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ABSTRACT 

Kallikrein-related peptidase 6 (KLK6 for human; Klk6 for mouse) is a trypsin-like serine 

protease, member of the family of kallikrein-related (KLKs) serine proteases. Certain KLKs 

have been linked to various diseases, including autoimmune and inflammatory skin diseases, 

neurodegeneration, and multiple types of cancer. In particular KLK6 was found dysregulated 

in several cancer types, as well as in Parkinson disease and Alzheimer’s disease. Until now, 

little progress has been achieved in establishing specific inhibitors for the KLK6 protease. 

On the other hand, Activity-Based Probes (ABPs) are chemical molecules that bind 

specifically to the active form of an enzyme but not to its inactive forms, e.g. the 

corresponding pro-enzyme, etc. Thus, ABPs are unique tools for detection and quantification 

of active enzymes with various applications as research and molecular diagnostic tools. 

ABPs can also act as inhibitors their specific protease, thus, they provide opportunities for 

the development of theranostic agents. Typically, ABPs are comprised of [a] a reactive group 

that binds to the active site of the enzyme, [b] a recognition sequence or linker, which 

interacts selectively with the side pockets of the recognized protease, and [c] a detection tag, 

typically a fluorophore or biotin. The main aim of this study was to evaluate two KLK6-

ABP-inhibitors that are phosphonate derivatives of arginine for their inhibitory activity and 

selectivity against active KLK6 but not against other KLK proteases that are co-expressed in 

human skin (and other tissues) like KLK5 and KLK13, for example. For this, rKLK6 R80Q, 

rKlk6 and rKLK5 were produced in the yeast Pichia pastoris and purified to homogeneity 

by a two-step chromatography protocol, i.e. by hydrophobic interaction chromatography 

followed by cation exchange chromatography. The activity of the purified recombinant 

proteins was confirmed by gel zymography and also against the fluorogenic protease 

substrate Z-Arg-Phe-AMC. Following, the inhibitory activity of two synthetic compounds, 

i.e. benzyl(1-(diphenoxyphosphoryl)-4guanidino butyl)carbamate (Z-Arg(P)-(OPh)2) and 

diphenyl(1-amino4guanidinobutyl) phosphonate (H2N-Arg(P)-(OPh)2) against the purified  

recombinant proteases was assayed and kinetic constants were calculated. Indeed, we found 

that both these compounds can inhibit KLK6 activity efficiently, nevertheless, they could 

also inhibit trypsin, suggesting lack of selectivity for KLK6. The benzyl(1-(diphenoxy 

phosphoryl)-4-guanidinobutyl)carbamate was a more potent inhibitor than the diphenyl(1-

amino-4-guanidinobutyl)phosphonate, and the calculated kinact/KI constants were 1987.43 M-

1 s-1 and 65 M-1 s-1, respectively.  



 
 

viii 
 

As part of the current study, a sandwich ELISA specific for KLK6 was developed using three 

commercial α-KLK6 antibodies and one α-KLK6 IgYs polyclonal produced in-house 

(Sotiropoulou et al., 2012), that were compared in parallel to optimize the assay. The 

established ELISA exhibited a dynamic range of 3-35 ng/ml and a lower detection limit of 

1.3 ng/ml. This ELISA assay will find wide applications for the quantification of KLK6 in 

biological fluids but also in clinical samples given that aberrant KLK6 expression/activity 

has been associated with various human diseases. While total, i.e. active + inactive KLK6 in 

a given sample can be quantified by the developed ELISA, the % corresponding to the active 

KLK6 enzyme in the same sample can be quantified by a KLK6-ABP based ELISA.  In 

conclusion, synthetic phosphonate analogs of arginine proved potent but not selective 

inhibitors of KLK6. Modification of these compounds is ongoing to achieve selectivity, 

which may eventually lead to an optimized KLK6-ABP-inhibitor for theranostic purposes.  
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ΠΕΡΙΛΗΨΗ   

Η ανθρώπινη καλλικρεΐνη 6 (KLK6, human kallikrein-related peptidase 6 και Klk6, mouse 

kallikrein-realated peptidase 6) είναι μια σερινοπρωτεάση τύπου θρυψίνης, και μέλος της 

οικογένειας των ανθρώπινων καλλικρεϊνών (KLKs). Ορισμένες KLKs έχουν συνδεθεί με 

ποικίλες ασθένειες, όπως αυτοάνοσα νοσήματα και φλεγμονώδεις δερματικές παθήσεις, 

νευροεκφυλιστικές ασθένειες και διάφορους τύπους καρκίνου. Συγκεκριμένα, η έκφραση 

της πρωτεάσης KLK6 έχει βρεθεί  απορρυθμισμένη σε διάφορους τύπους καρκίνου, καθώς 

και στην νόσο του Parkinson και την νόσο Alzheimer. Μέχρι τώρα, έχει σημειωθεί μικρή 

πρόοδος στην ανάπτυξη ειδικών αναστολέων για την πρωτεάση KLK6. Οι ιχνηθέτες 

ενεργότητας ABPs (Activity-Based Probes) είναι χημικά μόρια που συνδέονται ειδικά με τη 

δραστική μορφή ενός ενζύμου αλλά όχι με τις ανενεργές μορφές του, όπως π.χ. το αντίστοιχο 

προ-ένζυμο, κ.λπ. Έτσι, οι ιχνηθέτες ABP είναι μοναδικά εργαλεία για την ανίχνευση και 

τον ποσοτικό προσδιορισμό αποκλειτικά της ενεργής μορφής ενός ενζύμου με διάφορες 

εφαρμογές ως ερευνητικά και μοριακά διαγνωστικά εργαλεία. Οι ιχνηθέτες ABPs μπορούν, 

επίσης, να δράσουν ως ειδικοί αναστολείς της πρωτεάσης που αναγνωρίζουν, έτσι, μπορούν 

να αξιοποιηθούν για την ανάπτυξη θεραπευτικών παραγόντων. Συνήθως, οι ιχνηθέτες ΑΒΡs 

αποτελούνται από [α] μια ομάδα, η οποία αλληλεπιδρά ειδικά με το ενεργό κέντρο του 

ενζύμου, [β] μια ακολουθία αναγνώρισης (ή συνδέτη), η οποία αλληλεπιδρά με τις πλευρικές 

θέσεις της πρωτεαάσης, και [γ] μια ετικέτα ανίχνευσης, που τυπικά είναι ένα φθορίζον μόριο 

ή βιοτίνη. Ο κύριος στόχος αυτής της μελέτης ήταν να αξιολογηθούν δύο KLK6-ABP-

αναστολείς που είναι παράγωγα φωσφονικού άλατος της αργινίνης, ως προς την 

ανασταλτική δράση και την εκλεκτικότητά τους έναντι της KLK6, αλλά όχι έναντι άλλων 

KLK ενζύμων που συν-εκφράζονται στο ανθρώπινο δέρμα (καθώς και σε άλλους ιστούς), 

όπως οι πρωτεάσες KLK5 και KLK13. Για τον σκοπό αυτό, οι ανασυνδυασμένες ενεργές 

πρωτελασες rKLK6 R80Q, rKlk6 και rKLK5 παρήχθησαν στην ζύμη Pichia pastoris και 

ακολούθως καθαρίσθηκαν με πρωτόκολλο χρωματογραφίας δύο σταδίων, δηλαδή με 

χρωματογραφία υδρόφοβων αλληλεπιδράσεων ακολουθούμενη από ιοντοανταλλακτική 

χρωματογραφία κατιόντων. Η ενεργότητα των καθαρισμένων ανασυνδυασμένων πρωτεϊνών 

επιβεβαιώθηκε με ζυμογραφία πηκτής, καθώς και με το φθορίζον συνθετικό υπόστρωμα Z-

Arg-Phe-AMC. Στην συνέχεια, προσδιορίσθηκε η ανασταλτική ικανότητα δύο συνθετικών 

ενώσεων, δηλαδή του βενζυλο(1-(διφαινοξυφωσφορυλο)-4γουανιδινοβουτυλο)καρβαμικού 

άλατος (Z-Arg(P)-(OPh)2) και του διφαινύλιο(1-αμινο4γουανιδινοβουτύλιο)φωσφονικού 
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άλατος (H2N-Arg(P)-(OPh)2), έναντι των παραχθέντων πρωτεασών, και υπολογίσθηκαν οι 

κινητικές σταθερές. Πράγματι, βρέθηκε ότι και οι δύο αυτές ενώσεις αναστέλλουν 

αποτελεσματικά την ενεργότητα της KLK6, αλλά επίσης αναστέλλουν την θρυψίνη, 

υποδηλώνοντας ότι δεν είναι εκλεκτικοί για την πρωτεάση KLK6. Το βενζυλο(1- (διφαινοξυ 

φωσφορυλο)-4-γουανιδινοβουτυλο) καρβαμικό άλας ήταν πιο ισχυρός αναστολέας από το 

διφαινυλ(1-αμινο-4-γουανιδινοβουτυλο) φωσφονικό, και οι σταθερές Kinact/ΚΙ  που 

υπολογίσθηκαν ήταν 1987.43 Μ-1 s-1 και 65 Μ -1 s-1, αντίστοιχα. Τέλος, στο πλαίσιο της 

τρέχουσας μελέτης, αναπτύχθηκε μία τεχνική ELISA τύπου σάντουιτς ειδική για την KLK6, 

χρησιμοποιώντας τρία εμπορικώς διαθέσιμα αντισώματα α-KLK6 και ένα πολυκλωνικό 

αντίσωμα α-KLK6 IgYs που είχε παραχθεί προηγούμενα (Sotiropoulou et al., 2012), τα 

οποία συγκρίθηκαν παράλληλα προς βελτιστοποίηση της δοκιμής. Η αναπτυχθείσα δοκιμή 

ELISA είχε δυναμικό εύρος μέτρησης 3-35 ng/ml και κατώτατο όριο ανίχνευσης στα 1,3 

ng/ml, και μπορεί να βρει ευρείες εφαρμογές για τον ποσοτικό προσδιορισμό του ενζύμου 

KLK6 σε βιολογικά υγρά, αλλά και σε κλινικά δείγματα δεδομένου ότι η έκτοπη 

έκφραση/ενεργότητα της πρωτεάσης KLK6 έχει συσχετισθεί με διάφορες ανθρώπινες 

ασθένειες. Ενώ η ολική (ενεργή+ ανενεργές μορφές) πρωτεΐνη KLK6 σε ένα δείγμα μπορεί 

να ποσοτικοποιηθεί με την αναπτυχθείσα δοκιμή ELISA, το % που αντιστοιχεί στο ενεργό 

ένζυμο KLK6 στο ίδιο δείγμα είναι δυνατόν να ποσοτικοποιηθεί μόνον με δοκιμή τύπου-

ELISA, όπου αντί αντισώματος χρησιμοποιείται ειδικός ιχνηθέτης KLK6-ABP. 

Συμπερασματικά, τα συνθετικά φωσφονικά ανάλογα της αργινίνης που δοκιμάσθηκαν 

αποδείχθηκαν ισχυροί αλλά όχι εκλεκτικοί αναστολείς της ενεργότητας της πρωτεάσης 

KLK6. Η χημική τροποποίηση των ενώσεων που μελετήθηκαν βρίσκεται σε εξέλιξη για να 

επιτευχθεί η σύνθεση εκλεκτικών αναστολέων της KLK6, η οποία μπορεί να οδηγήσει στην 

τελική παραγωγή βελτιστοποιημένου αναστολέα KLK6-ABP για θεραποδιαγνωστικούς 

σκοπούς. 
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ABBREVIATIONS  

aa, amino acid 

ab, antibody 

ABP, activity-based probe 

AD, Alzheimer’s disease 

AMC, 7-amino-4-methylcoumarin 

APP, amyloid precursor protein  

APPI, amyloid precursor protein kunitz protease inhibitor domain  

BAEE, Na-benzoyl-L-arginine ethyl ester   

BBI, bowman-birk inhibitor  

bp, base pairs  

BPTI, bovine pancreatic trypsin inhibitor 

CNS, central nervous system 

CSF, cerebrospinal fluid  

EAE, experimental autoimmune encephalomyelitis  

ECM, extracellular matrix 

ELISA, enzyme-linked immunosorbent assay 

EMT, epithelial-to-mesenchymal transition 

FRET, fluorescence resonance energy transfer 

HIC, hydrophobic interaction chromatography 

HSCTE, human stratum corneum tryptic enzyme 

KLKs, tissue kallikrein-related peptidases 

LEKTI, lympho epithelial Kazal-type related inhibitor 

MBP, myelin basin protein  

MMHN, mucosal melanomas of head and neck  

MMPs, matrix metalloproteinases 

MS, multiple sclerosis  

MSP, myelencephalon specific protein 

NS, Netherton syndrome  

NSCLC, non-small cell lung cancer  

NSSC, neck squamous cell carcinoma  

PARs, proteinase-activated receptors 

PCR, polymerase chain reaction 
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PD, Parkinson’s disease  

pI, isoelectric point 

PSA, prostate specific antigen 

PSSB, peeling skin syndrome type B 

RCC, renal cell carcinoma  

rpm, revolutions per minute 

SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

SCCE, stratum corneum chymotryptic enzyme 

SPINK5, serine protease inhibitor Κazal-type 5 

TAME, Na-tosyl-L-arginine methyl ester  

TPA, 12-O-tetradecanoyl-phorbol-13-acetate 

VaD, vascular dementia  
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KALLIKREIN-RELATED PEPTIDASES  

Kallikrein-related peptidases (KLKs) represent the largest family of serine proteases in the 

human genome. The KLK genes are tandemly arranged on human chromosomal locus 

19q13.3-13.4 uninterrupted by non-KLK genes (Figure 1A; Lundwall et al., 2006). 

Normally, they are expressed in diverse tissues and regulate various biological functions 

such as epidermal desquamation and semen liquefaction. The KLK family consists of 15 

enzymes, that exhibit trypsin-like activity (KLK1, 2, 4, 5, 6, 8, 13, and 15), chymotrypsin-

like activity (KLK3, 7, and 9) or mixed-type activity (KLK11 and KLK14) (Sotiropoulou 

and Pampalakis, 2009). 

 

Α 

 
 
Β 
 
 
 
 

Figure 1. The KLK family of serine proteases.  

A, Schematic representation of the human KLK cluster located on human chromosome 
19q13.3-13.4. KLKs are tandemly arranged as an uninterrupted cluster and depicted as blue 
triangles. Ψ represents the KLK pseudogene, and is depicted as a yellow triangle. 

B, Schematic representation of the KLK protein structure. KLKs are synthesized as pre-pro-
enzymes (adapted from Sotiropoulou and Pampalakis, 2012).  

 

KLKs are comprised of 244-253 amino acid residues and share a 40% protein identity. All 

KLK proteases are encoded as inactive pre-pro-enzymes (Figure 1B). Upon removal of the 

N-terminal pre-peptide, pro-KLK zymogens are directed for secretion. KLKs are activated 

by subsequent cleavage of the pro-peptide. That takes place by other proteases, by 

Pre 
(16-33 aa) 
 

Pro 
(3-37 aa) 
 

Mature protein 
(224-252 aa) 
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autoactivation or by other activated (mature) KLKs in a cascade manner termed the ‘KLK 

activome’. This term describes the network of activation of pro-KLKs by other mature 

KLKs (Yoon et al., 2009). 

KLKs have been implicated in many physiological functions, while their dysregulation has 

been associated with certain pathological conditions, such as neurodegeneration, skin 

desquamation, inflammation, and various malignancies (Sotiropoulou and Pampalakis, 

2012). Aberrant expression of specific KLKs was observed in many cancer types, 

suggesting that these KLKs can be exploited as cancer biomarkers and/or therapeutic targets 

for certain malignancies. For instance, KLK3, known as Prostate Specific Antigen (PSA) is 

the most a widely known biomarker for prostatic adenocarcinoma with clinical applications 

in diagnosis and monitoring of prostate cancer (Lilja et al., 2008). Furthermore, many KLKs 

are implicated in cancer invasion and metastasis. Moreover, KLKs can degrade components 

of the extracellular matrix (ECM) and contribute to the induction of Epithelial-to-

Mesenchymal-Transitions (EMTs), a significant step in cancer metastasis (Borgoño and 

Diamandis, 2004; Pampalakis et al., 2009).   

The implication of KLKs in skin pathophysiology was revealed from studies in Netherton 

Syndrome (NS), a severe rare skin condition caused by deficiency of the endogenous 

protease inhibitor LEKTI (Lympho-Epithelial Kazal-Type-related Inhibitor) (Chavanas et 

al., 2000). Unopposed epidermal KLK activities especially KLK5 and KLK7 caused by 

defective LEKTI, causes pathological overdesquamation, resulting in severe skin barrier 

defect resulting in increased dehydration and in epidermal inflammation (Hovnanian, 2013). 

In addition, overexpression of KLK5, 6, 7, 8, 10, 13, and 14 was observed in the upper levels 

of the epidermis in AD (Atopic Dermatitis) skin lesions and the serum of AD patients 

(Komatsu et al., 2007a). Further, levels of all KLKs were elevated in the epidermis and 

serum of patients with erythrodermic psoriasis, psoriasis vulgaris and arthropathic psoriasis 

(Komatsu et al., 2007b). 

KLKs are also implicated in innate immunity and allergies (Sotiropoulou and Pampalakis, 

2010). Experimental evidence suggested that both KLK13 and KLK7 are associated with 

Sjögren’s syndrome and are highly upregulated in animal models recapitulating the disease 

(Takada et al., 2005). Further, KLK3 and KLK1 are involved in lupus nephritis, an 

autoimmune disease, in which they were demonstrated to exert a nephroprotective role (Liu 

et al., 2009). KLK3 has been identified as a potent allergen to human seminal plasma allergy 
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(Weidinger et al., 2006). KLKs have also been linked with pulmonary diseases (Lenga Ma 

Bonda et al., 2018). KLK1 is associated with asthma and allergic rhinitis pathogenesis and 

is found elevated in bronchoalveolar lavage alongside with kininogenase activity 

(Christiansen et al., 1992). Recently, overexpression of KLK14 was observed in asthma 

patients’ bronchial biopsies, and thus was linked with severe asthma (Aubier et al., 2016). 

