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  Activation profiles of human kallikrein-related 
peptidases by matrix metalloproteinases  
     Abstract:   The 15 human kallikrein-related peptidases 

(KLKs) are clinically important biomarkers and thera-

peutic targets of interest in inflammation, cancer, and 

neurodegenerative disease. KLKs are secreted as inactive 

pro-forms (pro-KLKs) that are activated extracellularly by 

specific proteolytic release of their amino-terminal pro-

peptide, and this is a key step in their functional regula-

tion. Physiologically relevant KLK regulatory cascades 

of activation have been described in skin desquamation 

and semen liquefaction, and work by a large number of 

investigators has elucidated pairwise and autolytic activa-

tion relationships among the KLKs with the potential for 

more extensive activation cascades. More recent work has 

asked whether functional intersection of KLKs with other 

types of regulatory proteases exists. Such studies show a 

capacity for members of the thrombostasis axis to act as 

broad activators of pro-KLKs. In the present report, we ask 

whether such functional intersection is possible between 

the KLKs and the members of the matrix metalloprotein-

ase (MMP) family by evaluating the ability of the MMPs to 

activate pro-KLKs. The results identify MMP-20 as a broad 

activator of pro-KLKs, suggesting the potential for inter-

section of the KLK and MMP axes under pathological dys-

regulation of MMP-20 expression.  
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     Introduction 

 The 15 members of the kallikrein-related peptidase family 

(KLK1 – 15) represent the largest cluster of S1 (or chymo-

trypsin-like) serine proteases within the human genome 

(Yousef and Diamandis , 2001 ) and includes both trypsin- 

and chymotrypsin-like members. KLK3 [prostate-specific 

antigen (PSA)] is a widely used cancer biomarker for pros-

tate cancer screening (Stamey et al. , 1987 ; Luderer et al. , 

1995 ; Catalona et al. , 1997 ), and evidence suggests several 

other KLKs are differentially regulated in specific types 

of cancer and may prove useful as novel cancer biomark-

ers (Clements , 1989 ; Diamandis et al. , 2000 ; Diamandis 

and Yousef , 2001 ; Pampalakis and Sotiropoulou , 2007 ; 

Lawrence et al. , 2010 ; Oikonomopoulou et al. , 2010 ; 

Avgeris et al. , 2012 ). The members of the KLK family have 

been shown to be associated with normal physiological 

and pathological processes of skin desquamation (Lund-

strom and Egelrud , 1991 ; Brattsand and Egelrud , 1999 ; 

Brattsand et al. , 2005 ), myelin turnover and inflamma-

tory demyelination (Blaber et al. , 2004 ; Scarisbrick et al. , 

2006, 2012 ), neurodegeneration (Scarisbrick et al. , 2008, 

2011 ), and semen liquefaction (Kumar et al. , 1997 ; Vai-

sanen et al. , 1999 ; Malm et al. , 2000 ; Michael et al. , 2006 ). 

Such studies point to the increasing importance of KLKs 

in the diagnosis and treatment of serious human medical 

disorders. 

 KLKs are secreted as inactive pro-forms that are sub-

sequently processed extracellularly to their active form  via  

proteolytic removal of their amino-terminal pro-peptide. 

This is a key regulatory step in controlling the levels of 

active KLK relevant to both normal physiological function 

and pathology. Numerous studies indicate that members 

of the KLK family participate in the cascades of activa-

tion that regulate their function (Lovgren et al. , 1997 ; 

Takayama et al. , 1997 ; Sotiropoulou et al. , 2003 ; Brattsand 

et al. , 2005 ; Michael et al. , 2006 ; Yoon et al. , 2007 ). Such 

studies have resulted in a substantially complete charac-

terization of the KLK  ‘ activome ’  (Yoon et al. , 2007, 2009 ) 

identifying both specific pairwise and autolytic activa-

tion relationships. More recent studies investigating the 

intersection of KLK function with other major protease 

families have demonstrated the ability of plasmin, tissue 
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plasminogen activator, urokinase, thrombin, factor Xa, 

and plasma kallikrein of the thrombostasis axis to activate 

specific pro-KLKs (Yoon et al. , 2008 ). 

 The matrix metalloproteinases (MMPs) are a large 

family (24 members in the human) of zinc-dependent 

endopeptidases known as the metzincin superfamily 

(Page -McCaw et al., 2007 ; Sekhon , 2010 ). They function 

in the degradation of diverse types of extracellular matrix 

proteins and can also process a number of bioactive pep-

tides. They are known to cleave cell surface receptors, 

release apoptotic ligands (such as the FAS ligand), and 

can activate and inactivate chemokines and cytokines 

(Van Lint and Libert , 2007 ). In this report, we ask whether 

the KLK and MMP family of proteases have the potential 

to functionally intersect by evaluating the ability of the 

MMPs to activate the pro-KLKs. Nine different members 

of the MMP family, including representatives of the col-

lagenase, gelatinase, stromelysin, matrilysin, enamely-

sin, and metalloelastase families, and all being secreted 

MMPs, were initially evaluated for their ability to hydro-

lyze peptides representing the pro-sequences of the 15 

different KLKs. These data indicated an ability of MMP-20 

to correctly process the pro-sequence of 9 different KLKs, 

indicating that MMP-20 may be a  ‘ broad activator ’  of the 

KLK family. The ability of MMP-20 to activate specific 

pro-KLKs, including its natural substrate pro-KLK4, was 

subsequently quantified using expressed and purified 

recombinant pro-KLKs. The results show that MMP-20 is 

able to efficiently activate several members of the KLK 

family and with catalytic efficiency equal to, or greater 

than, that for its natural pro-KLK4 substrate. MMP-20 

expression is normally limited to dental enamel; however, 

it is hypothesized that dysregulated expression of MMP-20 

(as observed in pathologies of oral cancers; Takata et 

al. , 2000 ; Vaananen et al. , 2004 ) can result in the func-

tional intersection between the MMP and the KLK family 

of proteases, leading to the stimulation of KLK activation 

cascades.  

