Emerging 

Roles of Cysteine Cathepsins in Disease and their Potential as Drug Targets. 

Current Pharmaceutical Design 13, 387-403. 

Victor, B.C., and Sloane, B.F. (2007). Cysteine cathepsin non-inhibitory binding partners: 

modulating intracellular trafficking and function. Biological Chemistry 388, 1131-

1140. 

Xu, X., Yuan, G., Liu, W., Zhang, Y., and Chen, W. (2009). Expression of Cathepsin L in 

Nasopharyngeal Carcinoma and its Clinical Significance. Experimental Oncology 

31, 102–105. 

Yan, S., Sameni, M., and Sloane, B.F. (1998). Cathepsin B and human tumor progression. 

Biological Chemistry 379, 113-123. 

www.intechopen.com



  
Molecular Cloning – Selected Applications in Medicine and Biology 

 

58

Yang, M., Sun, J., Zhang, T., Liu, J., Zhang, J., Shi, M.A., Darakhshan, F., Guerre-Millo, M., 

Clement, K., Gelb, B.D., et al. (2008). Deficiency and Inhibition of Cathepsin K 

Reduce Body Weight Gain and Increase Glucose Metabolism in Mice. 

Arteriosclerosis, Thrombosis, and Vascular Biology 28, 2202-2208. 

Yasuda, Y., Kaleta, J., and Brömme, D. (2005). The role of cathepsins in osteoporosis and 

arthritis: Rationale for the design of new therapeutics. Advanced Drug Delivery 

Reviews 57, 973-993. 

Zeng, G.Z., Pan, X.L., Tan, N.H., Xiong, J., and Zhang, Y.M. (2006). Natural biflavones 

as novel inhibitors of cathepsin B and K. European Journal of Medicinal Chemistry 

41, 1247-1252. 

Zhang, T., Maekawa, Y., Hanba, J., Dainichi, T., Nashed, B.F., Hisaeda, H., Sakai, T., Asao, 

T., Himeno, K., Good, R.A., et al. (2000). Lysosomal cathepsin B plays an important 

role in antigen processing, while cathepsin D is involved in degradation of the 

invariant chain in ovalbumin-immunized mice. Immunology 100, 13-20. 

www.intechopen.com



Molecular Cloning - Selected Applications in Medicine and Biology

Edited by Prof. Gregory Brown

ISBN 978-953-307-398-9

Hard cover, 324 pages

Publisher InTech

Published online 12, October, 2011

Published in print edition October, 2011

InTech Europe

University Campus STeP Ri 

Slavka Krautzeka 83/A 

51000 Rijeka, Croatia 

Phone: +385 (51) 770 447 

Fax: +385 (51) 686 166

www.intechopen.com

InTech China

Unit 405, Office Block, Hotel Equatorial Shanghai 

No.65, Yan An Road (West), Shanghai, 200040, China 

Phone: +86-21-62489820 

Fax: +86-21-62489821

The development of molecular cloning technology in the early 1970s created a revolution in the biological and

biomedical sciences that extends to this day. The contributions in this book provide the reader with a

perspective on how pervasive the applications of molecular cloning have become. The contributions are

organized in sections based on application, and range from cancer biology and immunology to plant and

evolutionary biology. The chapters also cover a wide range of technical approaches, such as positional cloning

and cutting edge tools for recombinant protein expression. This book should appeal to many researchers, who

should find its information useful for advancing their fields.

How to reference

In order to correctly reference this scholarly work, feel free to copy and paste the following:

Lisa Wen, Soe Tha, Valerie Sutton, Keegan Steel, Franklin Rahman, Matthew McConnell, Jennifer

Chmielowski, Kenneth Liang, Roxana Obregon, Jessica LaFollette, Laura Berryman, Ryan Keefer, Michael

Bordowitz, Alice Ye, Jessica Hunter, Jenq-Kuen Huang and Rose M. McConnell (2011). Subcloning and

Expression of Functional Human Cathepsin B and K in E. coli: Characterization and Inhibition by Flavonoids,

Molecular Cloning - Selected Applications in Medicine and Biology, Prof. Gregory Brown (Ed.), ISBN: 978-953-

307-398-9, InTech, Available from: http://www.intechopen.com/books/molecular-cloning-selected-applications-

in-medicine-and-biology/subcloning-and-expression-of-functional-human-cathepsin-b-and-k-in-e-coli-

characterization-and-inhib



© 2011 The Author(s). Licensee IntechOpen. This is an open access article

distributed under the terms of the Creative Commons Attribution 3.0

License, which permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.