KLK14 could play a major role in semen liquefaction. Lower levels of KLK14 were 

associated with clinically prolonged liquefaction and asthenospermia (Emami et al., 2008). 

Given the presented evidence, KLKs as biomarkers or drug-targets for diagnosis, prognosis 

and treatment are of interest.   
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KALLIKREIN-RELATED PEPTIDASE 6 

Cloning and biochemical characterization 

Human kallikrein-related peptidase 6 (KLK6 or protease M/zyme/neurosin/hK6) was 

originally cloned by Anisowicz et al. (1996), using differential display, from a breast cancer 

cell line and was named protease M. A year later another group (Yamashiro et al., 1997) 

cloned KLK6 from a human colon adenocarcinoma cell line. The mRNA analysis using 

Northern blot and various human tissues suggested that it was expressed mostly in the brain 

and at lower levels in spleen, therefore it was named neurosin. The same year Little et al. 

(1997) found KLK6 in an AD (Alzheimer’s Disease) brain and named it zyme. Lastly, the 

same year, the rat orthologue of KLK6 or MSP (Myelencephalon Specific Protein) was 

cloned from a rat brain (Scarisbrick et al., 1997).  

 

 

                                                                                                                                                                     

 

 

 

Figure 2. The primary sequence of human KLK6.  

The KLK6 pre-pro-enzyme consists of 244 residues comprising a signal peptide of 16 amino 
acid residues (yellow), a pro-peptide of 5 residues (green) and the mature (active) enzyme 
of 233 residues. It is also depicted, the site of the primary autolytic cleavage of KLK6 at 
R80and E81 (turquoise) and the site of the secondary cleavage at R91 and A92 (purple). A 
glycosylation site at N134 is highlighted in red (adapted from Anisowicz et al., 1996).  

 

KLK6 encodes a single-chain protein that consists of 244 amino acid residues and is 

expressed as a pre-pro-enzyme, which is enzymatically inactive (Figure 2). It contains an 

N-terminal signal peptide of 16 amino acid residues that is cleaved off upon secretion. The 

pro-enzyme, which is referred to as zymogen, includes 5 amino acid residues (Glu17-Glu18-

Gln19-Asn20-Lys21). Following proteolytic removal of the pro-peptide, zymogen is 

transformed into the active enzyme (Bernett et al., 2002). Both the zymogen activation and 

enzyme inactivation are autocatalytic. Specifically, it was reported that the autoactivation 

of the protein is a two-step procedure. The bond Q19-N20 of the pro-peptide is cleaved and 

                         10                          20                         30                         40                       50 
MKKLMVVLSL  IAAAWAEEQN  KLVHGGPCDK TSHPYQAALY TSGHLLCGGV  
                        60                              70                    80                       90                      100 
LIHPLWVLTA  AHCKKPNLQV FL GKHNLRQR ESSQEQSSVV RAVIHPDYDA  
                        110                      120                     130                       140                        150 
ASHDQDIMLL   RLARPAKLSE   LIQPLPLERD   CSANTTSCHI   LGWGKTADGD  
                      160                       170                        180                         190                        200 
FPDTIQCAYI    HLVSREECEH   AYPGQITQNM   LCAGDEKYGK   DSCQGDSGGP  
                        210                        220                         230                         240  
LVCGDHLRGL   VSWGNIPCGS    KEKPGVYTNV    CRYTNWIQKT   IQAK  
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then, the remaining two residues (N20, K21) are removed to generate the mature enzyme 

(Bayés et al., 2004). In addition, KLK6 can autoproteolytically inactivate via a self-cleavage 

at R80-E81. A secondary auto-inactivation site at R91-A92 has also been identified. This auto-

inactivation proteolytic site is used when the main auto-inactivation site is absent (Bayés et 

al., 2004). Finally, KLK6 displays a glycosylation site at N134 (Bayés et al., 2004).  

The crystal structure of human active KLK6 was resolved at 1.75 Å (Bernett et al., 2002) 

and of pro-KLK6 at 1.8 Å (Gomis-Rüth et al., 2002). It was revealed, that KLK6 has an 

ellipsoid shape. The protein is folded into two close six-stranded β-barrels, two α-helices, 

two 310 helices and 8 loop regions (Figure 3). Notably, KLK6 lacks the “kallikrein loop”, a 

sequence of 11 amino acid residues located between the sixth and the seventh β-sheet of 

many KLKs (Bernett el al., 2002). The S1 binding pocket is defined by residues 189-195, 

214-220, 224-228 and the catalytic triad (H62, D104, S197), which is responsible for serine 

protease activity (Gomis-Rüth et al., 2002). KLK6 adopts a conformation that suggests a 

preference towards substrates with Arg at the P1 position rather than Lys (Gomis-Rüth et 

al., 2002). 
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     A                                                                      B 

            
 

Figure 3. Stereo ribbon plot of the KLK6 zymogen (pro-KLK6) and mature KLK6.  

A, Structure of KLK6 zymogen. The plot is orientated in the traditional serine protease 
orientation (looking into the active site cleft). All structural elements are depicted by arrows 
(β-sheets) and helices (α-helix). Also, N and C termini are displayed, as well as 
characteristic loops (adapted from Gomis-Rüth et al., 2002).   

B, Structure of active KLK6. The plot is orientated to show the active site cleft. At the 
center, the catalytic triad is portrayed (His57, Asp102, Ser195). Also, characteristic loop 
regions (92-102, 141-152, 172-178) are shown as well as the autolytic cleavage sites at 
Arg74 and Arg76 (chymotrypsin numbering) (adapted from Bernett et al., 2002). 
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The roles of KLK6 in various diseases 

Dysregulated expression of KLK6 is associated with multiple human diseases, including 

various cancer types and neurodegenerative diseases. In addition, it is implicated in 

inflammatory and skin disorders (Bayani and Diamandis, 2011). 

Cancer 

KLK6 expression levels appear significantly altered in certain malignancies such as ovarian 

and breast carcinomas (Anisowicz et al., 1996; Diamandis et al., 2003), uterine (Santin et 

al., 2005), pancreatic (Rückert et al., 2008), colorectal (Ogawa et al., 2005; Vakrakou, et 

al., 2014), gastric (Nagahara et al., 2005; Kolin et al., 2014), skin carcinomas (Khoury et 

al., 2018), gliomas (Lou et al., 2014), lung carcinomas (Heuzé-Vourc'h et al., 2009), head 

and neck cancer (Thierauf et al., 2017) and renal cell carcinoma (Petraki et al., 2006). 

Increased levels of KLK6 were detected in primary breast cancer cell lines (Anisowicz et 

al., 1996). Analysis of KLK6 levels in mammary, prostate and ovarian cancer cell lines and 

tissues, showed overexpression in mammary and ovarian carcinomas. These findings were 

corroborated by recent studies that demonstrated a correlation between high KLK6 serum 

levels and ovarian carcinoma progression (Diamandis et al., 2003). Additionally, KLK6 and 

KLK7 were found remarkably elevated in ovarian papillary serous carcinoma subtypes 

relative to normal tissues and were associated with early-stage onset of the disease (Tamir 

et al., 2014). Downregulation of KLK6 mRNA levels was observed in malignant breast 

cancer tissues compared to non-cancerous breast tissues, as well as a positive correlation 

with tumor grade (Haritos et al., 2018). 

High KLK6 levels were also associated with colorectal cancer (Yamashiro et al., 1997). 

Another research reported that KLK6 mRNA levels were highly upregulated in colorectal 

cancer tissues in relation to healthy tissues (Yousef et al., 2004). In addition, KLK6 

overexpression in malignant tissues was linked to serosal invasion, liver metastasis and 

advanced Duke's stage, as well as the overall survival of colorectal cancer patients (Ogawa 

et al., 2005). Overexpression of KLK6 was found in gastric cancer tissue biopsies (Nagahara 

et al., 2005). In another research, increased levels of KLK6 and KLK10 in gastrectomy 

specimens were associated with gastric cancer (Kolin et al., 2014). Recent evidence (Kim 

et al. 2012; Liu et al., 2013) showed that KLK6 expression levels are positively correlated 

with gastric cancer, vascular invasion and perineural invasion.  
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Correlation between KLK6 expression and pathological characteristics of gliomas, primary 

brain tumors derived from glial cells, has been established by Strojnik et al. (2009). KLK6 

was found downregulated in malignant tumors in contrary to benign gliomas (Strojnik et 

al., 2009). Later studies indicated an inhibitory effect of KLK6 to the development of 

gliomas (Lou et al., 2014).     

KLK6 expression was examined in tissues from patients with NSCLC (Non-Small Cell 

Lung Cancer) and was found upregulated, especially in adenocarcinoma and squamous cell 

carcinoma specimens (Heuzé-Vourc’h et al., 2009). Moreover, high levels of KLK6 were 

found to play a part in disease’s progression and thus could be proposed as prognostic factor 

for patients with NSCLC (Michel et al., 2014). 

Head and neck cancer, a rare and aggressive type of cancer that locates in the nasal cavity, 

paranasal sinuses, oral cavity and salivary glands has been linked with aberrant expression 

of KLK6. KLK6 is expressed in salivary glands and in salivary gland tumors. The 

expression of KLK6 was decreased compared to normal tissues (Darling et al., 2006). Low 

KLK6 levels were detected in HNSCC (Head and Neck Squamous Cell Carcinoma) cell 

lines, suggesting a tumor protective role of KLK6 in HNSCC (Schrader et al., 2015). High 

levels of KLK6 were observed in MMHN (Mucosal Melanomas of Head and Neck) 

patients’ tissues and correlated with disease progression (Thierauf et al., 2017).  

KLK6 levels were found reduced in RCC (Renal Cell Carcinoma) tissues, in comparison to 

normal kidney tissues (Petraki et al., 2006). A recent research showed that decreased levels 

of KLK6 alongside with KLK7 in high grade RCC tumors (Gabril et al., 2010). KLK6 

displays increased expression levels in squamous skin tumors. Specifically, KLK6 

expression was positively associated with malignant tumors’ progression in human skin 

cancer tissues (Klucky et al., 2007). A study of human melanoma tissues revealed absence 

of KLK6 expression by melanoma cells but high KLK6 expression in adjacent keratinocytes 

and stromal cells (Krenzer et al., 2011). In addition, KLK6 was appraised to be implicated 

in malignant progression and metastasis of human melanoma (Krenzer et al., 2011). In non-

melanoma skin cancer, high KLK6 protein levels were correlated with tumor formation and 

progression. Specifically, Klk6-deficient mice were resistant in chemically induced skin 

tumorigenesis in contrast to WT mice (Khoury et al., 2018).  
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Neurodegenerative diseases 

KLK6 was established as mostly distributed in normal CNS, notably in adult spinal cord, 

brain stem, cerebral cortex, choroid plexus and hypothalamus (Petraki et al., 2001). KLK6 

was originally found to be involved in brain pathologies by Little et al. (1997). These 

findings showed that KLK6 was involved in AD (Alzheimer’s disease), by processing the 

Amyloid Precursor Protein (APP) and led to the detection of amyloid fragments. 

Corroborating evidence showed that KLK6 protein levels were depleted in AD patients’ 

biopsy specimens (Ashby et al., 2010) and patients’ plasma (Menendez-Gonzalez et al., 

2008). In addition, KLK6 expression levels in VaD (Vascular Dementia) brain tissues were 

reported upregulated (Ashby et al., 2010). More recent results however conflict with the 

previous findings. Specifically, KLK6 levels were found increased in plasma and CSF of 

patients with advanced AD (Patra et al., 2018). In another research, both KLK6 and KLK10 

displayed high protein levels in AD patients CSF (Goldhardt et al., 2019). 

KLK6 is also involved in other CNS diseases, like Parkinson’s disease (PD) and other 

synucleinopathies. These neurodegenerative diseases are caused by dysregulation of α-

synuclein, a protein that forms fibrils and accelerates PD pathology. KLK6 can degrade α-

synuclein and play a key role in the pathophysiology of PD (Iwata et al., 2003; Ximerakis 

et al., 2014). The cleavage of a-synuclein by KLK6 was suggested to involve the activation 

of proMMP2 and ADAMTS19 proteases in a cascade manner (Pampalakis et al., 2017). 

KLK6 was associated with MS (Multiple Sclerosis) and the demyelination process 

(Scarisbrick et al., 2002). Significantly increased KLK6 protein levels were detected in 

patient’s serum compared to healthy individuals (Hebb et al., 2010). Systemic 

administration of rKlk6 in mice led to clinical symptoms of Experimental Autoimmune 

Encephalomyelitis (EAE), the experimental model of MS in mice (Yoon et al., 2016). In 

another research, induction of EAE in Klk6-/- and WT mice was conducted, and the findings 

revealed a critical role of KLK6 in the pathogenesis of EAE through activation of proMMP-

9 (Bando et al., 2018). 

Skin diseases 

Many KLKs are implicated in the skin’s normal desquamation process. Epidermal KLK 

activities are is tightly regulated and so, the dysregulation of their activity, including KLK6, 

lead to several skin diseases (Borgoño et al., 2007). Specifically, KLK6, along with KLK10 

and KLK13, were found to be significantly elevated in the upper epidermis of patients with 
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psoriatic and atopic dermatitis (Komatsu et al., 2005). KLK6, KLK7 and KLK8 are 

positively correlated with psoriatic diseases in mouse models (Kishibe et al., 2007). 

Furthermore, KLK6 was very recently found to induce a psoriasis-like cutaneous disease 

and skin inflammation though PAR1 (Proteinase Activated Receptor 1). A Klk6 transgenic 

mice that highly overexpresses Klk6 displays severe psoriasiform dermatitis and joint 

disease, which were remarkably suppressed by the genetic elimination of Par1 (Billi et al., 

2020). 

KLK6 plays an important role in skin inflammation. Specifically, Klk6-/- mice treated with 

TPA (12-O-tetradecanoylphorbol-13-acetate), to chemically promote tumorigenesis after 

application of DMBA (7,12-dimethylbenz(a)anthracene), showed a low expression of 

inflammatory cytokines (Khoury et al., 2018). Additionally, KLK6 was found implicated in 

skin inflammation associated with Netherton Syndrome. Specifically, the genetic 

elimination of Klk6, in mice recapitulating NS, significantly decreased epidermal 

inflammation (Zingkou et al., 2019). Moreover, high serum KLKs including KLK6, are 

found in Peeling Skin Syndrome Type B (PSSB), another infrequent syndrome 

characterized by overdesquamation and ichthyotic erythroderma (Komatsu et al., 2006). 

Finally, KLK6 is implicated in the epidermal regeneration process as seen after 

glucocorticoid-induced skin atrophy (Kishibe et al., 2016).   

Clinical utility  

The exploitation of KLK6 as a potentially important biomarker is well-established, 

considering its dysregulation in many diseased states and neoplasms. Numerous sandwich 

type ELISAs have been developed for quantitative detection of KLK6 in various biological 

specimens, such as breast secretions (Diamandis et al., 2000), cerebrospinal fluid and serum 

of patients (Ott et al., 2014; Bando et al., 2018).  

The first sandwich-type immunofluorometric assay specific for KLK6 was carried out by 

Diamandis et al. (2000). For this, rabbit and mouse polyclonal antibodies, specific for 

KLK6, were produced and tested. The immunofluorometric assay achieved a good level of 

sensitivity and potent quantification range of 0.5 mg/l to 200 mg/l (Diamandis et al., 2000). 

Another ‘sandwich’ type immunoassay was designed to determine the presence of free 

KLK6 in clinical samples (Ott et al., 2014). It utilized in-house developed monoclonal mice 

antibodies. The developed assay was linear over the calibration range 0.25-5.0 μg/l and 

displayed a detection limit of 0.057 μg/l. Likewise, another one was developed 
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simultaneously with the production of 1DE and 5G8 KLK6-specific antibodies (Xi et al., 

2015). This pair showed positive correlation between antigen levels and absorbance and a 

detection limit of 10 ng/ml. Finally, it is worth noting the establishment of a KLK6-specific 

sandwich ELISA that could distinguish active KLK6 in human CSF (Bando et al., 2018). 

Rabbit α-KLK6 antibodies that contained epitopes including the active site were exploited. 

The established ELISA successfully measured the active enzyme’s levels in CSF of MS 

patients (Bando et al., 2018).  
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OTHER KLKs 

Kallikrein-related peptidase 5 

Kallikrein-related peptidase 5 (KLK5 for human; Klk5 for mouse), also known as kallikrein-

like gene 2 (KLK-L2) (Yousef and Diamandis, 1999) and Human Stratum Corneum Tryptic 

Enzyme (HSCTE) (Brattsand, and Egelrud, 1999). The mature protein consists of 227 

amino acids and, like other KLKs, is synthesized as a pre-pro-enzyme. Pre-pro-KLK5 

contains a 29-amino acid signal peptide, followed by a 37-amino acid activation peptide. 

Furthermore, KLK5 displays four glycosylation sites at N69, N173, N208 and N252 (Figure 4; 

Michael et al., 2005).  

 

 
 
 
Figure 4. The primary sequence of human KLK5.  

The first 29 aa (yellow) correspond to the pre-peptide, the following 37 aa (green) specify 
the pro-peptide and the mature form of the protein consists of the final 227 aa (colorless). 
Glycosylation sites are marked red (N69, N173, N208, N252) (adapted from Yousef and 
Diamandis, 1999). 
 