  Results 

  Hydrolysis of pro-KLK fusion proteins 
by MMPs 

 MMP-1, 8, and 13 are members of the collagenase family 

of MMPs. A 1-h incubation of MMP-1 with the pro-KLK 

fusion proteins showed no significant hydrolysis (Supple-

mentary Figure  1  ), whereas the 24-h incubation resulted 

in an essentially complete degradation of the pro-KLK 

fusion proteins in each case (Supplementary Figure  2  ). 

A 1-h incubation with MMP-8 showed evidence of spe-

cific but minor proteolytic cleavage for pro-KLK5, 7, and 

13 – 15 (Supplementary Figure  3  ). Extended 24-h incubation 

with MMP-8 showed a characteristic  ∼ 14.5- and  ∼ 13.9-kDa 

doublet pattern for each pro-KLK fusion protein (Supple-

mentary Figure  4  ); however, the masses of these cleavage 

sites determined from sodium dodecyl sulfate-polyacryla-

mide gel electrophoresis (SDS-PAGE) mass standards indi-

cate they reside within the carrier protein and not the KLK 

pro-sequence. A 1-h incubation with MMP-13 showed spe-

cific but minor proteolytic cleavage for pro-KLK5, 10, and 

12 (Supplementary Figure  5  ). Extended 24-h incubation 

yielded only incremental increase in these minor cleav-

ages (Supplementary Figure  6  ). 

 MMP-2 and -9 are members of the gelatinase family of 

MMPs. A 1-h incubation of MMP-2 with the pro-KLK fusion 

proteins showed specific but minor proteolytic cleav-

age for pro-KLK5, 7, 12, and 15 (Supplementary Figure  7  ); 

however, the masses of these cleavage sites determined 

from SDS-PAGE mass standards indicate they reside 

within the carrier protein and not the KLK pro-sequence. 

Extended 24-h incubation with MMP-2 resulted in essen-

tially complete degradation of the pro-KLK fusion pro-

teins in each case (Supplementary Figure  8  ). No specific 

hydrolyses of the pro-KLK fusion proteins were observed 

for MMP-9 even after 24 h of incubation (Supplementary 

Figures  9 and 10   ). 

 MMP-10 is a member of the stromelysin family of 

MMPs. No specific hydrolyses of the pro-KLK fusion pro-

teins were observed for MMP-10 even after 24 h of incuba-

tion (Supplementary Figures  11 and 12   ). 

 MMP-7 (a matrilysin), 12 (metalloelastase), and 20 

(enamelysin) are members of the heterogeneous family 

of MMPs. A 1-h incubation of MMP-7 with the pro-KLK 

fusion proteins showed a complex fragmentation pattern 

shared by all the pro-KLK fusion proteins with masses, 

indicating that the specific cleavage sites were within the 

carrier protein (Supplementary Figure  13  ). Extended 24-h 

incubation with MMP-7 resulted in essentially complete 

degradation of the pro-KLK fusion proteins in each case 

(Supplementary Figure  14  ). A 1-h incubation of MMP-12 

with the pro-KLK fusion proteins showed complex frag-

mentation patterns shared by several of the pro-KLK 

fusion proteins (e.g., pro-KLK1 – 4; pro-KLK6, 7, and 13 – 15), 

indicating that the specific cleavage sites were within the 

carrier protein (Supplementary Figure  15  ); however, a spe-

cific and essentially complete hydrolysis was observed 

for pro-KLK10. Extended 24-h incubation with MMP-12 

resulted in complete degradation of the pro-KLK fusion 

proteins in each case (Supplementary Figure  16  ). A 1-h 
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incubation of MMP-20 with the pro-KLK fusion proteins 

showed specific cleavages for several of the pro-KLK 

fusion proteins, including pro-KLK1 – 4, 6, 7, 10, 12, 14, and 

15. In the case of pro-KLK3 and 4, these cleavages were 

essentially complete (Supplementary Figure  17  ). Extended 

24-h incubation did not result in degradation; rather, the 

majority of the specific cleavages went to essential com-

pletion (including pro-KLK2 – 4, 6, 7, 9, 14, and 15) (Sup-

plementary Figure  18  ). The 24-h hydrolyses samples of 

the pro-KLK1 – 4, 6, 7, 9 – 12, 14, and 15 fusion proteins by 

MMP-20 were subjected to mass spectrometry analyses, 

and the experimental masses for the processed KLK pro-

peptide agreed with theoretical values for KLK1 – 4, 6, 7, 9, 

and 15, indicating correct processing to yield the mature 

KLK N-terminus (i.e., P1 ′  residue; Table  1  ). Experimen-

tal masses for the cleaved pro-peptide of KLK10 and 14 

were aberrantly low, whereas masses associated with the 

released pro-peptide of KLK11 and 12 could not be identi-

fied. N-terminal sequencing was, therefore, performed on 

the large cleavage fragments of pro-KLK10 – 12 and 14 to 

identify the site of cleavage. N-terminal sequence analyses 

showed that the cleavage of the pro-KLK10 fusion protein 

occurred between the pro-peptide P6 and P5 positions; 