KLK5 protein levels in human tissues are mostly detected in skin and less in the brain, 

placenta, and kidney (Brattsand and Egelrud, 1999). KLK5 dysregulation was associated 

with some cancer types, such as ovarian, breast, testicular, vaginal, and skin carcinomas, as 

well as skin pathologies, like NS (Netherton Syndrome) and PSD (Peeling Skin Disease). 

KLK5 levels were increased in ovarian carcinomas and were related to aggressive forms of 

the disease (Kim et al., 2001). Moreover, KLK5 emerged as an independent prognostic 

indicator in breast cancer (Yousef et al., 2002b). In addition, low KLK5 levels were 

observed in malignant breast tumors as compared to benign ones (Avgeris et al., 2011). 

Furthermore, KLK5 expression appeared down-regulated in prostate and testicular cancer 

(Yousef et al., 2002a). KLK5 was found to act as a potent tumor suppressor in vaginal 
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MATARPPWMW  VLCALITALL  LGVTEHVLAN  NDVSCDHPSN  TVPSGSNQDL 
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GAGAGEDARS  DDSSSRIING  SDCDMHTQPW  QAALLLRPNQ  LYCGAVLVHP 
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SNDLMLIKLN   RRIRPTKDVR   PINVSSHCPS   AGTKCLVSGW   GTTKSPQVHF 
                     210                       220                       230                         240                         250 
PKVLQCLNIS   VLSQKRCEDA   YPRQIDDTMF   CAGDKAGRDS   CQGDSGGPVV 
                      260                         270                        280                      290 

CNGSLQGLVS   WGDYPCARPN   RPGVYTNLCK   FTKWIQETIQ   ANS 

Signal peptide

Propeptide

Main chain

Glycosylation 

Autolytic cleavage
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carcinogenesis. In particular, Klk5-/- mice were found more likely to develop vaginal cancer 

compared to WT mice after challenging with DMBA (Pampalakis et al., 2018).  

KLK5 is mainly found in the epidermis, along with KLK7 and KLK14 (Brattsand et al., 

2005), and is involved in skin desquamation by cleaving the corneodesmosomes, protein 

complexes that hold together the corneocytes (Caubet et al., 2004). KLK5 hyperactivity was 

detected in some rare skin pathologies, such as NS and PSD (Kishibe, 2019). The genetic 

ablation of Klk5 in mice recapitulating NS (Spink5-/-) led to phenotype improvement through 

rescue of neonatal lethality, improvement of skin barrier deficiency and suppression of skin 

inflammation (Furio et al., 2015). Finally, KLK5 was implicated in skin tumor formation 

since the Klk5-/- mice are resistant to chemical carcinogenesis due to tissue reinforcement 

(Pampalakis et al., 2019). 

 

Kallikrein-related peptidase 13 

Kallikrein-related peptidase 13 (KLK13 for human; Klk13 for mouse), also known as 

kallikrein-like protein 4 (KLK-L4), is another a trypsin-like, secreted serine protease 

(Chang et al., 2001). KLK13 consists of a single-chain protein of 277 residues, including a 

20 aa pre-peptide and a 5 aa pro-peptide. An Asp in position 239 is responsible for the 

trypsin-like activity of KLK13. Moreover, KLK13 has two N-glycosylation sites at N30 and 

N225 (Figure 5; Yousef et al., 2000).  

 

 

Figure 5. The primary sequence of human KLK13. 

KLK13 protein consists of a 20 aa signal peptide (yellow), a 5 aa pro-peptide (green), the 
protein’s main chain (colorless) and two glycosylation sites (N30, N225) marked with red 
(adapted from Yousef et al., 2000). 

 

                       10                      20                       30                        40                       50 

MWPLALVIAS LTLALSGGVS QESSKVLNTN GTSGFLPGGY TCFPHSQPWQ  

                       60                         70                         80                         90                       100 
AALLVQGRLL CGGVLVHPKW VLTAAHCLKE GLKVYLGKHA LGRVEAGEQV  
                       110                     120                       130                       140                       150 
REVVHSIPHP   EYRRSPTHLN   HDHDIMLLEL   QSPVQLTGYI   QTLPLSHNNR  
                      160                       170                        180                      190                        200  
LTPGTTCRVS   GWGTTTSPQV   NYPKTLQCAN   IQLRSDEECR   QVYPGKITDN  
                        210                         220                       230                      240                        250 
MLCAGTKEGG   KDSCEGDSGG   PLVCNRTLYG   IVSWGDFPCG   QPDRPGVYTR  
                       260                       270  
VSRYVLWIRE   TIRKYETQQQ   KWLKGPQ    
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KLK13 was first computationally identified and cloned from uterine tissues (Yousef et al., 

2000). KLK13 is highly expressed in esophagus and tonsil and to a lesser extent in the 

salivary gland, prostate, kidney, skin, trachea, ureter, testis, breast, lung and thyroid (Petraki 

et al., 2003). Moreover, KLK13 was identified in seminal plasma, amniotic fluid, follicular 

fluid, and breast milk (Kapadia et al., 2003). Abnormal expression of KLK13 was linked to 

various human malignancies, including ovarian, breast, lung, oral, stomach and colon 

cancers. KLK13 appeared overexpressed in malignant ovarian tissues compared to healthy 

ones (Kapadia et al., 2003). Furthermore, corroborating results showed that both KLK6 and 

KLK13 mRNA levels were increased in ovarian cancer tissues (White et al., 2009). KLK13 

was found under-expressed in breast cancer tissues (Yousef et al., 2000) and was linked 

with breast cancer patient’s chances of overall survival (Petraki et al., 2003). KLK13 mRNA 

levels were notably higher in malignant lung carcinoma tissues in contrast to healthy lung 

tissues (Gueugnon et al., 2015). Moreover, KLK13 gene appeared downregulated in oral 

squamous cell carcinomas cell lines and cancerous oral tissues (Ishige et al., 2014). KLK13 

protein levels in gastric cancer tissues were remarkably decreased and KLK13 was disclosed 

to be a promising prognostic biomarker for gastric cancer patients (Konstantoudakis et al., 

2010). Finally, under-expressed KLK13 levels were detected in colorectal cancer, compared 

to healthy human specimens (Talieri et al., 2009). 
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SUBSTRATES AND INHIBITORS OF KLK6 

Endogenous substrates  

Identification of the specific endogenous protein substrates is indispensable to 

understanding the (patho)physiological function(s) of KLK6. KLK6 could hydrolyze 

universal proteinase substrates, such as casein, collagen, and fibrinogen (Magklara et al., 

2003). Collagen type Ι was better substrate for KLK6 than collagen type ΙV. The digestion 

of fibrinogen at Aα carboxy domains led to a 40 kDa fragment which was rapidly degraded 

into smaller fragments (Magklara et al., 2003). KLK6 could also degrade gelatin, as shown 

in gel zymography. Such data led to the assumption that KLK6 could digest other collagen 

forms, such as collagen type II and III, as well as other proteins of ECM (Ghosh et al., 2004). 

KLK6 could degrade rat plasma fibronectin and produced a ~200 kDa fragment, which was 

further degraded to numerous smaller fragments. Likewise, the cleavage of mouse laminin 

by KLK6 produced a ~140 kDa polypeptide, that further degraded to smaller fragments 

(Bernett et al., 2002). Finally, KLK6 could effectively degrade human plasminogen and 

resulted in three fragments corresponding to 60, 55 and 44 kDa (Bayés et al., 2004).  

KLK6 cleaves Myelin Basin Protein (MBP), α-synuclein, and β-Amyloid Precursor Protein 

(APP). As a result, it could involve in multiple sclerosis (Hebb et al., 2010), Alzheimer’s 

disease (Mitsui et al., 2002) and Parkinson’s disease (Pampalakis et al., 2017), respectively. 

KLK6 could activate Proteinase-Activated Receptors (PARs), like other serine proteases. 

PARs (1-4) are surface receptors that activate through cleavage of the extracellular N-

terminus and subsequent bind of the generated ligand to the extracellular domain. KLK6 

could activate PAR1, PAR2, and PAR4 (Oikonomopoulou et al., 2006). The PAR1 activation 

by KLK6 plays a role in psoriatic diseases (Billi et al., 2020). In addition, KLK6 has a 

specificity for human ionotropic glutamate receptor subunits (Angelo et al., 2006). 

Moreover, KLK6 has demonstrated the ability to convert pro-KLKs into their active forms. 

Specifically, KLK6 can hydrolyze pro-KLKs 1, 2, 3, 5, 9 and 11 (Yoon et al., 2009).  

Synthetic substrates 

Some synthetic substrates have been tested against KLK6 to further evaluate its specificity. 

Some examples are FRET (Fluorescence Resonance Energy Transfer) peptides derived 

from Abz-KLRSSKQ-EDDnp (Abz is ortho-aminobenzoic acid and EDDnp is N-[2,4-

dinitrophenyl] ethylenediamine). It was reported that the S1 subsite of KLK6 has a very 

restricted specificity for Arg, the S2 and S3 subunits have no preference over certain amino 
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acids, the S1’ subsite has preference for Phe and S2’ has a specificity for Ser (Angelo et al., 

2006). Moreover, KLK6 substrate specificity was determined through phage display library 

of small hexameric peptides. In accordance with previous results, KLK6 showed trypsin-

like activity with preference of Arg over Lys at S1 position (Sharma et al., 2008). A series 

of synthetic fluorogenic peptidyl-Arg-7-amino-4-carbamoylmethylcoumarin (peptidyl-

ACC) peptides was constructed and tested as possible substrates for KLK6. KLK6 could 

effectively cleave the fluorophore peptides at a specific site between a pair of two Arg (Silva 

et al., 2017). Moreover, KLK6 could cleave synthetic FRET peptides that included 

sequences of MMP-14, nerve growth factor, Neurotrophin-3, Neurotrophin-4, and pro-

enkephalin (Silva et al., 2017). Finally, it was shown that KLK6 could cleave Na-benzoyl-

L-arginine ethyl ester (BAEE), a typical synthetic substrate for trypsin, but not the Na-tosyl-

L-arginine methyl ester (TAME) (Bayés et al., 2004).  

 

Endogenous inhibitors 

Several protease inhibitors, such as soybean, serpins, and “Kazal-type” inhibitors, 

demonstrate that they are effective towards KLK6. Soybean, a typical trypsin inhibitor, is 

found to inhibit KLK6 by 82%, even in a low concentration (Magklara et al., 2003). 

Moreover, serpins (SERine Protease Inhibitors) are effective inhibitors of KLK6. Serpins 

form a covalent bond with the catalytic serine residue of KLK6 (and other KLKs) and render 

it enzymatically inactive (Magklara et al., 2003). Among serpins, a1-antitrypsin, a2-

antiplasmin, a1-antichymotrypsin, antithrombin III exhibited some degree of inhibition 

against KLK6, but only the latter two displayed a strong inhibitory effect (Magklara et al., 

2003). KLK6 was effectively inhibited by Bowman-Birk Inhibitor (BBI), and Bovine 

Pancreatic Trypsin Inhibitor (BPTI) (Bayés et al., 2004). In addition, the α-aryl-lactone 

inhibitor showed activity towards KLK6 in high concentrations (Bayés et al., 2004). 

Another group of inhibitors referred to as “Kazal type inhibitors” have inhibitory activity 

against KLK6 and other KLKs. A representative of this group is the multidomain protease 

inhibitor LEKTI that consists of 15 domains known as LEKTI domains (D1-D15). LEKTI 

fragments D1-6, D6’-9, D9-12, have showed non-specific inhibition abilities against KLK6 

(Borgoño et al., 2007). 
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Synthetic inhibitors 

Various synthetic compounds have been developed as inhibitors of KLK6 (Figure 6), the 

first were compounds carrying a para-amidobenzylamine group at P1 position and a 2-

hydroxy-benzamide scaffold linker (Liang et al., 2012a). The t-butyl substituted N-(4-

aminomethyl-phenyl)-2-hydroxy-benzamide analog was identified as the best inhibitor for 

KLK6, with an IC50 value of 0.3 μΜ. An X-ray crystallography of another the N-(4-

aminomethyl-phenyl)-2-hydroxy-benzamide compound (Figure 6A) complexed with 

KLK6 revealed that the benzylamine group bounds to the S1 pocket of the enzyme and the 

hydroxyl group of 2-hydroxy-benzamide is required for inhibitory activity (Liang et al., 

2012a). Another series of KLK6 inhibitors containing an amidinothiophene at P1 position 

and a pyrrolidinone-sulphonamide scaffold linker, were discovered by the same research 

group through in silico high‐throughput screening and enzymatic testing (Liang et al., 

2012b). It was demonstrated, by X-ray crystallography, that the amidinothiophene group 

binds to the S1 pocket and the pyrrolidinone-sulphonamide linker to the catalytic center. 

Furthermore, the aromatic tail extends into the S1’ and S2’ subunits. The amidinothiophene-

pyrrolidinone-sulphonamide compound displayed good inhibitory efficiency with an IC50 

value of 2.9 μΜ (Figure 6B). A series of peptides, derived from the sequence SLIGR, known 

as PAR2 Activating Peptide (PAR2-AP), was evaluated as potential inhibitors for KLK6 

and KLK5 (Severino et al., 2015). To validate selectivity, compounds were tested against 

KLK1, KLK2, and KLK7. The most potent inhibitor (p-chloroacetophenone-R-L-NH2) with 

IC50 value of 1.5 μΜ demonstrated great selectivity towards KLK6 (Figure 6C). 

Some mechanism-based inhibitors (suicide substrates) were developed against KLK6. 

Precisely, 6-substituted coumarin-3-carboxylate derivatives were recognized as non-

peptidic irreversible KLK6 inhibitors with kinact/Ki index of 131M-1s-1 (Figure 6D). The 

mechanism-based inhibition was validated by molecular modeling and molecular dynamics 

simulations. The results showed that the S1 subsite of KLK6 was occupied by the bi-

substituted phenyl group and the coumarin lactone was linked with the hydroxyl oxygen of 

catalytic Ser197 (Soualmia el al., 2018). Moreover, a library of Amyloid Precursor Protein 

Kunitz protease Inhibitor domain (APPI) was generated to test their inhibitory activity 

against KLK6. Specifically, APPIwt and APPIM17L, I18F, S19F, F34V, a quadruple mutant 

derivative (Figure 6G), displayed high affinity with KLK6 with an inhibition constant (KI) 

of 160 pM as well as selectivity for KLK6, compared to other KLKs. Moreover, the crystal 
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structure of the enzyme/inhibitor complex uncovered an optimal contact between the 

inhibitor residues and the KLK6 binding sites (Sananes et al., 2018). Finally, a series of 

depsipeptides were introduced as inhibitors of KLK6 (De Vita et al., 2018). These molecules 

contain a depsipeptidic glycolic linker, lined with an aromatic group and a N-phenyl-4-

amino-3,5-dimethylpyrazole (Figure 6E). The irreversible inhibitor DKFZ-251 displayed 

kinact/KI values of 1883 M–1 s–1 and was selective for KLK6 compared to KLK4, KLK8, 

KLK13, and KLK14. In addition, these molecules were tested in FaDu cells and the results 

revealed that the DKFZ-251 compound could possibly inhibit endogenous KLK6 (De Vita 

et al., 2018). Another inhibitor-derived molecule, an Activity-Based Probe (ABP), was 

generated by the same research group (Figure 6F). For this, an alkyne was added in the 

aromatic group of DKFZ-251. The DKFZ-633 ABP was tested in “in-gel” fluorescence and 

biotin-labeled western blot. The results confirmed the inhibitory activity of DKFZ-633 and 

showed a dose depended relation with active KLK6 (De Vita et al., 2018). 
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Figure 6. Known KLK6 inhibitors.  

A, reversible KLK6 inhibitor containing a para-amidobenzylamine at P1 position and a 2-
hydroxybenzamide scaffold (adapted from Liang et al., 2012a). 

B, reversible inhibitor against KLK6 with an amidinothiophene at P1 position and a 
pyrrolidinone-sulphonamide scaffold linker (adapted from Liang et al., 2012b). 

C, reversible KLK6 inhibitor, PAR2-AP derivative (adapted from Severino et al., 2015). 

D, irreversible inhibitor of KLK6, a 6-substituted coumarin-3-carboxylate derivative 
(adapted from Soualmia el al., 2015). 

E, irreversible inhibitor of KLK6 (depsipeptide) containing a depsipeptidic glycolic linker, 
lined with an aromatic group and a N-phenyl-4-amino-3,5-dimethylpyrazole and F, ABP 
against KLK6 containing an alkyne at the aromatic group (adapted from De Vita et al., 
2018). 

G, irreversible inhibitor, APPIM17L, I18F, S19F, F34V, a quadruple mutant derivative of APPI 
(adapted from Sananes et al., 2018).  
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ACTIVITY BASED PROBEs (ABPs) 

Activity Based Probes (ABPs) are small chemical molecules, useful for analyses of the 

function(s) of proteases that bind covalently to the enzyme’s active site (Haedke et al., 

2013). Structurally, ABPs incorporate a reacting ‘warhead’, that interacts selectively with 

the catalytical center of the enzyme, a recognition element, that provides a further degree of 

selectivity, and a reporter tag for visualization/detection of the ABP-enzyme complex 

(Figure 7). The activity of proteases is monitored and evaluated through other various 

approaches, such as substrate-based probes. A substrate-based probe is cleaved in a presence 

of a specific protease to generate signal for measuring the activity of the protease (Edgington 

et al., 2011).  

 

  

 

 

 

Figure 7. Schematic representation of an ABP.  

An ABP consists of a reacting warhead (blue), a recognition element (yellow) and a tag 
(green), being a fluorescent reagent or biotin (adapted from Sanman and Bogyo, 2014). 

 

The binding of the ABP to the proteases catalytic center occurs between the electrophilic 

‘warhead’ and the nucleophilic active site of the protease. Only catalytically active proteases 

can bind irreversibly to ABPs. The covalent bond between the enzyme and the probe enables 

the direct identification and isolation of the protease of interest. ABPs have proved useful 

in the discovery of proteases, as diagnostic tools and potent drugs. However, they do have 

some drawbacks, such as the narrow design options (Sanman and Bogyo, 2014).  

 

  

recognition site warhead tag 
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ABPs for serine proteases 

ABPs incorporate a reactive functional group, named the ‘warhead’, that covalently binds 

to the proteases’ active site. The warhead is usually an electrophile group and provides a 

first level of selectivity. Many electrophiles have been exploited for the development of 

ABPs for cysteine, serine, and threonine protease. For instance, epoxyketone and 

vinylsulfone were utilized for ABPs targeting threonine proteases (Bogyo et al., 1997; 

Verdoes et al., 2007), and epoxides, diazomethyl ketones, and acyloxymethyl ketones were 

used in ABPs for cysteine proteases (Kato et al., 2005; Fonovic and Bogyo, 2007). The 

ABPs developed for serine proteases were originally organophosphonofluorides that reacted 

with serine hydrolases (Liu et al., 1999). These ABPs had high inhibitory activity but lacked 

specificity, as they were able only to detect the serine hydrolases family in general. Later 

discoveries raised the possibility that a narrower selectivity can be accomplished by 

different recognition elements (Serim et al., 2013). For this, the DPPs (Peptidyl Diphenyl 

Phosphonates) were developed (Serim et al., 2013). DPPs consist of the phosphonate group, 

that interacts with the enzyme’s active site, a tetrahedral phosphorus center, and two phenyl 

groups (Figure 8A). The reaction with the ABP and a specific enzyme is a two-step 

procedure. The probe binds to the active site-site cleft (S1 binding site), and an initial 

noncovalent complex between the protein and the inhibitor, is formed. This event is stated 

as KI (or KD), the equilibrium constant. The first step is a reversible process driven by the 

affinity of the ABP to the protease. In the second step the nucleophilic hydroxyl group of 

Ser located in the active site to attacks the electrophilic phosphorus atom of the inhibitor 

and covalently attach itself. This step is described by kinact (or k2), the rate constant. The rate 

constant increases proportionally to the reactivity of the electrophile. Afterwards the di-aryl 

ester hydrolyzes to generate a stable state known as aged complex (Sieńczyk and 

Oleksyszyn, 2009; Strelow, 2017; Figure 8B).   

 

Increasing selectivity via S1 recognition group adjustment 

The modification of the recognition group (linker) is the most frequent approach to 

increasing selectivity. The recognition elements are often small peptides, or single amino 

acids, that interact with additional sites of the active site pocket. A significant challenge 

when designing the recognition sequence is to avoid overlapping the substrate specificity of 

the strongly related proteases (Edgington et al., 2011). 
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Figure 8. Schematic illustration of structure and mechanism of inhibition of peptidyl 
diphenyl phosphonate derived probes. 

A, structural representation of DPPs. The general structure of the organophosphorus 
compounds that feature a tetrahedral phosphorus center with two phenyl groups is shown.  

B, mechanism of inhibition of serine proteases by DPPs. The recognition site binds to the 
enzymes’s S1 pocket and afterwards the nucleophilic hydroxyl group of Ser attacks the 
electrophilic phosphorus atom of the DPP. At first, the complex is unstable, and the aryl 
ester begins to hydrolyze. This leads to a more stable state known as the aged complex 
(adapted from Sieńczyk and Oleksyszyn, 2009). 

 
 

Many Diphenyl PhosPhonates (DPP), comprised of a single amino acid or a small peptide 

sequence recognition site, are synthesized for trypsin-like serine proteases. Specifically, 

lysine-derivatives and ornithine-derivatives proved to be significant inhibitors for trypsin-

like enzymes (Hawthorne et al., 2004). Another series of DPP-based probes for trypsin-like 

serine proteases was developed by Pan et al. (2006). The probes encompassed a lysine 

residue at the S1 location as well as a proline residue at the S2 position. These DPPs could 

effectively inhibit β-tryptase, trypsin, plasmin, and thrombin but not chymotrypsin and 

butyrylcholine esterase (Pan et al., 2006). Another way of establishing the selectivity of 

DPPs for trypsin-like serine proteases was achieved through arginine analogs. A series of 

phosphonic diaryl esters, carrying a side chain mimic of arginine, successfully inhibited 

trypsin and urokinase (Sieńczyk and Oleksyszyn, 2009). A library of arginyl-tri-peptide 

DPP derivatives was synthesized and tested against urokinase Plasminogen Activator 

(uPA), a trypsin-like serine protease. The ABP exhibited potency at the range of nanomolar 

and a high selectivity (Joossens et al., 2006). 
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The nature and usage of the tag 

The attachment of a reporter tag group to an ABP permits the visualization of the labeled 

protein. The nature of the tag depends on the desired application. It is typically a 

fluorophore, or an affinity label like biotin. Fluorophores are mostly used in imaging, and 

affinity tags are used in proteomic identification and purification technics (Sanman and 

Bogyo, 2014; Figure 9). 

Fluorescent ABPs are used to profile and quantify active enzymes in association with the 

emitted fluorescent signal. Fluorescein and rhodamine were utilized as tag elements and 

tested in-gel with a fluorescence scanner (Petricelli et al., 2001). Moreover, dansyl chloride 

was exploited for fluorescent ABPs and was evaluated through activity measurements of 

protease in living cells (Berkers et al., 2005). Another example is the use of nitrobenz-2-

oxa-1,3-diazole (NBD)-labeled ABPs, for detection of lipases and esterase (Schmidinger et 

al., 2005). 

Affinity labeled ABPs can be exploited for indirect isolation and purification of the 

proteases of interest. The more common categories for affinity handles are biotin, 

hemagglutinin (HA), azides, and alkynes (Cravatt et al., 2008). ABPs with an affinity tag 

can be used for protease imaging through gel-based methods and LC-MS. Azide and alkynes 

form a copper-catalyzed “click” reaction with one another that leads to indirect visualization 

(Sannman and Bogyo, 2014).  

 

Applications of ABPs  

ABPs are powerful tools with many applications in the discovery and development of drugs, 

as well as in diagnosis of diseases. ABPs can be used to detect active enzymes by SDS-

PAGE, Western blot, mass spectrometry, fluorescence microscopy, histology, in vivo 

imaging, ELISA etc (Fonovic and Bogyo, 2007). For example, Oikonomopoulou et al. 

(2008) established an immunofluorometric assay to quantify active KLK6 in biological 

fluids based on ABP. The developed ELISA included a biotinylated ABP, containing 

proline and lysine residue, that reacted with trypsin-like serine proteases and a KLK6 

specific antibody as a capturing antibody. The assay is similar to a classical sandwich 

ELISA, using a streptavidin-biotin detection system and could effectively distinguish the 

active enzyme from the inactive zymogen. Furthermore, ABPs can be used to monitor 
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enzymatic activities in situ. A novel method, termed activography adapts a histochemical 

approach to monitor enzymatic activity on skin biopsies. The originally described method 

exploited B24P, an ABP with a reactive phosphonate group and a biotin label. The probe 

was tested against KLK6 R80Q and KLK6 S197A, a mutant “stable” derivative of KLK6 

and an inactive form of the protein, respectively. For the first time, it was shown that ABPs 

can quantify and map enzymatic activities (Pampalakis et al., 2017). Activography using 

the ABP B24P was used in parallel with in situ zymography to localize and quantify serine 

protease activities in skin biopsies obtained from severe and mild epidermal disorders 

(Zingkou et al., 2018). The results showed that the severity of skin desquamation can be 

correlated with the degree of epidermal proteolysis. Thus, the use of B24P and activography 

provides similar information to in situ zymography and can be exploited as a diagnostic 

technique. 

 

 

 

 

 

Figure 9. Applications of ABPs depends on the reporter tag. 

The reporter tag is either a fluorescent molecule (green) or an affinity label (orange). 
Fluorescence-tagged ABPs can be used in techniques such as in vivo imaging and in-gel 
fluorescence. On the other hand, affinity labeled ABPs can be used to identify active 
proteases by immunoblotting or by mass spectrometry (adapted from Sanman and Bogyo, 
2014). 
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STATE-OF-THE-ART    

The implication of KLK6 in basic (patho)physiological functions render it an attractive drug 

target and/or an effective biomarker for diagnostic exploitation (Sotiropoulou and 

Pampalakis, 2009). Various inhibitors have been developed against KLK6, including 

reversible inhibitors (Liang et al., 2012a, Liang et al., 2012b, Severino et al., 2015) and 

covalent inhibitors (Soualmia et al., 2018, De Vita et al., 2018). Nevertheless, ABPs specific 

for KLK6 have not been developed.  

In this study, two in-house developed ABP precursors that are phosphonate analogs of 

arginine, were preliminarily tested for inhibition and selectivity against KLK6. The tested 

compounds displayed strong inhibitory activity against KLK6, suggesting that phosphonate 

analogs of arginine are promising molecules to be exploited as KLK6 inhibitors.  

Furthermore, the dysregulation of KLK6 in many malignancies and diseases (Bayani and 

Diamandis, 2012) testify the diagnostic purpose of the protease. To this end, a sandwich 

ELISA specific for KLK6 has been developed as part of the current study. The developed 

ELISA exhibited a satisfactory quantification range and selectivity for KLK6 but not other 

KLKs. Further studies must be conducted to validate the diagnostic efficacy of the assay 

with clinical samples. 
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SPECIFIC AIMS OF THE STUDY    

The main aim of this project is the validation of KLK6-targeted ABPs. Two chemical 

compounds, di-aryl phosphonate esters of arginine and ABP precursors, will be tested for 

potency and specificity against KLK6.  

First, enzymatically active recombinant KLK6 R80Q (human), Klk6 (mouse) and KLK5 

proteins were produced in a methylotrophic yeast (P. pastoris) and purified close to 

homogeneity by a two-step (HIC, IEC) purification protocol as described (Bayés et al., 

2004; Michael et al., 2005).  

The inhibitors tested were the diphenyl phosphonates of arginine, benzyl(1-

(diphenoxyphosphoryl)-4-guanidinobutyl) carbamate (Z-Arg(P)-(OPh)2) and diphenyl(1-

amino-4-guanidinobutyl) phosphonate (H2N-Arg(P)-(OPh)2), that can prospectively be 

exploited as ABPs. The specificity of these inhibitors was evaluated via gel zymography. 

Both inhibitors displayed high potency against rKLK6, but also against trypsin, thus lacking 

selectivity. The potency of the inhibitors towards KLK6 was further evaluated via the 

determination of the irreversible inhibition constant kinact/KI. The values obtained were 

1987.47 M-1 s-1 for the phosphonate-arginine protected by a benzyloxy-carbonyl group, and 

65 M-1 s-1 for phosphonate-arginine. 

Further, a sandwich ELISA specific for KLK6 was developed. Three antibodies were tested 

to identify the best pair of antibodies in terms of high sensitivity and low background. The 

antibodies were commercially available (α-KLK6 ab AF2008, R&D systems and a-KLK6 

ab cl 24 MABN873, Sigma-Aldrich), and one developed in-house (IgYs, Sotiropoulou et 

al., 2012). The antibody set that displayed high sensitivity and low background as well as 

linear signal correlation with KLK6 concentration was the IgYs ab (Sotiropoulou et al., 

2012) as the coating antibody and the MABN873 as the detection antibody. The assay could 

quantify rKLK6 in the range of 3-35 ng/ml and no crossreactivity was observed with 

rKLK13 or rKLK5. 
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MATERIALS 

Chemicals-Reagents 

• Acetic acid, Sigma-Aldrich 

• Acetone, Sigma-Aldrich 

• Acrylamide, Sigma-Aldrich 

• Ammonium persulfate, Sigma-Aldrich 

• Ammonium sulfate, Sigma-Aldrich 

• Nα-benzoyl-L-arginine, BAEE, Sigma-Aldrich 

• Blotting grade blocker non-fat dry milk, Bio-Rad 

• Bovine serum albumin BSA, Sigma-Aldrich 

• Coomassie brilliant blue G-250, Serva 

• Coomassie brilliant blue R, Sigma-Aldrich 

• Bromophenol blue, Serva  

• Calcium chloride, CaCl2, Sigma-Aldrich 

• Casein from bovine milk, Sigma--Aldrich 

• Casein tryptic peptone (Tryptone), Scharlau 

• D-biotin, Sigma-Aldrich 

• Dialysis tubing cellulose membrane, Sigma-Aldrich 

• ECL, SuperSignal™ West Pico Plus chemiluminescent substrate, Thermo Fisher 

Scientific 

• Endoproteinase Lys-C sequencing grade, Sigma-Aldrich 

• Ethylenediaminetetraacetic acid, EDTA, Sigma-Aldrich 

• Formaldehyde, Sigma-Aldrich 

• Gelatin, Sigma-Aldrich 

• Glycerol, Sigma-Aldrich 

• Glycine, Sigma-Aldrich 

• HCl, Sigma-Aldrich 

• 2-mercaptoethanol, Sigma-Aldrich 

• Methanol, Sigma-Aldrich 

• N, N’- Methylene bis-acrylamide, Sigma-Aldrich 

• Naphthol blue black, Sigma-Aldrich 
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• N, N, N′, N′-Tetramethylethylenediamine, Sigma-Aldrich 

• Z-Phe-Arg-7-amido-4-methylcoumarine, Z-Phe-Arg-AMC, Sigma-Aldrich 

• o-Phenylenediamine, Sigma-Aldrich 

• Potassium chloride, KCl, Sigma-Aldrich 

• Potassium phosphate monobasic, KH2PO4, Sigma-Aldrich 

• Potassium phosphate dibasic, K2HPO4, Sigma-Aldrich 

• Prestained protein marker, MWP04, Nippon Genetics 

• Ponceau S solution, Sigma-Aldrich 

• PVDF membrane, Millipore 

• Selected agar, Invitrogen 

• Sodium carbonate anhydrous, Na2CO3, AppliChem 

• Sodium chloride NaCl, Honeywell Fluka 

• Sodium dodecyl sulfate SDS, Sigma-Aldrich 

• Sodium phosphate dibasic, Na2HPO4, Sigma-Aldrich  

• Sodium sulfate, Na2SO4, Sigma-Aldrich 

• Sodium thiosulfate pentahydrate, Na2S2O3.5H20, Sigma-Aldrich 

• Silver nitrate, AgNO3, Sigma-Aldrich 

• TOYOPEARL butyl-650M, Sigma-Aldrich 

• Triton® X-100, Sigma-Aldrich 

• Trypsin, Sigma-Aldrich 

• Trizma® base, Sigma-Aldrich 

• Tween® 20, Sigma-Aldrich 

• Yeast Extract, Scharlau 

• Yeast nitrogen base without amino acids, Sigma-Aldrich 

• X-ray films, Agfa 

Antibodies 

• Anti-chicken IgYs HRP, Sigma-Aldrich A9046 (working dilution: WB, 1/3000) 

• Anti-KLK5, R&D Systems AF1108 (working dilution: WB, 1/1000) 

• Anti-KLK6 IgYs, Sotiropoulou et al., 2012 (working dilution: WB, 1/2500) 

• Donkey anti-goat IgG-HRP, Santa Cruz sc-2020 (working dilution: WB, 1/5000) 
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Solutions 

• 10 x YNB: 13.4% Yeast nitrogen base with ammonium sulfate without amino acids; 

Sterilized with a syringe filter (0.22 μm) and stored at 4oC. 

• 500 x B: 0.02% biotin. Filter-sterilized (0.22 μm) and stored at 4°C. 

• 1 M potassium phosphate buffer, pH 6.0: 132 ml of 1 M K2HPO4, 868 ml of 1 M KH2PO4. 

pH adjusting at 6.0 ± 0.1 using KOH and stored at RT. 

• Laemmli buffer: 25 mM Tris, 250 mM glycine, 0.1% SDS pH 8.3 

• Loading dye: 62.5 mM Tris.HCl pH 6.8, 10% glycerol, 2% SDS, 0.001% bromophenol 

blue. Add 5% β-mercaptoethanol for SDS-PAGE or ddH2O for zymography. 

• Coomassie blue R: 0.25% brilliant blue R-250, 50% methanol, 10% acetic acid 

• Coomassie blue G: 0.25% brilliant blue G-250, 50% methanol, 10% acetic acid 

• Amidoblack: 0.1% naphthol blue black, 10% acetic acid 

• Destaining buffer: 50% methanol, 10% acetic acid 

• PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.2-7.4. 

Media 

• MD: Minimal dextrose medium. 1.34% YNB, 4 x 10-5 % biotin, 2% dextrose 

• BMGY: Buffered glycerol-complex medium. 1% yeast extract, 2% peptone, 100 mM 

potassium phosphate, pH 6.0, 1.34% YNB, 4 x 10-5% biotin,1% glycerol  

• BMMY: Buffered methanol-complex medium. 1% yeast extract, 2% peptone, 100 mM 

potassium phosphate, pH 6.0, 1.34% YNB, 4 x 10-5% biotin, 1% methanol 

Recombinant protein expression system 

• Expression host: Yeast Pichia pastoris KM71, a His- strain, which is unable to synthesize 

histidine, but also an Arg+ MutS strain, meaning that an ARG4 gene is inserted into the 

cloned, wild-type AOX1 gene.  

• Expression vector: pPIC9, an 8023 bp fusion vector containing XhoI, SnaBI, EcoRI, 

AvrII, NotI unique sites, α-factor secretion signal, and HIS4 gene for selection in Pichia 

pastoris. 
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Figure 10. The map of pPIC9.  