the cleavage of the pro-KLK11 fusion protein occurred 

between the correct pro-peptide P1 and the mature N-ter-

minus P1 ′  positions; the cleavage of the pro-KLK12 fusion 

protein occurred between the pro-peptide P5 and P4 posi-

tions; and the cleavage of the pro-KLK14 fusion protein 

occurred between the pro-peptide P7 and P6 positions 

(Table 1). Thus, the analysis of the pro-KLK fusion protein 

hydrolyses indicated the correct activation cleavage by 

MMP-20 for 9 of the 15 human pro-KLKs, including pro-

KLK1 – 4, 6, 7, 9, 11, and 15. The relative efficiency of these 

hydrolyses, quantified by scanning densitometry of the 

Coomassie blue-stained SDS-PAGE analyses, is pro-KLK3, 

7  >  2, 4, 6  >  9, 15  >  1  >  11 (Supplementary Table  1  ).  

  Hydrolysis of recombinant pro-KLK proteins 
by MMP-20 

 The activation of the recombinant pro-KLK1 by MMP-20 

was evaluated using 2 n m  MMP-20 and a concentration 

range of pro-KLK1 of 0 – 700 n m . A 6-h activation incuba-

tion period was used, resulting in   <  15 %  substrate hydroly-

sis in each case. The reaction rate vs. concentration data 

demonstrated essentially first-order kinetics over the 0- to 

700-n m  concentration range (Figure  1  ), indicating that this 

concentration range is   <   K  
m

 . In this case, the pseudo-first-

order kinetics approximate the value for  k  
cat

 / K  
m

 , yielding a 

value of 3.7  ×  10 3  s -1   m  -1  (Table  2  ). 

 The activation of the recombinant pro-KLK4 by 

MMP-20 was evaluated using 2 n m  MMP-20 and a concen-

tration range of pro-KLK4 of 0 – 200 n m . A 6-h activation 

incubation period was used, resulting in   <  20 %  substrate 

hydrolysis in each case. The reaction rate vs. concentra-

tion data demonstrated essentially first-order kinetics 

over the 0- to 200-n m  concentration range (Figure  2  ), 

Pro-peptide N-terminal sequence

Theoretical (Da) Experimental (Da)

MMP-12

 Pro-KLK10 1953.89 ND Tyr (Glu Phe Asn Leu) P6 ′  (carrier protein)

MMP-13

 Pro-KLK10 1953.89 ND Tyr (Glu Phe Asn Leu) P6 ′  (carrier protein)

MMP-20

 Pro-KLK1 1878.89 1879.26

 Pro-KLK2 1922.95 1924.79

 Pro-KLK3 1879.95 1880.59

 Pro-KLK4 1761.75 1777.26

 Pro-KLK6 2014.87 2015.33

 Pro-KLK7 1886.80 1887.28

 Pro-KLK9 1952.85 2024.24

 Pro-KLK10 1953.89 1340.07 Gln Asn Asp Thr Arg P5 P4 P3 P2 P1

 Pro-KLK11 1629.71 ND Ile Ile Lys Gly Phe P1 ′  P2 ′  P3 ′  P4 ′  P5 ′ 

 Pro-KLK12 1812.83 ND Ala Thr Pro Lys Ile P4 P3 P2 P1 P1 ′ 

 Pro-KLK14 1959.81 1255.24 Gln Glu Asp Glu Asn Lys P6 P5 P4 P3 P2 P1

 Pro-KLK15 1743.74 1744.35

   Table 1      Mass spectrometry and N-terminal sequence analysis of pro-KLK fusion protein hydrolyses by MMP-20.  

  ND, not determined.  
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indicating that this concentration range is   <   K  
m

 . In this 

case, the pseudo-first-order kinetics approximate the 

value for  k  
cat

 / K  
m

 , yielding a value of 3.5  ×  10 3  s -1   m  -1 . 

 The activation of the recombinant pro-KLK6 by 

MMP-20 was evaluated using 2 n m  MMP-20 and a con-

centration range of pro-KLK6 of 0 – 700 n m . A 6-h acti-

vation incubation period was used, resulting in   <  20 %  

substrate hydrolysis in each case. The activation kinetics 

showed an apparent loss of KLK6 enzymatic activity at 

the higher substrate concentrations (Figure  3  ). As KLK6 

is known to efficiently undergo autolytic inactivation 

 via  internal cleavage at specific internal basic residues 

(Bernett et al. , 2002 ; Blaber et al. , 2002, 2007 ), a mutant 

human pro-KLK6 protein was constructed and expressed 

having Arg74Glu and Arg76Gln substitution mutations 

(pro-KLK6/R74E/R76Q). Extensive incubation with cata-

lytic amounts of mature KLK6 (100:1 ratio, respectively) 

demonstrated effective resistance to internal cleavage 

in comparison to the wild-type protein (Figure  4  ). The 

activation of the recombinant pro-KLK6/R74E/R76Q by 

MMP-20 was evaluated using 2 n m  MMP-20 and a con-

centration range of pro-KLK6/R74E/R76Q of 0 – 1000 n m . 