5' AOX1 promoter fragment:  bases 1-948, 5' AOX1 primer site: bases 855-875, α-Factor 
secretion signal (S): bases 949-1218, α-Factor primer site: bases 1152-1172, Multiple 
Cloning Site Region: bases 1192-1241, 3'AOX1 primer site: bases 1327-1347, 3'AOX1 
transcription termination (TT) fragment: bases 1253-1586, HIS4 ORF: bases 4514-1980, 
3'AOX1 fragment: bases 4870-5626, ColE1 origin: bases 6708-6034, ampicillin resistance 
gene: bases 7713-6853 (adapted from the Pichia Expression Manual, Invitrogen). 
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METHODS 

Production of proteins in genetically modified yeast (Pichia pastoris) 

Recombinant Pichia pastoris yeast KM71, that carries the DNA sequence of the gene of 

interest, inserted into the expression vector pPIC9 were used (Bayés et al., 2004; Michael 

et al., 2005). After incubation of the strains in MD plates at 28oC for three days, colonies 

appeared. Then, 20 ml BMGY was inoculated with a single colony and then, grew for two 

days at 28oC under stirring at 200 x rpm. Before initiating the induction of protein 

expression, the OD600 was measured (by a Perkin Elmer spectrophotometer Lambda 25) to 

certify that the culture was grown to exponential phase (OD600=2-4). Subsequently, cells 

were harvested by centrifugation at 4,000 x rpm for 10 min. The cell-pellet was collected 

and resuspended in 4 ml BMMY (1/5 of the original BMGY volume). A 2-layer gauze was 

placed atop the tubes, to ensure adequate oxygen supply. Thereafter, the culture was 

incubated at 28oC under stirring at 200 x rpm. Each day, 1% methanol was added to the 

culture to induce the expression of the recombinant proteins. For KM71/pPIC9/proKLK6 

and KM71/pPIC9/Klk6 cultures the induction was carried out for three days, and for the 

KM71/pPIC9/proKLK5 for four days. After the induction, the culture was centrifuged at 

4,000 x rpm for 15 min, the supernatant was removed and stored at -80oC. 

Scale-up of protein expression 

After inoculating a single colony into 20 ml of BMGY and incubating at 28oC for two days 

with shaking (200 x rpm), OD600 was measured to affirm that the culture had reached the 

exponential growth phase. Afterwards, 2 ml of this culture was used to inoculate 1 lt of 

BMGY in a 2 lt flask. The culture grew for two days at 28oC under stirring at 200 x rpm. 

Before initiating the induction of protein expression, the OD600 was measured to certify that 

the culture was grown to exponential phase (OD600=2-4). The cells were harvested by 

centrifuging (4,000 x rpm, 10 min) and afterwards resuspended at 200 ml BMMY in a 2 lt 

flask covered with a 2-layer gauze. Methanol (1% v/v) was added to the culture daily to 

induce the expression of the recombinant proteins. At the end of the induction, the 

supernatant was centrifuged at 4,000 x rpm for 15 min and stored at -80oC until further 

analysis.   
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Protein purification using hydrophobic interaction chromatography (first step) 

Hydrophobic Interaction Chromatography was initially applied to purify the recombinant 

proteins. The matrix material was Butyl-Toyopearl 650M, a butyl-agarose matrix, packed 

in a 2.5 cm diameter column. The packed column was initially washed with approximately 

50 ml (5 CV, column volume) of 10 mM Tris.HCl pH 8.0 followed by equilibration with 

26.4% (NH4)2SO4 in 10 mM Tris.HCl pH 8.0. Then, 26.4% (NH4)2SO4 was added to the 

recombinant protein containing supernatant to partially denature the proteins and expose the 

hydrophobic sites. Then, the supernatant was centrifuged at 7,000 x rpm for 15 min to 

remove insoluble particles and finally, loaded onto the column. The column was then 

washed with 26.4% (NH4)2SO4 in 10 mM Tris.HCl pH 8.0 (~100 ml) followed by elution 

of the recombinant protein using (NH4)2SO4  ranging from 26.4 to 0% 10 mM Tris.HCl pH 

8.0 and fractions (~1 ml) were collected. HIC was conducted at 4oC to avoid protein 

denaturation. 

Protein purification using ion exchange chromatography (second step) 

A second-step of purification using Ion Exchange Chromatography in an FPLC (Fast 

Protein Liquid Chromatography) system was conducted to obtain highly purified 

recombinant protein. The chromatography system was NGC Quest™ 10 (BioRad), and the 

chromatography columns were either the HiTrap® DEAE FF (GE Healthcare Biosciences) 

for anion exchange chromatography or the HiTrap® CM FF (GE Healthcare Biosciences) 

for cation exchange chromatography (Table 1).  

 

Table 1. Characteristics of the chromatographic columns used for IEC. 

 HiTrap® DEAE FF HiTrap® CM FF 

Matrix 6% cross-linked agarose 6% cross-linked agarose 

Type of medium weak anion weak cation 

Charged group -N+(C2H5)2H -O-CH2COO- 

 

 

First, theoretical isoelectric point (pI) of the produced recombinant proteins was calculated 

using Expasy (https://web.expasy.org/compute_pi/) and depending on pI, anion or cation 

exchange chromatography was conducted for purification. The protein binds to the anion 

column when it is negatively charged (pH value is higher than the pI of the protein) and to 
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the cation column when it is positively charged (pH value is lower than the pI of the protein). 

As a starting buffer, 10 mM Tris.HCl pH 8.0 and 10 mM sodium acetate buffer pH 5.3 were 

used for anion and cation exchange chromatography, respectively. Initially the column was 

equilibrated with 5 CV (CV=5 ml) of starting buffer following by sample application at the 

injection valve using a 2.5 ml sterilized syringe. Thereafter, the column was washed with 

the starting buffer for 10 CV, followed by the elution step. The elution step was performed 

using a salt gradient of increasing 1 M NaCl-10 mM Tris.HCl pH 8.0 buffer or 1 M NaCl-

10 mM sodium acetate buffer pH 5.3. A built-in UV-detector (at A280) monitored the eluted 

fractions. The fractions corresponding to the adapted peaks were further analyzed by SDS-

PAGE or gel zymography. After elution, the column was washed and stabilized. 

Dialysis 

Dialysis was used to replace the proteins’ buffer solution. Firstly, a cellulose membrane 

with a cutoff of 14,000 Da (Sigma-Aldrich) was immersed in ddH2O and heated up at ~95oC 

for 30 min. Then, a closure clip was used to close the one end of the tubing, to load the 

sample and then, another clip was used to secure the other end of the tubing. Then, the load 

membrane was immersed in approximately 1 lt of the suitable buffer (10 mM Tris.HCl pH 

8.0 or 10 mM sodium acetate buffer pH 5.3). The protein dialysis took place at 4oC, to avoid 

protein denaturation, under stirring. The dialysis proceeded for 2 hours; the buffer was 

refreshed, and dialysis was continued for 16 hours. 

Protein analysis  

SDS-PAGE  

For protein analysis, vertical polyacrylamide gel electrophoresis with sodium dodecyl 

sulfate (SDS-PAGE) was used. Denaturing conditions were used to disrupt the secondary 

and tertiary structures of the proteins. SDS is a detergent that is applied to give a uniform 

negative charge to the proteins. The protein samples were prepared by adding 6 x loading 

dye (10% SDS, 30% glycerol, 450 mM Tris.HCl pH 6.8, 0.12% bromophenol blue, 25% β-

mercaptoethanol) and incubating in boiling water (~95oC) for 5 min. Boiling destroyed 

protein's secondary structure and β-mercaptoethanol reduced the disulfide bridges. The 

denatured sample proteins were loaded into the electrophoresis gel that was immersed in 

Laemmli buffer (25 mM Tris.HCl, 192 mM glycine, 0.1% SDS). The electrophoresis gel is 

a two-layer polyacrylamide gel that is comprised of the stacking gel (usually 5% 
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acrylamide) and the separating gel (usually 12% acrylamide). After the application of an 

electric field, the proteins migrated towards the anode through the gel’s pores in accordance 

with their molecular weight. The compositions of the two gels are depicted in Table 2. Along 

with the samples, a molecular weight protein marker was loaded to a nearby well and 

assisted in the estimation of the sizes of proteins. 

 

Table 2. Running buffers for 12% separating gel and 5% stacking gel. 

 Separating gel (12%) Stacking gel (5%) 

H2O 3.3 ml 2.64 ml 

30% Bis/Acrylamide 4 ml 0.66 ml 

Buffer* 2.5 ml 0.63 ml 

10% SDS 100 μl 50 μl 

10% APS 100 μl 50 μl 

TEMED 20 μl 15 μl 

*The buffer used in the separating gel was 1.5 M Tris.HCl pH 8.8 and in the 
stacking gel 1 M Tris.HCl pH 6.8. 

 

 

Following the electrophoresis, (approximately 1 hour), the gel was stained using Coomassie 

blue R-250. The gel staining took place for about 30-40 min; then, the gel was destained 

using the destaining solution (50% methanol, 10% acetic acid). The lower sensitivity limit 

of this staining method is approximately 0.1 μg.  

Western blot 

Western blotting was used for identification of the recombinant proteins. After purification, 

recombinant proteins, alongside a molecular protein marker, were electrophoresed on a 12% 

polyacrylamide gel in Laemmli buffer (25 mM Tris.HCl, 192 mM glycine, 0.1% SDS), after 

being mixed with 6x loading dye (10% SDS, 30% glycerol, 450 mM Tris.HCl pH 6.8, 0.12% 

bromophenol blue, 25% β-mercaptoethanol) and denaturized in boiling water (95oC) for 5 

min. After the end of electrophoresis, the gel was placed in contact to a PVDF 

(polyvinylidene difluoride) membrane. The membrane was first activated with 100% 

MeOH (20 sec) and ddH2O (2 min). The membrane in contact with the gel were immersed 

into a transfer buffer (2x Laemmli buffer, 20% MeOH), then, an electric field was applied, 
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causing the migration of the proteins from the gel to membrane. After the electrotransfer of 

the proteins to the PVDF membrane, the membrane was blocked for 50 min in 5% non-fat 

dry milk in PBS to avoid nonspecific binding of antibodies to the membrane. The membrane 

was washed four times with PBS for 5 min, followed up by an overnight incubation at 4oC 

with a specific antibody against the protein of interest, diluted in 1% non-fat dry milk in 

PBS-0.05% Tween-20 (PBS-T). Then, the membrane was washed three times (for 5 minutes 

each time) with PBS-T, and then incubated with the secondary HRP-conjugated antibody, 

diluted in 1% non-fat dry milk in PBS-T for 1 hour at RT. Finally, the membrane was 

washed three times in PBS-T and then visualized in a dark room with the use of an X-ray 

film. 

Gel zymography 

Gel zymography was used to confirm the enzymatic activity of the purified recombinant 

proteins. The proteins were separated on a polyacrylamide gel containing 0.1% gelatin or 

0.1% casein, in parallel with a molecular weight protein marker. The same principles of 

SDS-PAGE were applied. The samples were prepared by adding 6x loading dye without β-

mercaptoethanol (10% SDS, 30% glycerol, 450 mM Tris.HCl pH 6.8, 0.12% bromophenol 

blue), and then incubated for 15 min at 37oC.  At the end of the electrophoresis the gel was 

immersed in 2.5% Triton X-100 buffer solution (2.5% Triton® X-100, 5 mM CaCl2, 50 mM 

Tris.HCl pH 7.5) and washed twice for 15 min whilst being stirring. Afterwards, it was 

washed with 0.1% Triton Buffer (0.1% Triton X-100, 5 mM CaCl2, 50 mM Tris.HCl pH 

7.5) for 15 min, and once more 16 hours. The gel was stained using 0.25% Coomassie 

brilliant blue G-250 for approximately 30 min and destained in destaining solution.   

Silver staining  

In this staining method, silver nitrate was used to stain the gels after the protein’s separation 

by SDS-PAGE. The sensitivity of this method is at the range of 10 ng. First, the gel was 

fixed for 1 hour in a solution of 50% methanol, 12% acetic acid and 0.0185% formaldehyde. 

Afterwards, three 20-minute washes took place with a 50% methanol solution. Then, the gel 

was immersed in 0.02% sodium thiosulfate (Na2S2O3.5H2O) solution for 1 min, to become 

sensitized, and thereafter was rinsed thrice with ultra-pure H2O (20 sec each). The silver 

nitrate solution was then added to the polyacrylamide gel (0.2% AgNO3, 0.0278% 

formaldehyde) for 20 minutes. At this step, silver ions bind to the protein’s side chain, which 

was negatively charged. Then, the gel was washed with ultra-pure H2O twice for 20 sec, 
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and afterwards the development solution was added (0.0004% Na2S2O3.5H20, 6% Na2CO3, 

0.0185% formaldehyde) for at least 10 min, or until brown protein bands appear. The silver 

ions were reduced to elemental silver to produce the staining. Finally, the gel was immersed 

in a 50% methanol, 12% acetic acid solution to stop the development. 

Bradford assay 

The concentration of proteins was determined by Bradford assay. This method involved 

bind of proteins to Coomassie brilliant blue G-250, which caused a transition in the 

absorption of the dye from 456 nm to 595 nm. The exact concentration of proteins was 

determined using a standard curve of known protein standards of BSA (Bovine Serum 

Albumin). Specifically, 2 μg, 5 μg, 10 μg, 15 μg and 20 μg of BSA was diluted in 800 μl 

ddH2O and 200 μl of Protein Dye Reagent (Bio-Rad). Then the adsorption of the compounds 

at 595 nm was measured, in a Perkin Elmer spectrophotometer Lambda 25. A linear range 

standard curve was generated, with y-axis of A595 and x-axis the protein concentration in 

μg/μl. The unknown protein compound was diluted in 800 μl ddH2O and 200 μl of the 

protein dye reagent (Bio-Rad). Then, the adsorption was measured, and the concentration 

of the protein was calculated based on the standard curve. Reaction times were between 5 

and 10 min. 

Sandwich ELISA 

The tested α-KLK6 was mixed with PBS and coated to the MTP plate at a concentration οf 

500 ng/100 μl per well and left at 4oC overnight (16-20 hours).  The coated wells were 

washed six times with PBS (approximately 200 μl per well) and blocked with 1% BSA in 

PBS for 1 hour at RT, to prevent non-specific protein binding to the plate. After blocking, 

the wells were again washed six times with PBS (200 μl/well, each time) and then 100 μl of 

the diluted samples, at various concentrations, were added and incubated at RT for 2 hours. 

After the removal of the samples, the plate was washed twice with PBS and the secondary 

antibody was added and incubated at RT for 2 hours. The plate was again washed twice with 

PBS and the final HRP conjugated antibody diluted in blocking buffer was added and 

incubated for 1 hour at RT. Afterwards, the wells were washed four times with PBS, and 

twice with 100 mM citrate buffer pH 6.0. The ortho-phenylenediamine (OPD) substrate was 

then added to a concentration of 0.4 mg/ml with 1.2% H2O2 in 100 mM citrate buffer pH 

6.0 (200 μl). The enzyme-substrate reaction was stopped after 20 min by adding 50 μl of 2 

NH2SO4 and the absorbance was recorded at 492 nm (Infinite F50 Tecan). 



 
 

40 

Enzymatic kinetics 

The BAEE substrate 

Nα-Benzoyl-L-arginine ethyl ester (BAEE) is a synthetic substrate specific for trypsin-like 

serine proteases. The activity of proteases was determined spectrophotometrically by 

measuring a continuous rate of the substrate’s hydrolysis, at A254. The following reaction 

takes place (Figure 11). 

 

 

 

 
Figure 11. Scheme of BAEE hydrolysis reaction by trypsin. 

BAEE is a classic substrate for trypsin and trypsin-like proteases. After the hydrolysis by 
trypsin the formed product (Na-benzoyl-L-arginine) is monitored at A254. 

 

To test the enzymatic activity of the recombinant proteins 12 nM of the protein of interest 

was mixed with 250 μΜ BAEE in a final volume of 1 ml in 67 mM sodium phosphate buffer 

pH 7.6. Product formation was monitored in a Perkin Elmer spectrophotometer Lambda 25 

and took place for three minutes. 

 

The Z-Phe-Arg-AMC substrate 

Z-Phe-Arg-7-amido-4-methylcoumarin is a fluorogenic amidomethylcoumaryl substrate 

that is hydrolyzed by trypsin-like proteases. The 7-amido-4-methylcoumarin is the 

hydrolysis product and highly fluorescent, thus is monitored spectrofluorometrically. This 

method is more sensitive than the chromogenic one. To monitor the enzyme activity, 12 nM 

of the protein of interest was mixed with 50 μΜ of Z-Phe-Arg-AMC. The final volume was 

1 ml and the buffer 50 mM Tris.HCl pH 8.0. All measurements were conducted in a Perkin 

Elmer spectrofluorometer LS55, at λexc=380 nm and λem =430 nm. 

  

 

 

BAEE + H2O                    Nα-Benzoyl-L-arginine + ethanol 
Trypsin 
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CHAPTER 1 

1.1 Production and purification of recombinant KLK6 R80Q in P. pastoris 

Expression of rKLK6 R80Q in P. pastoris 

The Pichia pastoris KM71/pPIC9/KLK6 R80Q clone carried the pro-KLK6 R80Q cDNA 

sequence to produce the “stable” recombinant protein, as it protects the enzyme from an 

auto-inactivation procedure (Bayés et al., 2004). Beginning with a small culture (20 ml 

BMGY), a single colony was inoculated and left to grow for two days (28oC, 200 x rpm), 

until the culture reached the exponential phase. Then, the culture was centrifuged at 4,000 

x rpm, for 10 min), and the resultant cell pellet was resuspended in 4 ml medium enriched 

with 1% v/v methanol instead of glycerol (BMMY). Methanol (1% v/v) was added every 

day to the culture supernatant for three days to induce the expression as it activates the 

promoter of the AOX1 gene, and consequently the protein of interest, that is under the 

control of AOX1. Recombinant KLK6 R80Q was secreted to the supernatant and so on the 

last day of the induction, the supernatant was harvested by centrifuging (4,000 x rpm, 15 

min). Protein was confirmed by SDS-PAGE, following Coomassie blue R-250 staining 

(Figure 12).  