A 2-h activation incubation period was used, resulting 

in   <  20 %  substrate hydrolysis in each case. The reaction 

rate vs. concentration data demonstrated essentially 

first-order kinetics over the 0- to 1000-n m  concentra-

tion range (Figure  5  ), indicating that this concentration 

range is   <   K  
m

 . In this case, the pseudo-first-order kinetics 

approximate the value for  k  
cat

 / K  
m

 , yielding a value of 

7.3  ×  10 3  s -1   m  -1 .   
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 Figure 1    Activation of recombinant pro-KLK1 by MMP-20 

(PBS, pH 7.4, 37 ° C). 

 The kinetics are pseudo-first order over the 0- to 700-n m  substrate 

range evaluated, indicating that this concentration range is   <   K  
m

 ; 

thus, the pseudo-first-order kinetics approximates the  k  
cat

 / K  
m

  value 

for this enzyme/substrate combination.    
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 Figure 2    Activation of recombinant pro-KLK4 by MMP-20 (PBS, 

pH 7.4, 37 ° C). 

 The kinetics are pseudo-first order over the 0- to 200-n m  substrate 

range evaluated, indicating that this concentration range is   <   K  
m

 ; 

thus, the pseudo-first-order kinetics approximates the  k  
cat

 / K  
m

  value 

for this enzyme/substrate combination.    

 k  cat / K  m  (s -1   m  -1 )

Pro-KLK1 3.7  ×  10 3 

Pro-KLK4 3.5  ×  10 3 

Pro-KLK6/R74E/R76Q 7.3  ×  10 3 

 Table 2      Catalytic efficiencies ( k  
cat

 / K  
m

 ) for the activation by 

MMP-20 of recombinant pro-KLK1, pro-KLK4, and autolysis-resistant 

pro-KLK6/R74E/R76Q proteins (PBS, pH 7.4, 37 ° C).  
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 Figure 3    Activation of pro-KLK6 by MMP-20 (PBS, pH 7.4, 37 ° C).

Increased activation of the pro-KLK6 substrate results in an increas-

ing extent of autolytic inactivation. The site of autolysis is Arg74 and 

Arg76 (Bernett et al. , 2002 ; Blaber et al. , 2002, 2007 ).    
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  Discussion 
 A complete analysis of the activation potential of the 24 

MMPs for the 15 pro-KLKS involves 360 possible pairwise 

combinations. To make such an extensive study more trac-

table, in the present report, we have performed an analy-

sis of the activation profile of pro-KLKs by the MMP family 

by focusing upon a representative set of 9 different MMPs 

that includes members of each of the major categories 

of secreted MMPs, including the collagenase (MMP-1, 8, 

and 13), gelatinase (MMP-2 and 9), stromelysin (MMP-10), 

matrilysin (MMP-7), enamelysin (MMP-20), and metalloe-

lastase (MMP-12) families. These 9 different MMPs were 

evaluated for their ability to correctly process the pro-

peptide of the 15 different KLKs. In this regard, all MMPs 

under study and all pro-KLKs are secreted proteins with 

the potential to interact in the extracellular environment. 

Although there are known tissue-specific co-expression 

patterns for specific combinations of secreted MMP and 

pro-KLK (e.g., MMP-20 and pro-KLK4 in teeth), in patho-

logical conditions, the aberrant expression of both pro-

teins can occur; thus, we have performed a comprehensive 

analysis of KLK pro-peptide processing for each MMP in 

the study set. Among this diverse set, only MMP-20 (enam-

elysin) demonstrated cleavage specificity toward the KLK 

pro-peptide sequences (in a fusion protein construct), 

resulting in the correctly processed mature N-terminus 

for 9 of the 15 different pro-KLKs (pro-KLK1 – 4, 6, 7, 9, 11, 

and 15). We note that although the pro-KLK fusion peptide 

construct permits rapid evaluation of specific hydrolyses 

that correctly process the mature N-terminus, the lack of 

an intact KLK protein may result in the absence of poten-

tially important exosite interactions that might enhance 

the catalytic rate and specificity. For this reason, we have 

performed both short (i.e., 1 h) and extended incubations 

(i.e., 24 h) in each case; however, we acknowledge the 

potential for false-negative results inherent in this system. 

 The activation potential of MMP-20 toward intact 

pro-KLK protein was evaluated for three different recom-

binant pro-KLK proteins including pro-KLK1 (requiring 

the hydrolysis of the bond between Arg and Ile), pro-KLK4 

(requiring the hydrolysis of the bond between Gln and 

Ile), and pro-KLK6 (requiring the hydrolysis of the bond 

between Lys and Leu). Pro-KLK4 is the natural substrate of 

MMP-20 (Lu et al. , 2008 ); thus, among the set of evaluated 

pro-KLKs is a functionally relevant reference for catalytic 

efficiency. With the exception of pro-KLK4, the activation 

 Figure 4    Reduced Coomassie blue-stained SDS-PAGE of recombinant pro-KLK6 (left) and pro-KLK6/R74E/R76Q mutant protein (right) 

incubated with mature KLK6 (100:1 molar ratio) and incubated in PBS pH 7.4 and 37 ° C for the indicated periods. 

 The characteristic cleavage fragments at  ∼ 26 and  ∼ 8 kDa are indicative of internal autolytic cleavage at adjacent positions Arg74 and 

Arg76 (the smaller of the two fragments is the N-terminal peptide; the larger fragment is the C-terminal peptide). Such cleavage results in 

functional inactivation of the KLK6 protein (Bernett et al. , 2002 ; Blaber et al. , 2002, 2007 ). The R74E/R76Q mutations effectively abolish 

autolytic inactivation in the KLK6 protein.    
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 Figure 5    Activation of pro-KLK6/R74E/R76Q by MMP-20 (PBS, pH 

7.4, 37 ° C).

The kinetics are pseudo-first order over the 0- to 1000-n m  substrate 

range evaluated, indicating that this concentration range is   <   K  
m

 ; 

thus, the pseudo-first-order kinetics approximates the  k  
cat

 / K  
m

  value 

for this enzyme/substrate combination.    
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of the KLK family of proteases involves specific hydroly-

sis after either Lys or Arg basic amino acids and the dif-

ferential specificity for hydrolysis after Arg or Lys can be 

a distinguishing feature of activating proteases (Blaber 

et al. , 2007 ); thus, including pro-KLK1 and pro-KLK6 

evaluates basic residue discrimination. KLK1 is known as 

 ‘ true kallikrein ’ , is a key component of the kallikrein-kinin 

system, and plays a role in inflammation, blood pressure 

control, coagulation, and pain (Clements , 1997 ; Margolius , 

1998 ). KLK6 is expressed robustly in the CNS and cerebro-

spinal fluid and plays a role in myelin homeostasis and 

inflammatory demyelination in pathological conditions 

(Scarisbrick et al. , 1997, 2002, 2006, 2008 ; Blaber et al. , 

2004 ). The activation of the recombinant pro-KLK1, 4, and 

6 by MMP-20 was confirmed and with catalytic efficien-

cies ( k  
cat

 / K  
m

 ) showing that MMP-20 can activate pro-KLK1 

with similar efficiency to that of its recognized substrate 

pro-KLK4 and can activate pro-KLK6 with approximately 

2-fold greater efficiency compared with its natural pro-

KLK4 substrate. 

 MMP-20 functions to degrade enamel proteins in the 

mineralization of teeth. Ameloblasts (cells that deposit 

tooth enamel) secrete two proteases in tandem: MMP-20 

as the enamel layer is being created in the early stage, 

followed temporally by pro-KLK4 (also known as enamel 

matrix serine protease 1) during the later maturation stage 

(Lu et al. , 2008 ). The MMP-20 secreted in the early stage 

activates the pro-KLK4 secreted in the later maturation 

stage. The role of KLK4 is to degrade the enamel matrix 

protein, which allows nascent enamel crystals to grow 

in thickness until adjacent crystals contact, thus permit-

ting essentially complete mineralization of enamel (Lu 

et al. , 2008 ). Defects in this system lead to amelogenesis 

imperfecta, a disease characterized by a high protein 

content and incomplete mineralization of enamel, result-

ing in brittle and easily fractured teeth (Lu et al. , 2008 ). 

The activation of pro-KLK4 requires the hydrolysis of the 

bond between Gln and Ile and is unique in being the only 

pro-KLK where activation cleavage does not occur after 

a basic (i.e., Arg or Lys) residue. This Gln-Ile bond is not 

hydrolyzed by any known serine type protease (including 

KLKs) and appears uniquely dependent upon MMP-20. 

MMP-3 (a stromelysin) has been reported to be capable of 

also activating pro-KLK4 (Beaufort et al. , 2010 ); however, 

this report did not include an MMP-20 control or a deter-

mination of kinetic constants; thus, the relative efficiency 

of activation of pro-KLK4 by MMP-3 remains to be deter-

mined. MMP-20 is also capable of degrading amelogenin, 

a major secreted enamel matrix protein. The cleavage 

specificity of porcine MMP-20 toward porcine and murine 

amelogenin includes Ser-Met, Phe-Ser, Pro-Leu, Pro-Ala, 

Ala-Leu, Trp-Leu, Pro-Met, His-His, and Ser-Gln bonds 

(Ryu et al. , 1999 ; Nagano et al. , 2009 ). MMP-20 has also 

been shown to cleave aggrecan interglobular domain 

protein at an Asn-Phe bond (Stracke et al. , 2000 ). Cleavage 

of pro-KLK1 – 4, 6, 7, 9, 11, and 15 pro-peptide requires the 

hydrolysis of the bond between Arg and Ile, Gln and Ile, 

Lys and Leu, Lys and Ile, or Arg and Ala. Thus, MMP-20 is 

remarkable in its broad specificity of hydrolysis. However, 

despite this apparent broad specificity, the cleavage by 

MMP-20 of the pro-KLK sequences appeared remarkably 

precise for the individual activation sites. 