 

Figure 12. Small-scale production of rKLK6 R80Q. 

Small-scale production of rKLK6 R80Q was confirmed by SDS-PAGE. M: prestained 
protein marker BlueStar PLUS (Nippon Genetics) 1: supernatant from the 
KM71/pPIC9/proKLK6 R80Q culture; 2: negative control: supernatant from P. pastoris 
ΚΜ71/pPIC9 small culture that was added 1% v/v methanol for three days. 12% acrylamide 
gel was used, and it was stained with Coomassie blue R-250 
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Next, we scaled up the expression protocol. A culture of 1 lt was inoculated with 2 ml of 

small culture’s supernatant that had reached the exponential phase. The induction took place 

for three days, and 1% v/v methanol was added daily. After the production of the 

heterologous protein the supernatant was collected via centrifugation (4,000 x rpm, 15 min) 

and stored at -80oC. Production of KLK6 R80Q was confirmed by SDS-PAGE (Figure 13).  

 

Figure 13. Large-scale production of rKLK6 R80Q. 

Large-scale production of rKLK6 R80Q was confirmed by SDS-PAGE.  M: prestained 
protein marker BlueStar PLUS (Nippon Genetics), 1: large culture’s supernatant after 
induction, 2: negative control: supernatant from P. pastoris ΚΜ71/pPIC9 culture after three-
day induction with 1% methanol. 12% acrylamide gel was used, and it was stained with 
Coomassie blue R-250. 

 

Purification of rKLK6 R80Q  

First-step purification using hydrophobic interaction chromatography 

The supernatant was partially purified using HIC with a Butyl Toyopearl 650 M 

chromatographic column. Ammonium sulfate was used to partially unfold the proteins and 

expose their hydrophobic residues and elution was accomplished by decreasing the salt 

concentration of the eluent gradually. Fractions of ~1 ml were collected and analyzed by 

SDS-PAGE to detect rKLK6 R80Q. The fractions containing rKLK6 R80Q were pooled 

and dialyzed against 10 mM Tris.HCl pH 8.0 or 10 mM of sodium acetate buffer pH 5.3. 

Recombinant KLK6 R80Q was detected at 31 kDa, which correspond to a glycosylated 

form of the protein. It is known that KLK6’s glycosylation occurs at N134 (Bayés et al., 

2004). Other bands that correspond to KLK6 were detected at 24 kDa and 29 kDa. The 

observed band at 29 kDa correspond to a partly truncated form of the enzyme and the band 
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at 24 kDa to the deglycosylated protein (Bayés et al., 2004). Most of the KLK6 protein was 

detected in the glycosylated form (Figure 14).  

 

 

Figure 14. Detection of rKLK6 R80Q by SDS-PAGE after 1st step purification.  

Recombinant KLK6 R80Q appeared, as expected, as three bands corresponding to 24, 29 
and 31 kDa. M: prestained protein marker BlueStar PLUS (Nippon Genetics), 1-6: 6 
different pooled fractions after 1st step purification of rKLK6R80Q, 7: positive control: pure 
rKLK6, 8: negative control: supernatant of KM71/pPIC9 small culture after three days of 
induction with 1% v/v methanol. 12% acrylamide gel was used, and it was stained with 
Coomassie blue R-250. 

 

 
Figure 15. Recombinant KLK6 is active after first-step purification.  

M: prestained protein marker BlueStar PLUS (Nippon Genetics), 1-6: different fractions of 
rKLK6 after first-step purification, 7: positive marker: pure active rKLK6, 8: positive 
marker: trypsin (20 ng). 12% acrylamide gel was used, containing 0.1% gelatin and it was 
stained with Coomassie blue G-250. 
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Gel zymography of rKLK6 R80Q revealed that the protein displayed enzymatic activity 

after 1st step purification. A band of 24 kDa was detected corresponding to the active form 

of the enzyme (Figure 15). The protein was enzymatically inactive at the large and small 

cultures supernatant as shown by gel zymography (data not shown).  

KLK6 is fully activated following 1st step purification 

Endoproteinase Lys-C isolated from Lysobacter enzymogenes (Sigma-Aldrich) was 

employed to confirm that the rKLK6 R80Q was fully active. This enzyme exclusively 

hydrolyzes amide, ester, and peptide bonds at the carboxylic side of Lys. It cleaves the Lys21 

residue of KLK6 to remove the pro-peptide (Bayés et al., 2004). The recombinant protein 

was incubated with Lys-C for 1 and 3 min at RT. The activity of the KLK6 R80Q was 

estimated spectrophotometrically using BAEE, and via gel zymography. The activity was 

not altered before and after the incubation with Lys-C, indicating that the protein was fully 

active after the 1st purification step (Figure 16). 

A B 

  

Figure 16. Endoproteinase Lys-C activation of recombinant KLK6 R80Q zymogen.  

A, the activity of rKLK6 was measured spectophotometrically. The rate of the hydrolysis 
of the substrate before (green) and after 1 min incubation (blue) and 3 min incubation 
(yellow) with Lys-C is depicted.  

B, gelatin zymography before and after incubation of rKLK6 with Lys-C. 1: rKLK6, 2: 
rKLK6: Lys-C, 1:7.5 1 min preincubation RT, 3: rKLK6: Lys-C, 1:7.5, 3 min preincubation 
RT, T: positive control: trypsin (20 ng). The amount of rKLK6 R80Q was 1 μg. The 
acrylamides constitution was 12%, containing 0.1% gelatin, and the gel was stained with 
Coomassie blue G-250. 
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Second-step of purification using ion exchange chromatography 

After the first-step purification and dialysis, the pooled fractions were concentrated to 1 ml, 

using 10 kDa Amicon filters. The pI of the protein was computed using the online program 

Expasy (https://web.expasy.org/compute_pi/; Figure 17). The second purification step was 

conducted in an FPLC system (NGC Quest, BioRad). 

 

Figure 17. Predicted molecular weight and theoretical pI of KLK6 R80Q predicted by 
Expasy (https://web.expasy.org/compute_pi/)  

The aminoacid residue sequence and the theoretical pI/MW of the protein are shown. 

 

Two purification protocols were tested for the optimization of the purification process. The 

first protocol utilized an anion exchange chromatography in a HiTrap DEAE FF (GE 

Healthcare Biosciences) column, with 5 ml capacity. As a starting buffer, 10 mM Tris.HCl 

pH 8.0 was used and equilibration of the column was performed with 2.5 CV of isocratic 

100% 10 mM Tris.HCl pH 8.0 (Phase 1). Afterwards, sample application was conducted 

(Phase 2) using a 2.5 ml injection syringe, followed by the column wash phase (Phase 3) 

using 100% 10 mM Tris.HCl pH 8.0 buffer for 10 CV. In the next phase (Phase 4) the 

elution took place using linear grade of 0% to 100% 1 M NaCl, 10 mM Tris.HCl pH 8.0 for 

5 CV. The collected fractions were 1 ml. The flow was monitored by a UV detector (A280) 

and rKLK6 R80Q was detected as a single large peak at the 11-21% elution buffer as seen 

on the chromatograph (Figure 18A). Following protein elution, the column was washed with 

100% 1 M NaCl, 10 mM Tris.HCl pH 8.0.   

After the 2nd purification, rKLK6 R80Q was of higher purity, however, the protein was not 

completely pure. Analysis of two-step purified rKLK6 R80Q by SDS-PAGE, silver staining 

and gelatin zymography, showed detected a band of ~45 KDa that does not could not 

correspond to rKLK6 (Figure 18B and 18C).  
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A  B 

C 

 

Figure 18. Recombinant KLK6 R80Q was not purified to homogeneity after 2nd step 
purification by anion exchange FPLC  

A, the Anion Exchange chromatogram of the second-step purification of rKLK6 R80Q. 
Recombinant KLK6 R80Q was eluted at 11-21% NaCl, as seen from the peak adapted from 
the UV detector at A280 (blue) 

B, SDS-PAGE, and silver staining of rKLK6 R80Q fractions before and after second-step 
purification. M: prestained protein marker BlueStar PLUS (Nippon Genetics), 1: rKLK6 
after first-step purification by HIC, 2: rKLK6 after second-step purification by AEC. 12% 
acrylamide gel was used, it was stained with silver nitrate. 

C, gelatin zymography of rKLK6 R80Q before and after second-step purification.  

M: prestained protein marker BlueStar PLUS (Nippon Genetics), 1: rKLK6 after first-step 
purification by HIC, 2: rKLK6 after second-step purification by AEC, T: positive control: 
trypsin (20 ng). 12% acrylamide gel was used, containing 0.1% gelatin and it was stained 
with Coomassie blue G-250.  

 

The second protocol was conducted in a cation exchange column. HiTrap CM FF (GE 

Healthcare Biosciences) with 5 mL capacity was used. As a starting buffer 10 mM sodium 

acetate buffer pH 5.3 was used and the elution was conducted with a linear gradient of 0% 

to 100% 1 M NaCl, 10 mM sodium acetate buffer pH 5.3. The chromatograph showed a 

high peak at 25-36% NaCl corresponding to rKLK6 R80Q (Figure 19A), therefore, the 

protein was efficiently purified. 
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Figure 19. Cation exchange FPLC was effective to adequately purify rKLK6 R80Q. 

A, the chromatogram of rKLK6 R80Q second-step purification using cation exchange 
chromatography. Recombinant KLK6 R80Q was eluted at fractions 25-36% NaCl. 

B, SDS-PAGE and silver staining. M: prestained protein marker BlueStar PLUS (Nippon 
Genetics), 1: rKLK6 after first-step purification by HIC, 2: rKLK6 after second-step 
purification by CEC. 12% acrylamide was used, and it was stained with silver nitrate. 

C, gelatin zymography of rKLK6 R80Q after one-step and two-step purification.  

M: prestained protein marker BlueStar PLUS (Nippon Genetics), 1: rKLK6 after first-step 
purification by HIC, 2: rKLK6 after second-step purification by CEC, 3: rKLK6 after 
second-step purification by AEC,  T: positive control: trypsin (20 ng). Gel’s composition 
was 12% acrylamide, containing 0.1% gelatin. The gel was stained with Coomassie blue G-
250.  

 

The presence of KLK6 in fractions was confirmed by Western blotting using the homemade 

α-KLK6 IgYs antibody (Sotiropoulou et al., 2012; Figure 20). 
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Figure 20. Detection of rKLK6 R80Q by a specific human KLK6 antibody. 

1-4: different pooled fractions of rKLK6 R80Q after purification and dialysis. 5: positive 
control: pure rKLK6, 5: negative control: pure rKLK5.  

 

Silver staining of treated gels after SDS-PAGE was utilized to estimate the purity of purified 

rKLK6 R80Q. The results again showed that KLK6 R80Q was not sufficiently purified after 

the 1st step purification by hydrophobic interaction chromatography. Specifically, the purity 

of the protein after one-step purification was estimated to be 85.4%, but after the second 

step it was enriched to 97.8%. The anion exchange chromatography method showed that 

the protein was purified to 93.1%. All quantifications were conducted with ImageJ software 

(Figure 21). The protein amount was determined with the Bradford assay. The yield of the 

expression was approximately 60 ng of protein in 1 lt culture.  

 

 

 

 

 

 

 

Figure 21. Purity analysis of rKLK6 R80Q by SDS-PAGE and silver staining. 

Recombinant KLK6 R80Q purified by HIC was approximately 85.4% pure. Following ion 
exchange chromatography the protein was purified to 97.8%. In contrast, anion exchange 
chromatography resulted in 93.1% pure protein. M: prestained protein marker BlueStar 
PLUS (Nippon Genetics), 1: rKLK6 R80Q, after the 1st step purification by HIC 2: rKLK6 
R80Q after the 2nd step purification by CEC, 3 rKLK6 R80Q after the 2nd step purification 
by AEC. 12% acrylamide gel was used, and it was stained with silver nitrate. 
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Determination of Michaelis-Menten kinetic parameters of rKLK6 R80Q with BAEE 

The kinetic behavior of the KLK6 with the BAEE (Na-benzoyl-L-arginine ethyl ester) was 

determined by calculating the kinetic parameters based on the Michaelis-Menten model. 

The kinetic parameters, that were determined, were KM and Vmax. The KM value, known as 

Michaelis constant, depends on the substrate and on environmental conditions, such as pH, 

temperature, and ionic strength. The Vmax value corresponds to the maximal velocity, when 

all the enzyme sites are saturated with the substrate. Fully active, two-step purified rKLK6 

R80Q was used and the experimental procedure was carried out with a Perkin Elmer 

spectrophotometer Lambda 25. The product formation was measured at 254 nm for 3 min. 

The enzyme initial reaction rate was measured in a range of BAEE concentrations, while 

the concentration of the enzyme was kept constant at 12 nM (Figure 22).  

 

A        B 

         

 
Figure 22. Recombinant KLK6 R80Q velocity measurements for different amounts of 
BAEE substrate. 

A, table displaying the different BAEE concentrations in μΜ corresponding to the rate of 
the reaction (U) in ΔΑ/min.   

B, the plot of absorption changes at 254 nm. On the y-axis, the relative absorbance at 254 
nm is displayed and, on the x-axis, time in minutes. Different colors correspond to different 
BAEE concentrations indicated on the right of the graph. 

 

BAEE(μΜ) U(ΔA/min) 
0 0 
10 0.0014 
50 0.0048 
150 0.0103 
200 0.0122 
250 0.014 
350 0.0169 
500 0.019 
750 0.0197 
1000 0.0203 
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The Vmax value was calculated via the limit of hyperbolic points at infinite substrate 

concentration (Figure 23A). However, it was difficult to estimate the best hyperbola fitting 

and so a re-arranged plot was required to obtain linear relationships. The Lineweaver-Burk 

plot of 1/v against 1/[S] was formed, to effectively compute the kinetic parameters (Figure 

23B). The given intercept on the y-axis corresponded to 1/Vmax and on x-axis to -1/KM. 

Finally, the kinetic values were calculated to be KM=233 μΜ and Vmax=0.0263 ΔΑ/min. 

 

A B    

     
 
Figure 23. Determination of Michaelis-Menten enzyme kinetic parameters of rKLK6 
R80Q. 

A, the Michaelis-Menten plot. Y-axis indicates the initial rate of the reaction between 
rKLK6 R80Q and BAEE in ΔΑ/min and the x-axis correspond to different BAEE 
concentrations in μΜ.  

B, the Lineweaver-Burk plot. Y-axis indicates the values of 1/v (v, indicates the initial rate 
of the reaction measured in ΔΑ/min), the x-axis 1/[S] ([S] corresponds to the substrate 
concentration in μΜ) indicates between rKLK6 R80Q and BAEE.  
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Recombinant KLK6 R80Q cleaves the fluorogenic substrate Z-Phe-Arg-AMC 

The purified rKLK6 was able to hydrolyze fluorogenic substrate Z-Phe-Arg-AMC. The 

substrate was rapidly hydrolyzed by trypsin that yielded a reaction rate of 600 Int/min. The 

one-step purified rKLK6 was able to digest the substrate to a lesser extent, at a rate of 76 

Int/min, and the two-step purified protein generated a higher reaction rate of 90 Int/min 

(Figure 24). All measurements were conducted with a Perkin Elmer LS-55 fluorimeter, 

using excitation wavelength at 380 nm and emission wavelength at 430 nm. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. Activity measure fluorometrically of rKLK6 R80Q on Z-Arg-Phe-AMC. 

The plot depicts the change of fluorescence intensity over time, that represents the activity 
of rKLK6 R80Q. The activity of rKLK6 R80Q after the 1st purification step (red) compared 
to the activity of rKLK6 R80Q after the 2nd purification step (green) and trypsin (blue), as 
a positive control, are displayed.  

The measurement was conducted at λex=380 nm and at λem=430 nm. Substrate concentration 
was 50 μΜ, while the concentration of the enzyme was 12 nM.  
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1.2 Production and purification of rKlk6 in P. pastoris 

Expression of rKlk6 in P. pastoris  

The expression of recombinant mouse Klk6 (rKlk6) in Pichia pastoris was accomplished 

with the same principles. The strain used was KM71, transformed with pPIC9 carrying the 

Klk6 cDNA. Initially, the protein production was conducted in a small culture (20 ml 

BMGY). A single colony was inoculated and left to grow for two days (28oC, 200 x rpm), 

until the exponential phase was reached. Afterwards, the culture was centrifuged (4,000 x 

rpm, 10 min) and the cell pellet was resuspended in 4 ml BMMY medium. The induction 

of rKlk6 production was achieved via daily addition of methanol (1% v/v) for three days. 

The supernatant was collected by centrifugation (4,000 x rpm, 15 min) and stored at -80oC 

for protein analysis. The detection of the protein was not feasible via SDS-PAGE analysis, 

due to the low protein concentration (data not shown). The confirmation of the protein 

production was performed with gel zymography (Figure 25).  

 

A    B    

 

 

 

 

 

 

Figure 25. Small-scale production of rKlk6 confirmed by gelatin zymography. 

A, casein zymography. B, gelatin zymography.  

M: prestained protein marker BlueStar PLUS (Nippon Genetics), 1: KM71/pPIC9/rKlk6 
supernatant from small culture, 2: positive control: pure rKlk6, 3: negative control: 
KM71/pPIC9 small culture’s supernatant that was added 1% v/v methanol for 3 days, T: 
positive control: trypsin (20 ng). 12% acrylamide gel was used containing 0.1% gelatin or 
casein. The gels were stained with amidoblack. 