 The structure of MMP-20 has been solved by solution 

NMR (Arendt et al. , 2007 ) and shows a large and generally 

hydrophobic S1 ′  binding pocket (which accommodates 

the substrate P1 ′  amino acid, with hydrolysis occurring 

between substrate P1 and P1 ′  positions). Additionally, a 

study of substrate P3-P3 ′  specificities of MMP-20, deter-

mined from the hydrolysis of a peptide library, demon-

strated broad specificity at each substrate position except 

the P1 ’  position, which exhibited the greatest discrimina-

tion and a preference for large hydrophobic residues (Turk 

et al. , 2006 ). Thus, an ability to accommodate hydrophobic 

P1 ′  substrate residues (as is the case with all pro-KLK acti-

vation sites) is consistent with the substrate-binding site 

structural features of MMP-20. However, the specific cleav-

age of pro-KLK5, 8, 10, and 12 – 14, which was not observed, 

requires similar hydrolyses after Arg-Ile, Lys-Val, Arg-Leu, 

Lys-Ile, or Lys-Leu bonds, and there is no obvious ration-

ale for the MMP-20 not to activate these other pro-KLKs. 

Available structural details for the pro-KLKs is limited 

to a single example (pro-KLK6; Gomis -Ruth et al., 2002 ) 

and shows that the pro-peptide of KLK6 is highly solvent 

exposed and flexible, and such accessibility and flexibi-

lity may be a requirement for efficient MMP-20 hydrolysis. 

Thus, a possible hypothesis for the inability of MMP-20 to 

activate pro-KLK5, 8, 10, and 12 – 14 is that their pro-peptide 

is structured in such a way as to prevent efficient cleav-

age; alternatively, secondary binding interactions (i.e., 

exosites) with the activatable pro-KLKs may participate to 

yield efficient hydrolysis. 

 MMP-20 exhibits tightly restricted tissue expression 

and has been identified from Northern blots as being 

expressed almost exclusively in the teeth (Bartlett et 

al. , 1996 ; Llano et al. , 1997 ), although a minor expres-

sion in intestine was identified using quantitative PCR 

methods (Turk et al. , 2006 ). The process of enamel for-

mation in the maturation of teeth occurs over a period 

of weeks to months. The catalytic efficiency of MMP-20 

for its pro-KLK4 substrate is on the order of 10 3  s -1   m  -1 , 

placing MMP-20 in the lower quartile of typical enzyme 

efficiencies (the median being 10 5  s -1   m  -1 ) (Bar -Even et al., 
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2011 ). However, this level of efficiency is perhaps appro-

priate given its functional role and the temporal process 

of enamelization. The results show that MMP-20 can 

exhibit greater efficiency in the activation of other pro-

KLKs (e.g., pro-KLK6) in comparison to its natural pro-

KLK4 substrate, and based upon the data presented 

herein, MMP-20 can be described as a potential  ‘ broad 

activator ’  of the KLK family (Figure  6  ). In this regard, the 

tight transcriptional control of MMP-20 to teeth limits 

its ability to activate pro-KLKs other than pro-KLK4. 

However, an abnormal expression of MMP-20 has been 

reported in tongue squamous cell carcinoma (Vaananen 

et al. , 2001 ), neoplastic epithelial cells of odonto-

genic tumors (Takata et al. , 2000 ; Vaananen et al. , 

2004 ), and adamantinomatous craniopharyngioma 

(Sekine et al. , 2004 ). Furthermore, although MMP-20 

expression in kidney has not been reported, single-

nucleotide polymorphisms of MMP-20 have a statisti-

cally significant association with normal kidney aging 

(Wheeler and Kim , 2012 ). The KLKs are widely distri-

buted in most tissues, and the dysregulation of MMP-20 

associated with pathological conditions can potentially 

lead to a broad activation of the KLK axis (notably, the 

submandibular gland and kidney are rich sources of 

expression of the KLKs; Shaw and Diamandis , 2007 ), 

and multiple KLKs have been identified as elevated in 

squamous cell carcinomas of the oral cavity (Pettus 

et al. , 2009 ). 

 The intersection of the KLK axis with the throm-

bostasis axis under conditions of vascular injury or 

pathology has previously be proposed from  in vitro  

activation relationships, with plasmin identified as 

a notable broad activator of the pro-KLKs (Yoon et 

al. , 2008 ). Based upon the data herein, we propose a 

similar functional intersection between the KLKs and 

the MMPs, principally demonstrated for MMP-20 and 

associated with dysregulated expression. Based upon 

studies of the cross-activating potential of the KLKs (i.e., 

the KLK activome), a dysregulated activation of one or 

more KLKs can potentially initiate a broader cascade 

of KLK activation (Cassim et al. , 2002 ; Brattsand et al. , 

2005 ; Pampalakis and Sotiropoulou , 2007 ; Yoon et al. , 

2007 ). These studies suggest important avenues for 

additional investigation aimed at elucidating the func-

tional significance of the novel activation relationships 

among MMP-20, KLK1, and KLK6 identified for the first 

time in this study. For example, given the significance of 

MMP-20 to normal tooth enamel formation, it is impor-

tant to definitively establish whether KLK1 and KLK6 

are present in developing or adult teeth and therefore 

positioned to play novel roles. In addition, although the 

expression of MMP-20 appears tightly restricted under 

normal physiological conditions, additional study is 

needed to determine its expression in disease, particu-

larly in cancers where the KLKs are already known to 

play pathophysiological roles. For example, in addition 

to elevations in MMP-20 in oral cancer, there are also 

reports of its expression in laryngeal cell squamous car-

cinoma (Liu et al. , 2011 ) and in breast cancer cell lines 

(Heged  ü s et al., 2008 ). Given the suspected roles of 

elevated KLK6 in breast cancer (Anisowicz et al. , 1996 ; 

Pampalakis et al. , 2009 ), a possible functional role for 

MMP-20 as an activator of KLK6 in this context, warrants 

further study.  