 

Higher amounts of the rKlk6 were acquired via the scaling-up of the expression protocol, 

to 1 L culture. The culture of 1 lt was inoculated with 2 ml of KM71/pPIC9/rKlk6 small 

culture (20 ml) that reached the exponential phase. The culture was left to grow for two days 
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with shaking (200 x rpm) at 28oC. Next, the cell pellet was obtained via centrifugation 

(4,000 x rpm, 10 min) and resuspended in 200 ml BMMY. Then, 2 ml methanol (1% v/v) 

was added for three days in culture’s supernatant to conduct the protein production. The 

protein production was confirmed through gel zymography (Figure 26). 

 

Figure 26. Large-scale production of rKlk6 confirmed by gelatin zymography. 

M: prestained protein marker BlueStar PLUS (Nippon Genetics), 1: KM71/pPIC9/rKlk6 
supernatant from large culture, 2: positive control: pure rKlk6, 3: negative control: 
KM71/pPIC9 small culture’s supernatant after added 1% v/v methanol for 3 days, T: 
positive control: trypsin (20 ng). 12% acrylamide gel was used containing 0.1% gelatin or 
casein. The gels were stained with amidoblack. 

 

Purification of rKlk6 

First-step purification, using hydrophobic interaction chromatography 

The same method was used for the preliminary purification of rKlk6. The separation was 

done in a Butyl Toyopearl 650 M column; as an eluent a solution of 26.4% ammonium 

sulfate, in 10 mM Tris.HCl pH 8.0 was used. The fractionation begun by decreasing the 

ammonium sulfate concentration gradually. The fractions collected were ~1 ml and 

analyzed using gel zymography. The fractions containing the protein were pooled and 

dialyzed against 10 mM sodium acetate buffer pH 5.3. 

 

Second-step purification of rKlk6, using ion exchange chromatography  

After the first-step purification and dialysis, the pooled fractions were reduced to 1 ml, using 

10 kDa cutoff Amicon filters. The pI of the protein was calculated using the online program 

Expasy (https://web.expasy.org/compute_pi/; Figure 27). 
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Figure 27. Predicted molecular weight and theoretical pI of Klk6 predicted by Expasy 
(https://web.expasy.org/compute_pi/)  

The aminoacid residue sequence and the theoretical pI/MW of the protein are shown. 

 

The chromatographic column was a HiTrap CM FF (GE Healthcare Biosciences) for Cation 

Exchange Chromatography with 5 ml capacity, and the starting buffer was 10 mM sodium 

acetate pH 5.3. Initially, (Phase 1) the column was equilibrated with isocratic 100% 10 mM 

sodium acetate buffer pH 5.3 for 2.5 CV. Then the sample was applied, using a 2.5 ml 

injection syringe (Phase 2), followed by the column wash phase (Phase 3) using the starting 

buffer for 10 CV. In the next phase (Phase 4) the elution took place using a linear grade of 

0% to 100% 1 M NaCl, 10 mM sodium acetate pH 5.3 for 5 CV. The elution was monitored 

by a UV detector at A280 and rKlk6 was detected as a single peak at 39-41% NaCl (Figure 

28A). After the elution, the column was washed with 100% 1 M NaCl, 10 mM sodium 

acetate buffer pH 5.3. The purity of the protein was estimated by gel zymography and silver 

staining (Figure 28B and 28C). After the second-step purification, the protein obtained was 

of high purity. The fractions containing the protein were pooled, dialysed against 10 mM 

sodium acetate buffer pH 5.3 and stored at -80oC for subsequent analysis. 
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Figure 28. Recombinant Klk6 was purified to homogeneity after a second-step 
purification, by cation exchange FPLC. 

A, rKlk6 is eluted at 39-41% NaCl, as seen from the peak adapted from the UV detector at 
A280 (blue)  

B, gelatin zymography after second-step purification and dialysis. M: prestained protein 
marker BlueStar PLUS (Nippon Genetics), 1: rKlk6 after first-step purification (by HIC), 
2: rKlk6 after second-step purification (by IEC), T: positive control: trypsin (20 ng). 15% 
acrylamide gel was used, containing 0.1% gelatin. The gel was stained with Coomassie Blue 
G-250. 

C, SDS-PAGE, and silver staining after second-step purification of rKlk6. 1: rKlk6 after 1st 
purification step by HIC, 2: rKlk6 after 2nd purification step by IEC, T: positive control: 
trypsin (100 ng). 15% acrylamide gel was used, and it was stained with silver nitrate. 

 
  

 

   

 

 

 

 

 

 

75 
 
63 
48 
35 

 

20 

25 

kDa M 1 2 T 

75 
63 
 

35 

25 

48 



57 

The detection of rKlk6 through SDS-PAGE was not possible, due to low concentration 

(results not shown) thus gel zymography was used. The results showed that rKlk6 can 

effectively hydrolyze gelatin and casein substrates (Figure 29). The protein was detected as 

two bands at ~21 kDa and ~27 kDa that can possibly correlate to a glycosylated form of the 

enzyme. 

 
       A B 

 
 

Figure 29. Purified rKlk6 is active as shown by gel zymography.  

A, gelatin zymography B, casein zymography.  

M: prestained protein marker BlueStar PLUS (Nippon Genetics), 1-3: different pooled 
fractions of purified rKlk6, 4: negative control: supernatant of KM71/pPIC9 culture, 
after three days of induction, T: positive control: trypsin (20 ng). 12% acrylamide gel 
was used containing 0.1% gelatin or casein. The gels were stained with Coomassie Blue 
G-250. 

 

 

Recombinant Klk6 cleaves the fluorogenic substrate Z-Phe-Arg-AMC 

The activity of the purified rKlk6 was determined using the fluorescent substrate Z-Phe-

Arg-AMC. Activity was measured by monitoring fluorescence emission at 430 nm with 

excitation at 380 nm. The substrate was proteolytically cleaved by rKlk6, but to a lesser 

extent than trypsin and rKLK6 R80Q. As anticipated, the activity was increased after the 

purification of the protein. Specifically, rKlk6 after 2nd step purification render a 35 Int/min 

reaction rate in contrary to rKlk6 after the 1st purification step that displayed a 10 Int/min 

reaction rate.  
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Figure 30. Activity of rKlk6 against the fluorogenic substrate Z-Arg-Phe-AMC.  

The plot depicts the change of the fluorescence intensity over time. Trypsin (blue) rapidly 
cleaved the substrate, at a rate of 600 Int/min. Recombinant Klk6 after 2nd step purification 
(red) yield a 35 Int/min reaction rate, while rKlk6 after 1st step purification (green) render 
a10 Int/min reaction rate. The measurement was conducted at λexc=380 nm and λem=430 nm. 
The substrate’s concentration was 50 μΜ, and the concentration of the proteins was 12 nM. 
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1.3 Production, and purification of rKLK5 in P. pastoris 

Expression of rKLK5 in P. pastoris 

The same expression strain (KM71) transformed with the same vector (pPIC9) carrying the 

KLK5 cDNA were used to produce rKLK5. Single colonies of recombinant P. pastoris 

strains were inoculated in a small culture (20 ml BMGY) and left to grow for two days 

(28oC, 200 x rpm). The culture reached the exponential phase when OD600 reached 2 to 4. 

The cell pellet was collected by centrifuging (4,000 x rpm, 10 min) and resuspended in 4 ml 

BMMY. Methanol (1% v/v) was daily added for four days, then, rKLK5 was isolated from 

the culture supernatant by centrifugation (4,000 x rpm, 15 min). The production od active 

recombinant protein was confirmed by gelatin zymography (Figure 31). 

 

Figure 31. Production of active rKLK5 confirmed by gelatin zymography. 

M: prestained protein marker BlueStar PLUS (NipponGenetics), 1: Supernatant of 
KM71/pPIC9/rKLK5 small culture, 2: negative control: Supernatant of KM71/pPIC9 small 
culture after four-day induction with methanol (1% v/v), 3: Positive control: Trypsin (20 
ng). 12% acrylamide gel, containing 0.1% gelatin was used. The gel was stained with 
Coomassie blue G-250. 

 

The scale-up of the expression protocol was designed to produce rKLK5 in larger amount. 

The large culture (1 L) was inoculated with 2 ml of the small culture at its exponential phase. 

The culture was left to grow for two days at 28oC under stirring (200 x rpm). When it 

reached the exponential phase (OD600=2-4), the cell pellet was collected with centrifugation 

(4,000 x rpm, 10 min). The cells were resuspended in 200 ml BMMY, and 1% v/v methanol 

was added daily, for four days, for protein production. The supernatant was clarified with 

centrifugation (4,000 x rpm, 15 min). The protein production was confirmed by gelatin 

zymography (Figure 32), and the supernatant was stored at -80oC until purification. The 
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protein appears enzymatically active, even though it is synthesized as a pro-form which is 

in accordance with the fact that KLK5 can autoactivate (Michael et al., 2005). 

 

Figure 32. Production of rKlk6 in larger scale was confirmed by gelatin zymography.  

M: prestained protein marker BlueStar PLUS (NipponGenetics), 1: large culture supernatant 
after induction, 2: small culture supernatant after induction, 3: negative control: supernatant 
of KM71/pPIC9 small culture after four-days of induction, 4: positive control: trypsin (20 
ng). 12% acrylamide gel, containing 0.1% gelatin and it was stained with Coomassie blue 
G-250. 

 

Purification of rKLK5 

First-step purification of rKLK5 by hydrophobic interaction chromatography 

The large culture’s supernatant was purified using HIC, using a Butyl Toyopearl 650 M 

chromatographic column. The column and the sample were equilibrated with 26.4% 

ammonium sulfate in 10 mM Tris.HCl pH 8.0. The fractions (~1 ml) were eluted by gradient 

26.4-0% ammonium sulfate and analyzed using gelatin zymography (Figure 33). The 

fractions with the protein were pooled and dialysed against 10 mM sodium acetate buffer 

pH 5.3.  

Second-step purification of rKLK5 by ion exchange chromatography  

After the first-step purification and dialysis, the pooled fractions were concentrated to 1 ml 

using 10 kDa cutoff Amicon filters. Thereafter, the pI of the protein was computed using 

the online program Expasy (https://web.expasy.org/compute_pi/; Figure 33). 
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Figure 33. Molecular weight and theoretical pI of KLK5 predicted by Expasy 
(https://web.expasy.org/compute_pi/) 

The aminoacid residue sequence and the theoretical pI/MW of the protein are shown. 

 

The column was a HiTrap CM FF (GE Healthcare Biosciences) for Cation Exchange 

Chromatography, with a capacity of 5 ml. The starting buffer was 10 mM sodium acetate 

buffer pH 5.3 and the elution buffer was 1 M NaCl, 10 mM sodium acetate buffer pH 5.3. 

First (Phase 1), the equilibration of the column took place using Isocratic 100% starting 

buffer for 2.5 CV. Then sample application was conducted (Phase 2), using a 2.5 ml 

injection syringe, that was followed by the column wash phase (Phase 3) using 100% of the 

starting buffer for 10 CV. Afterwards, the elution took place (Phase 4) using linear grade of 

0% to 100% of the elution buffer for 5 CV. A UV detector (A280) detected a single large 

peak at 52-71% NaCl, (Figure 34A) that corresponded to rKLK5. After the elution, the 

column was washed with 100% 1 M NaCl, 10 mM sodium acetate buffer pH 5.3. Gelatin 

zymography and silver staining of SDS-PAGE (Figure 34B and 34C) confirmed that the 

protein was effectively purified.  
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Figure 34. Recombinant KLK5 was purified to homogeneity after 2nd step purification 
by cation exchange FPLC. 

A, the chromatogram of second-step purification process. The protein was eluted at 52-71% 
NaCl, as seen from the peak adapted from the UV detector at A280 (blue).  

B, gelatin zymography, M: prestained protein marker BlueStar PLUS (Nippon Genetics), 1: 
rKLK5 after 1st step purification by HIC, 2: rKLK5 after 2nd step purification by CEC, T: 
positive control:  trypsin (20 ng). 12% acrylamide gel was used, containing 0.1% gelatin. 
The gel was stained with Coomassie blue G-250. 

C, SDS-PAGE with silver staining, M: prestained protein marker BlueStar PLUS (Nippon 
Genetics), 1: rKLK5 after 1st step purification by HIC, 2: rKLK5 after 2nd step purification 
by CEC, T: positive control: trypsin (100 ng). 12% acrylamide gel was used, and it was 
stained with silver nitrate.  
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Figure 35. Detection of rKLK5 by a specific α-KLK5 antibody.  

M: prestained protein marker Bluestar Plus (Nippon Genetics), 1-3: fractions of rKLK5 after 
purification, 4: negative control: pure rKLK6 R80Q, 5: positive control: pure rKLK5.  

 

Recombinant KLK5 in fractions was identified by Western blotting using a specific 

antibody for KLK5 (AF1108, R&D Systems) (Figure 35). KLK5 was detected as 5 bands, 

at ~44 kDa, ~40 kDa, ~35 kDa, ~30 kDa and ~26 kDa. The band at ~26 kDa corresponds 

to the deglycosylated form of the protein, and the other bands correspond to different 

glycosylation forms of the protein (Michael et al., 2005). The protein was not detected on 

SDS-PAGE due to low concentration (data not shown). 

It is known that KLK5 can autoactivate (Michael et al., 2005). The results estimated that 

rKLK5 can quickly activate in the culture’s supernatant. The four different glycosylated 

forms are enzymatically active as seen in gelatin zymography (Figure 36). 

 

Figure 36. All different glycosylated forms of rKLK5 can digest gelatin.  

M: prestained protein marker BlueStar PLUS (Nippon Genetics), 1-3: different fractions of 
rKLK5 after purification, 4: negative control: small KM71/pPIC9 culture supernatant after 
four-day induction, T: positive control: trypsin (20 ng). 12% acrylamide gel was used, 
containing 0.1% gelatin. The gel was stained with Coomassie blue G-250. 
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Recombinant KLK5 cleaves the fluorogenic substrate Z-Phe-Arg-AMC 

Recombinant KLK5 was not able to proteolytically cleave the BAEE substrate (data not 

shown). Thus, the enzymatic activity was measured with the fluorogenic substrate Z-Phe-

Arg-AMC. The protein cleaved the substrate but to a much lesser extent than trypsin. 

Moreover, after the second-step purification when the protein was adequately purified, the 

digestion rate was tripled in contrast to the one-step purified protein as anticipated (Figure 

37). The assay was carried out in a Perkin Elmer LS-55 fluorimeter with λexc=380 nm and 

λem=430 nm.  

 

Figure 37. Activity of rKLK5  against the fluorogenic substrate Z-Arg-Phe-AMC. 

Trypsin displayed 600 Int/min reaction rate (blue), rKLK5 after 1st step purification by 
Hydrophobic Interaction Chromatography displayed a reaction rate of 16 Int/min (green) 
and rKLK5 after 2st step purification by Cation Exchange Chromatography displayed a 
reaction rate of 54 Int/min (red). On the y-axis the fluorescence intensity is displayed, and 
on x-axis time in seconds. The measurement was conducted at λex=380 nm and λem=430 nm. 
The substrate’s concentration was 50 μΜ and the concentration of proteins was nM. 
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CHAPTER 2 

Development of a sandwich ELISA specific for KLK6 

2.1 Assay optimization 

Initially, three antibodies specific for KLK6 were evaluated to identify the most suitable set, 

including a capture and a detection antibody, proper for ELISA. The ideal antibody pair 

should exhibit good sensitivity, low background and liner relation with the concentration of 

KLK6. The tested antibodies were the following:  

• IgYs ab (Sotiropoulou et al., 2012) 

• Human Kallikrein 6 ab (AF2008, R&D) 

• Anti-kallikrein 6 ab-clone 24 (MABN873, Sigma-Aldrich) 

 

A standard amount of rKLK6 (10 ng) and different concentrations of each antibody, as well 

as multiple antibody pairs, were all employed, to optimize the ideal capture and detection 

antibody for the newly developed ELISA. The different pair combinations are demonstrated 

analytically in Figure 38. The optimal antibody pairs that exhibited good sensitivity and low 

background were: [1] α-KLK6 ab (AF2008, R&D) as a coating antibody at a concentration 

of 5 μg/ml and the in-house IgYs ab (Sotiropoulou et al., 2012) as a capturing antibody at a 

concentration of 2 μg/ml, [2] IgYs ab (Sotiropoulou et al., 2012)  as a coating antibody, at 

a concentration of 5 μg/ml and α-KLK6 ab clone 24 (MABN873, Sigma-Aldrich) as a 

capturing antibody, at a concentration of 2 μg/ml. The results also demonstrate that the use 

of α-KLK6 clone 24 (MABN873, Sigma-Aldrich) as a coating ab render no measurable 

signal, as well as the use of α-KLK6 ab (AF2008, R&D) as a detection ab. Moreover, the 

use of α-KLK6 clone 24 (MABN873) as a detection ab and α-KLK6 (AF2008) as a coating 

ab resulted in high background. 
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Figure 38. Summarizing in a form of table the results from the antibody pairs tested 
for KLK6 specific sandwich ELISA. 

In the first column, the antibodies used as detection antibodies, and in the first row the same 
antibodies used as coating antibodies are displayed. Use of MABN873 (Sigma-Aldrich) as a 
coating antibody, as well as AF2008 (R&D) antibody as a detection ab, led to no detectable 
signal. Use of MABN873 (Sigma-Aldrich) as a detection antibody and AF2008 (R&D) as a 
coating antibody resulted in high background. The optimal ab pairs, that exhibited strong 
detection signal and low background, were: [1] MABN873 (Sigma-Aldrich) as the detection 
antibody and IgYs ab (Sotiropoulou et al., 2012) as a coating antibody, and [2] IgYs ab as 
the detection antibody and AF2008 (R&D) as the coating antibody. Working concentrations 
were 5 μg/ml for the coating and 2 μg/ml for the detection antibody in both cases.   