  Materials and methods 

  Matrix metalloproteinases 
 MMP-1, 2, 7 – 10, 12, and 13 were obtained from R&D Systems (Min-

neapolis, MN, USA). Recombinant human MMP-20 was expressed 

in BL21  Escherichia coli , purifi ed and activated following previously 

described methods (Li et al. , 1999 ; Wang et al. , 2006 ). This set in-

cludes the representative members of the collagenases (MMP-1, 8, 

and 13), gelatinases (MMP-2,9), stromelysins (MMP-10), and hetero-

geneous MMPs (MMP-7, 12, and 20). The activity of each MMP was 

validated using the manufacturer ’ s instructions. The enzymatic 

activity of MMP-9 was validated by its ability to cleave the fl uoro-

genic peptide substrate Mca-Pro-Leu-Gly-Leu-Dpa-AlaArgNH 
2
 . 

Following the manufacturer ’ s instructions, 0.02  μ g of MMP-9 was 

incubated with 10  μ  m  Mca-Pro-Leu-Gly-Leu-Dpa-AlaArgNH 
2
  peptide 

in 50 m m  Tris, 10 m m  CaCl 
2
 , 150 m m  NaCl, 0.05 %  Brij-35 (w/v) at pH 

7.5. The hydrolysis of the fl uorescent substrate was quantifi ed using 

excitation and emission wavelengths of 320 and 405 nm, respec-

tively. Similarly, the activity of MMP-10 was validated by its ability 

to cleave the fl uorogenic peptide substrate Mca-Arg-Pro-Lys-Pro-

Val-Glu-Nval-Trp-Arg-Lys(Dnp)-NH 
2
 . Following the manufacturer ’ s 

 Figure 6    Gray-scale  ‘ heat map ’  for the correct activation cleavage of pro-KLK fusion proteins by MMP-20 (PBS, pH 7.4, 24 h). 

 White indicates 0 %  hydrolysis, and black indicates 100 %  hydrolysis (as quantified by gel densitometry; Supplementary Table 1). The white 

 ‘ X ’  is used to indicate the activation relationships confirmed by kinetic analyses of activation of recombinant pro-KLK proteins by MMP-20.    
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instructions, 0.1  μ g of MMP-10 was incubated with 10  μ  m  Mca-Arg-

Pro-Lys-Pro-Val-Glu-Nval-Trp-Arg-Lys(Dnp)-NH 
2
  peptide in 50 m m  

Tris, 10 m m  CaCl 
2
 , 150 m m  NaCl, 0.05 %  Brij-35(w/v), pH 7.5. The 

hydrolysis of the fl uorescent substrate was quantifi ed using excita-

tion and emission wavelengths of 320 and 405 nm, respectively. The 

specifi c activity of both MMP-9 and MMP-10 was in agreement with 

the manufacturer ’ s stated specifi c activity.  

  Pro-KLK fusion proteins 
 The quantitation of proteolytic specifi city toward the 15 diff erent 

KLK pro-peptide sequences was evaluated using a previously de-

scribed KLK pro-peptide fusion protein construct (Yoon et al. , 2007, 

2008, 2009 ). Briefl y, the individual amino-terminus pro-peptide 

region of the 15 KLKs (comprising all  ‘ P ’  positions through the 

P6 ′  position, in addition to an N-terminus 6x-His tag) was fused 

to the N-terminus of a highly soluble and protease-resistant car-

rier protein (a mutant form of fi broblast growth factor 1). This 

carrier protein provides solubility to each KLK pro-peptide, a 

highly solvated and unstructured N-terminus (as observed for 

the pro-KLK N-terminus; Gomis -Ruth et al., 2002 ), rapid produc-

tion from an  E. coli  expression host, and a mass diff erential upon 

pro-peptide hydrolysis that permits rapid evaluation using SDS-

PAGE. In the case of the pro-KLK4 sequence, a native Cys residue 

at position P3 was substituted by Ser to avoid potential disulfi de 

bond-mediated dimer formation. All expression and purifi cation 

steps were performed as previously described (Yoon et al. , 2007 ). 

The purifi ed pro-KLK fusion protein (1.0 mg/ml) was exchanged 

into 20 m m  sodium phosphate, 0.15  m  NaCl [phosphate-buff ered 

saline (PBS)], pH 7.4, fi ltered through a 0.2- μ m fi lter (Whatman, 

Florham Park, NJ, USA), snap-frozen in dry ice/ethanol, and stored 

at -80 ° C before use. The samples of all pro-KLK fusion proteins 

were subjected to self-incubation at a concentration of 50  μ  m  for 

24 h at 37 ° C, followed by SDS-PAGE analysis, to confi rm the absence 

of contaminating expression host proteases.  

  Pro-KLK fusion protein hydrolysis assay 
 Pro-KLK fusion proteins and MMPs were diluted into PBS, pH 7.4, 

and combined in a 100:1 molar ratio, respectively, with a fi nal 

pro-KLK fusion protein concentration of 40  μ  m . Samples were in-

cubated at 37 ° C for either 1 or 24 h, aft er which they were imme-

diately added to the SDS-sample buff er and boiled to halt the re-

action. The digestion samples (5.0  μ g) were subsequently resolved 

using 16.5 %  Tricine SDS-PAGE and visualized by staining with 

Coomassie brilliant blue. The stained gels were scanned, and the 

extent of hydrolysis was quantifi ed against pro-KLK fusion protein 

standards using UNSCAN-IT densitometry soft ware (Silk Scien-

tifi c, Orem, UT, USA). The pro-KLK fusion proteins that exhibited 

proteolytic cleavage were subjected to MALDI-TOF mass spectrom-

etry analysis using a matrix of  α -cyano-4-hydroxycinnamic acid 

and performed on an Axima CFR-plus mass spectrometer 

(Shimadzu & Biotech, Columbia, MD, USA). Those reactions exhib-

iting mass fragments inconsistent with the expected pro-peptide 

fragment were resolved on 16.5 %  Tricine SDS-PAGE, electro-blotted 

onto polyvinylidene difl uoride membrane, and subjected to amino-

terminal peptide sequencing using an Applied Biosystems Procise 

model 492 protein sequencer (Applied Biosystems, Foster City, CA, 

USA).  

  Pro-KLK proteins 
 The recombinant pro-KLK1, pro-KLK2, pro-KLK4, pro-KLK6, and 

pro-KLK6/R74E/R76Q mutant were recombinantly expressed from 

human embryonic kidney epithelial cells (HEK293) as previously 

described (Blaber et al. , 2007 ). Briefl y, these recombinant proteins 

were expressed with the addition of a C-terminal Strep-tag and His-

tag, respectively. The KLK C-terminus is essentially antipodal to 

the N-terminus, and as such, short C-terminal tags do not interfere 

with the N-terminal pro-region (Bernett et al. , 2002 ; Gomis -Ruth et 

al., 2002 ). The complementary DNA encoding human pre-pro-KLKs 

was cloned into the pSecTag2/HygroB expression vector (Invitro-

gen, Carlsbad, CA, USA). In this construct, the native secretion sig-

nals were used to direct the secretion into the culture media. The 

HEK293 culture media was harvested 2 days aft er transfection, and 

the pro-KLK protein was purifi ed by sequential nickel- and Strep-

Tactin-affi  nity chromatography (Qiagen, Valencia, CA, USA). The 

purity and homogeneity of recombinant pro-KLK proteins were 

evaluated by 16.5 %  Tricine SDS-PAGE and N-terminal sequencing. 

Purity was determined by gel scanning densitometry to be   >  95 %  in 

each case. The absence of contaminating host protease activity was 

confi rmed by the lack of degradation (as determined by 16.5 %  Tri-

cine SDS-PAGE) aft er extended (6-h) self-incubation at 50  μ  m , 37 ° C, 

and pH 8.0.  

  Pro-KLK activation assay 
 The determination of kinetic constants of activation of pro-KLK pro-

teins by MMP-20 used a coupled assay involving separate activation 

and detection steps. In the activation step, pro-KLK protein (50 – 1500 

n m ) was incubated with a catalytic amount (2 n m ) MMP-20 and in-

cubated in 20 m m  sodium phosphate, 0.15  m  NaCl, pH 7.4 (PBS) at 

37 ° C for an extended period (1 – 6 h). The resulting pro-KLK substrate/

MMP-20 enzyme ratio therefore varied between 25:1 and 750:1. The 

exact time of incubation for activation was selected so that   <  15 %  

of the pro-KLK substrate was hydrolyzed at the end of the activa-

tion step; thus, the reaction proceeded under conditions of pseudo-

constant concentration. In the detection step, the amount of activat-

ed KLK was determined using a fl uorescent substrate (Boc-VPR-AMC; 

R&D Systems) in PBS at 25 ° C, and a standard curve was generated 

using known concentrations of mature KLK protein. Mature KLK pro-

tein was recombinantly produced using a construct substituting an 

enterokinase recognition sequence for the native pro-KLK sequence, 

thus enabling effi  cient activation by enterokinase (as previously de-

scribed; Blaber et al. , 2002 ; Yoon et al. , 2007 ). The detection step was 

short (5 min) so as to eff ectively assay only the pro-KLK produced 

in the activation step and not any additional amount produced in 

the detection step. The concentration of Boc-VPR-AMC (100  μ  m ) 

and 5-min incubation time in the detection step was chosen so as to 

limit the hydrolysis of Boc-VPR-AMC to   <  10 % ; thus, this step of the 

reaction also proceeded under conditions of pseudo-constant sub-

strate concentration. The maximum practical concentration of Boc-

VPR-AMC is 100  μ  m  because any intermolecular quenching above 

this concentration results in nonlinear eff ects. Fluorescence signal 
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was quantifi ed using a Cary Eclipse fl uorescence spectrophotometer 

(Agilent Technologies, Santa Clara, CA, USA) with an excitation 

wavelength of 380 nm and an emission detection at 460 nm. Dif-

ferent pro-KLK substrate concentrations in the activation step were 

used to plot the activation rate vs. substrate relationships. In this 

regard, although pro-KLK substrate concentrations spanning both 

sides of the apparent  K  
m

  value were desirable, 1500 n m  was a practi-

cal upper limit due to the solubility and amounts of purifi ed protein 

available. Reaction rate vs. pro-KLK substrate concentration were 

analyzed using standard Michaelis-Menten kinetics, implemented 

in the nonlinear curve-fi tting soft ware Datafi t (Oakdale Engineering, 

Oakdale, PA, USA).    
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