 

2.2 Calibration curve, sensitivity and accuracy  

The next step was the determination of the most suitable antibody pair, based on the linearity 

of the detected signal and the KLK6 concentration. The two options were either IgYs as a 

coating antibody (500 ng) with MABN873 (Sigma-Aldrich) as a detection antibody (200 

ng), or AF2008 (R&D systems) as a coating antibody (500 ng) and IgYs ab as a detection 

antibody (200 ng). A standard curve was prepared by making serial dilutions of purified 

rKLK6 R80Q in 1% BSA in PBS across a range of concentrations. 10 pg, 50 pg, 500 pg, 1 

ng, 10 ng, 20 ng, 50 ng and 100 ng of rKLK6 in 100 μl were utilized. The data were 

evaluated, and the linearity of the standard curve was assessed. All measurements were 

conducted in duplicated wells. The results suggested that the first optimized pair of 

antibodies (coating ab, IgYs, 500 ng and detection ab MABN873, 200 ng) was the best 

suited option, due to the linearity of the standard curve (R2=0.9766) (Figure 39). 
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Figure 39. Calibration curves of the developed Sandwich-ELISA for KLK6 revealed 
the first pair of antibodies (coating: 500 ng IgYs, detection: 200 ng MABN873) to 
display the best linearity. 

A, calibration curve of OD492 and LOG10 of the rKLK6 concentration in ng/ml.  

B, calibration curve of OD492nm and rKLK6 concentration in ng/ml.  

The results obtained by the use of the first optimized pair of antibodies (coating: 500 ng 
IgYs, detection: 200 ng MABN873) are demonstrated in blue, and results obtained by the 
use of second optimized pair of antibodies (coating: 500 ng AF2008, detection: 200 ng IgYs) 
are shown in red. The standard curve obtained from the first pair of antibodies (blue) shows 
better linearity (R2=0.9766) compared to the standard curve using the second pair of 
antibodies (R2=0.8667). 

 

Next, the Minimal Detectable Dose (MDD), corresponding to the lowest signal that can be 

distinguished from the background measurement, the Upper Limit Of Quantification 

(ULOQ), the highest protein concentration that can be detected and reliably quantified based 

on a specific degree of confidence and Lower Limit Of Quantification (LLOQ), the lowest 

protein concentration that can be detected and reliably quantified based on a specific degree 

of confidence, were calculated. The plot of OD492 against LOG10 of rKLK6 concentration 

was used to identify these values (Figure 40). The MDD was observed at 1.3 ng/ml, ULOQ 

was estimated at 35 ng/ml and finally LLOQ was revealed to be 3 ng/ml. 
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Figure 40. The typical calibration curve of the optimized sandwich-type ELISA 
developed for KLK6 

On the x-axis the LOG10 of the concentration of rKLK6 in ng/ml, and on the y-axis OD492, 
are displayed. The MDD corresponded to OD492=0.3882 and 1.3 ng/ml of KLK6. The 
ULOQ was estimated to be 35 ng/ml rKLK6 corresponding to OD492=0.9413, and LLOQ 
was determined to be 3 ng/ml rKLK6 corresponding to OD492=0.4785. All experiments 
were done in duplicate with the error bars representing the standard deviation. 
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2.3 Specificity 

Finally, the specificity of the assay towards KLK6 was certified. Thus, rKLK5 and rKLK13 

in maximum concentration (100 ng/ml) were tested to ensure that there is no cross-reactivity 

of the assay with other KLKs. The concentration of the proteins was 100ng/ml and the 

measurements were conducted in duplicate. The results showed that the assay was highly 

specific to human rKLK6, and there was no signal against other KLKs tested (Figure 41). 

 

 

Figure 41. The ELISA is specific for KLK6 and no crossreactivity with KLK5 and 
KLK13 is detected. 

Bar chart with OD492 on the y-axis and the different rKLKs tested on the x-axis. The 
bars represent the different KLKs. Specifically, rKLK5 (red), rKLK13 (green) and 
rKLK6 (purple) were evaluated. The proteins’ concentrations were 100 ng/ml, and the 
experiment was conducted in duplicate with the error bars representing the standard 
deviation.  
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CHAPTER 3 

Assessment KLK6-Activity based probes 

3.1 Test of H2N-Arg(P)(OPh)2 and Z-Arg(P)(OPh)2 for inhibition of KLK6   

Inhibition in gel zymography 

A two-step purified and fully active rKLK6 was used for the evaluation of compounds: di-

aryl phosphonate arginine derivatives, benzyl (1-(diphenoxyphosphoryl)-4-guanidinobutyl) 

carbamate (Z-Arg(P)-(OPh)2) and diphenyl (1-amino-4-guanidinobutyl) phosphonate (H2N-

Arg(P)-(OPh)2) (Figure 47A and 47B; Appendix). Gelatin zymography was used to evaluate 

the inhibitory activity and selectivity of these compounds. Gel zymography was conducted 

as usual, and the ABP was added at a final concentration of 100 μΜ during the last step 

(overnight wash with 0.1% zymography buffer). The results suggested strong inhibitory 

activity against KLK6. The two compounds could effectively inhibit trypsin, as well, 

indicating lack of selectivity (Figure 42).  

 A Β C 

 

Figure 42. Gelatin zymography shows inhibitory activity the ABPs against rKLK6 
and trypsin.  

A, gelatin zymography of rKLK6 and trypsin; 

B, gelatin zymography of rKLK6 and trypsin in the presence 100 μΜ H2N-Arg(P)-(OPh)2;  

C, gelatin zymography of rKLK6 and trypsin in the presence 100 μΜ Z-Arg(P)-(OPh)2; 

Μ: prestained protein marker BlueStar PLUS (Nippon Genetics), 1: rKLK6 (1 μg), 2: 
tryspin (10 ng). 12% acrylamide gel was used containing 0.1% gelatin, and it was stained 
with Coomassie blue G-250. 
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Determination of kinetic constants 

The tested compounds are characterized by covalent inhibition. These irreversible covalent 

inhibitors have a two-step mechanism of action illustrated in Figure 43. The first step, when 

the protein binds to the inhibitor, is reversible. The effectiveness of the first step is 

determined by the KI constant that corresponds to the concentration of the inhibitor needed 

to form the covalent bond at half of the maximum rate. In the second step, a covalent 

complex between the protein and the inhibitor is formed. This step is irreversible and is 

established by the kinact, the maximum rate for the formation of the covalent bond. The 

kinact/KI ratio is sufficient to describe the transition of the protein to protein-inhibitor 

complex and to define the potency of an irreversible inhibitor (Strelow, 2017). 

 

 
Figure 43. The two-step mechanism of inhibition for irreversible inhibitors.  

The protein is symbolized as P, and the inhibitor as I. The first step is reversible, determined 
by the KI constant. KI value depicts the inhibitor’s concentration that is required to achieve 
half of the maximum rate for protein-inhibitor complex formation. The second step, 
describing the maximum rate of the covalent bond formation, is depicted with kinact constant 
(adapted from Strelow, 2017). 

 
 

A B 

 

 

Figure 44. Equations used to determine the potencies (kinact/KI values) for irreversible 
inhibitors. 

A, the equation used to determine Kobs. At is absorbance at time t, A0 is the absorbance at 
t=infinite, A1 is a total absorbance change.  

B, the equation displaying the relation between Kobs and inhibitors concentration [I]. [S] is 
the substrate concentration, KM the Michaelis-Menten constant (adapted from Mileni et al., 
2008). 
 
 
The reaction rate of the rKLK6 R80Q and BAEE, mixed with various inhibitor 

concentrations, was measured over time, to compute the kinact/KI ratio. Specifically, 12 nM 
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of fully active rKLK6 R80Q was mixed with 10, 50, 100, 200, 300, and 500-fold of benzyl 

(1-(diphenoxyphosphoryl)-4-guanidinobutyl) carbamate. The reaction rate was monitored 

at A254 for 15 min, at a Perkin Elmer spectrophotometer Lambda 25. The hyperbolic curves 

obtained were fitted to the equation displayed in Figure 44A.  

The Kobs rate of each individual inhibitor concentration was obtained. Kobs is a first-order 

rate value that portrays the enzyme inactivation (in min-1). Then, the plot of Kobs against the 

different inhibitors concentrations is worked out. The slope of the plot is used to calculate 

the kinact/KI value based on the equation on Figure 44B. Data analysis was performed using 

OriginLab 2019 software. The calculated value of kinact/KI ration for rKLK6 and benzyl (1-

(diphenoxyphosphoryl)-4-guanidinobutyl) carbamate was kinact/KI=1987.47 M-1 s-1 (Figure 

45). 

 
A B 

 

Figure 45. Determination of kinetic constants for the irreversible inhibitor benzyl (1-
(diphenoxyphosphoryl)-4-guanidinobutyl) carbamate againstrKLK6 with BAEE 
substrate. 

A, diagram of the change of A254 over time. The different hyperbolic curves correspond to 
background reaction of rKLK6 (without inhibitor) (black), the reaction of rKLK6 mixed 
with 10-fold inhibitor (red), 50-fold inhibitor (blue), 100-fold inhibitor (green), 200-fold 
inhibitor (purple), 300-fold inhibitor (yellow), and 500-fold inhibitor (turquoise).  

B, plot of Kobs, the pseudo-first order rate constant for the binding of Z-Arg(P)-(OPh)2 to 
KLK6 against different inhibitor concentrations. The kinact/KI ratio is established by the slope 
of the line and is 1987.47 M-1 s-1. The substrate’s concentration was 250 μΜ, and the protein 
concentration was 12 nM. 
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The same method was used to calculate the kinact/KI ratio of diphenyl (1-amino-4-

guanidinobutyl) phosphonate and rKLK6 with BAEE. Higher inhibitor concentration was 

used to effectively estimate the kinetic values. Specifically, rKLK6 was mixed with 100-

fold, 1,000-fold, 2,000-fold and 5,000-fold of diphenyl (1-amino-4-guanidinobutyl) 

phosphonate. The kinact/KI ratio was computed to 65 M-1 s-1 (Figure 46). 

 
A B  

 

Figure 46. Determination of kinetic constants for the irreversible inhibitor diphenyl (1-
amino-4-guanidinobutyl) phosphonate against rKLK6 with BAEE.  

A, diagram of the change of A254 over time. The different hyperbolic curves correspond to 
different inhibitor concentration. rKLK6 without inhibitor (black), rKLK6 incubated with 
100-fold inhibitor (red), with 1,000-fold inhibitor (blue), with 2,000-fold inhibitor (green), 
and with 5,000-fold inhibitor (purple) are depicted.  

B, plot of Kobs, the pseudo-first order rate constant for the binding of H2N-Arg(P)-(OPh)2 to 
KLK6 against different inhibitor concentrations. The kinact/KI ratio is established by the 
slope of the line and is 65 M-1 s-1. Substrate concentration was 250 μΜ and rKLK6 
concentration was 12 nM. 
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DISCUSSION 

KLK6 is a secreted serine protease abundantly expressed in various healthy tissues. The 

dysregulation of KLK6 expression is linked with many malignancies and neoplasms, thus 

it can be considered an attractive drug and/or diagnostic target. ABPs are chemical 

molecules carrying a detection tag that can be used as inhibitors and detection tools. ABPs 

have successfully developed for many proteases, including serine proteases, but little 

progress has been made on the development of ABPs specific for KLK6. 

The main aim of this project was to evaluate two di-phenyl phosphonate arginine mimetics 

(benzyl (1-(diphenoxyphosphoryl)-4-guanidinobutyl) carbamate and diphenyl (1-amino-4-

guanidinobutyl) phosphonate) as ABP precursors, for activity and selectivity against KLK6. 

Recombinant proteins (rKLK6 R80Q, rKlk6 and rKLK5) were effectively produced and 

purified for this purpose based on previous research (Bayés et al., 2004; Michael et al., 

2005). The purification protocol was conducted in two steps, by hydrophobic interaction 

chromatography, and by cation exchange chromatography. The obtained recombinant 

proteins were pure and fully activated. 

Thereafter, two di-aryl phosphonate arginine derivates, that were designed and developed 

by our research group, were evaluated against KLK6. The assessment of the compounds 

was performed with gelatin zymography and enzymatic kinetics. Gelatin zymography 

revealed that both compounds could effectively inhibit rKLK6 and trypsin, thus being 

lacking in selectivity; it also showed that benzyl (1-(diphenoxyphosphoryl)-4-

guanidinobutyl) carbamate was a more potent inhibitor than diphenyl (1-amino-4-

guanidinobutyl) phosphonate. The kinact/KI ratio, that reflects the potency of irreversible 

inhibitors (Strelow, 2017), was calculated via enzymatic kinetics with BAEE. The results 

confirmed a strong inhibitory activity of the benzyl (1-(diphenoxyphosphoryl)-4-

guanidinobutyl) carbamate against KLK6, given a kinact/KI ratio of 1987.43 M-1 s-1. The 

kinact/KI value for diphenyl (1-amino-4-guanidinobutyl) phosphonate was 65 M-1 s-1. Until 

now, the developed covalent KLK6 inhibitors are a coumarin-based suicide inhibitor 

(Soualmia et al., 2017), with a kinact/KI ratio of 131 M-1 s-1 and a depsipeptide with kinact/KI 

ratio of 1883 M-1 s-1. Given this evidence, the benzyloxy-carbonyl-protected phosphonate 

derivative of arginine is a potent inhibitor against KLK6. Although, both compounds lack 

selectivity. Future research-targets could aim to exploit DPP arginine mimetics to generate 
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ABPs specific for KLK6. Specifically, adding more aminoacid residues (P1, P2…) is 

considered a common approach to increasing the selectivity of ABPs (Serim et al., 2013). 

Finally, the development of a sandwich ELISA specific for KLK6 was also part of this 

project. The tested antibodies for the ELISA development, were both commercially 

available (α-KLK6, AF2008 from R&D and α-KLK6 cl 24, MABN873 from Sigma-

Aldrich) and a homemade IgYs antibody (Sotiropoulou et al., 2012). After the assessment 

of all possible antibody pairs and different concentrations, an antibody set that display good 

sensitivity, low background noise and a linear relation with rKLK6 concentration was 

found. The optimal antibody pair was α-KLK6 IgYs ab (Sotiropoulou et al., 2012) at 500 

ng as a coating antibody, and α-KLK6-cl 24 (MABN873, Sigma-Aldrich) at 200 ng, as the 

detection antibody. The quantification range was from 3 ng/ml up to 35 ng/ml and no cross-

reactivity was observed with rKLK5 and rKLK13. This newly developed sandwich ELISA 

can be utilized for detection and quantification or KLK6, as well as for diagnostic purposes. 

Future research should aim to the application of the new ELISA to detect total KLK6 levels 

at cell culture medium and samples from patients. Thereafter, the use of an ABP specific 

for KLK6 would be useful for detected the active KLK6 in biological and clinical samples 

to compare the results with the total KLK6 concentration. 
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APPENDIX 

Chemical formula of the tested compounds 

Benzyl (1-(diphenoxyphosphoryl)-4-guanidinobutyl) carbamate (Z-Arg(P)-(OPh)2) and 

diphenyl (1-amino-4-guanidinobutyl) phosphonate (H2N-Arg(P)-(OPh)2) where synthesized 

in our lab. The structure of the inhibitors is demonstrated in Figure 47. Both compounds 

were arginine DPP derivatives, consisting of a tetrahedral phosphorus atom with two 

phenoxy groups.  

 

   A B    
        

               
      

Figure 47. Structure and names of the DPP arginine derivatives tested in this thesis 

A, structure of benzyl (1-(diphenoxyphosphoryl)-4-guanidinobutyl) carbamate. It consists of 
a diphenyl phosphonate analogue of arginine (Arg), protected by a benzyloxy-carbonyl 
group (abbreviated Cbz or Z) 
B, structure of diphenyl (1-amino-4-guanidinobutyl) phosphonate.  A diphenyl phosphonate 
derivative of arginine with free aminoterminus. 
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Level 3 Certificate in ESOL International (C2), City & Guilds 
 

OTHER CERTICIFATES 

Use of animals in biomedical research 

“CERTIFICATE OF ANIMALS IN MEDICAL RESEARCH” University of Patras, 

Faculty of Medicine, December 2017  

Diploma in IT skills 

Vellum Global Educational Services, August 2020 

 

TEACHING EXPERIENCE 

Teaching Assistance in the Department of Pharmacy, University of Patras for the 

Academic years: 2019-2020, 2018-2019. For laboratory training of the undergraduate 

course “Pharmaceutical Biotechnology”. 
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RESEARCH EXPERINCE  

October 
2018-present 

MSc Student, Group of Pharmaceutical Biotechnology and 

Molecular Diagnostics, Department of Pharmacy,  

School of Health Sciences, University of Patras. 

Supervisor: Professor Georgia Sotiropoulou 

MSc Diploma Thesis: “Validation of activity-based probes (ABPs) and 

inhibitors specific for the KLK6 protease in vitro” 

March 2016- 
June 2018 

BSc Student, Group of Pharmaceutical Biotechnology and 

Molecular Diagnostics, Department of Pharmacy, School of 
Health Sciences, University of Patras. 

Supervisor: Professor Georgia Sotiropoulou 

Diploma Thesis: “Biotechnological production and characterization of 

the human recombinant protease Kallikrein 5” 

 

 

TECHNICAL EXPERTISE  

Production of recombinant proteins 

Production and purification of recombinant proteins in the Pichia pastoris methylotrophic 

yeast system  

Analytical Biochemistry 

Hydrophobic Interaction Chromatography, Ion Exchange chromatography,  

SDS-PAGE, Western Blotting, Enzymatic assays, Zymography 

Molecular Biology  

PCR, Genotyping 

Bioinformatics 

Use of NCBI, ENSEMBL databases and EXPASY, ImageJ, and Origin lab processing 

programs 

 


