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Dziękuję. 

Streszczenie: 

Geny kodujące enzymy proteolityczne stanowią ok. 2% wszystkich genów ludzkiego 

genomu.  Proteazy są zaangażowanie w szereg procesów fizjologicznych takich między 

innymi jak: kaskada krzepnięcia, fibrynoliza, remodeling tkanek, migracja komórek, kaskada 

dopełniacza, generacja kinin, w których ścisła kontrola aktywności proteolitycznej jest jednym 

z najistotniejszych elementów utrzymania homeostazy.  Białkowe inhibitory proteaz, 

odpowiedzialne za regulację działania już zaktywowanych enzymów są więc istotnymi 

molekułami utrzymującymi równowagę, zarówno w całym organizmie, jak i lokalnie w 

tkankach.  Ten delikatny balans może zostać naruszana przez szereg patogenów, 

wykorzystujących własne enzymy proteolityczne do inaktywacji inhibitorów gospodarza.  W ten 

sposób patogeny generują lokalne środowisko bogate w składniki odżywcze, a także często 

dezorientują układ immunologiczny, zapewniając sobie w ten sposób możliwość przeżycia i w 

konsekwencji, rozwoju infekcji. 

SLPI i elafina są niewielkimi (odpowiednio 11,7 i 6 kDa) białkami wytwarzanymi 

potencjalnie we wszystkich morfologicznych rejonach nabłonka.  Białka te wykazują niezwykle 

silny potencjał inhibitorowy względem neutrofilowych proteinaz serynowych, takich jak 

katepsyna G, elastaza neutrofilowa i proteinaza 3.  Ponadto zostały one opisane jako peptydy 

antybakteryjne i przypisuje się im funkcje immunomodulacyjne.   

Białka z rodziny serpin są również obecne w nabłonku; wśród tej rodziny inhibitorów 

szczególne znaczenie mają białka SCCA1 i SCCA2.    Obydwie serpiny posiadają zdolność do 

hamowania proteinaz pochodzących z ziarnistości neutrofilii, przy czym SCCA1 reaguje 

głównie z proteazami cysteinowymi, podczas gdy SCCA2 z serynowymi.  W tej pracy badano 

wpływ enzymów proteolitycznych Staphylococcus aureus i Porphyromonas gingivalis na 

aktywność wspomnianych inhibitorów ludzkiego nabłonka.  Przeprowadzone eksperymenty in 

vitro pozwoliły wykazać swoistą inaktywację elafiny przez Arg-specyficzną gingipainę B.  

Zastosowanie analizy SDS-PAGE i western-blot; rozdział produktów degradacji z użyciem 

wysokociśnieniowej chromatografii cieczowej (HPLC) i ich identyfikacja przy pomocy 

spektrometru masowego, pozwoliły zidentyfikować oddziaływanie odpowiedzialne za 

inaktywację jako specyficzną hydrolizę cząsteczki inhibitora, ograniczoną do pojedynczego 

wiązania Arg21-Cys22 w obrębie pętli reaktywnej.  Dodatkowo, analiza interakcji gingipain ze 

SLPI pozwoliła wykazać utratę funkcji inhibitorowych pod wpływem aktywności wszystkich 
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gingipain oraz całkowitą, szybką i wydajną degradację cząsteczki przez Lys-specyficzną 

gingipainę K. 

Badanie interakcji proteinaz S. aureus z serpinami jednoznacznie zidentyfikowało 

SCCA1 jako wydajny inhibitor stafopain, cysteinowych proteinaz zewnątrzwydzielniczych  

S. aureus.  Zarówno stechiometria reakcji (1:3 w przypadku stafopainy B), jak i wykazana 

metodami kinetyki enzymatycznej szybkość tworzenia kompleksu (0,6×105 M-1
⋅s-1 w przypadku 

stafopainy B), wskazują na potencjalne znaczenie inhibitora w kontroli aktywności tej 

bakteryjnej proteazy in vivo.  Dodatkowo, dzięki zastosowaniu SDS-PAGE, western-blot oraz 

N-terminalnego sekwencjonowania peptydów powstałych w czasie reakcji potwierdzono, 

dotychczas kontrowersyjny w przypadku interakcji SCCA1 z proteazami cysteinowymi, typowy 

dla pozostałych serpin mechanizm oddziaływania typu „suicide substrate”.  Zmapowane 

miejsce interakcji stafopain i SCCA1, wiązanie Gly354-Ser355 jest identyczne jak w przypadku 

oddziaływania inhibitora z ludzkimi katepsynami, co wskazuje na podobną specyficzność 

substratową stafopain i katepsyn. 

Opisane rezultaty mają charakter nowatorski.  Utrata właściwości inhibitorowych elafiny pod 

wpływem RgpB jest pierwszym opisanym przypadkiem inaktywacji tego, znanego z 

odporności na proteolizę, inhibitora przez proteazę bakteryjną.  Ponadto opisane 

i przeanalizowane oddziaływanie SCCA1 i stafopain jest również pierwszym opisanym 

przypadkiem wydajnej i efektywnej inhibicji proteaz bakteryjnych przez ludzką serpinę.  

Ostatecznie, udało się wykazać, że serpiny hamują aktywność zarówno serynowych, jak i 

cysteinowych proteinaz poprzez ten sam mechanizm inhibicji. 

Znaczenie prezentowanych wyników wykracza jednak poza wartość poznawczą 

ograniczoną do oddziaływania in vitro.  Jako że tkanki epitelialne są nieustannie narażone na 

kontakt z bakteriami patogennymi, ze szczególnym uwzględnieniem P. gingivalis 

(paradontoza) i S. aureus (szereg infekcji skórnych i dróg oddechowych), przedstawione 

oddziaływania mogą być interpretowane w kontekście wzajemnych ewolucyjnych 

przystosowań patogenu i gospodarza, a więc wnoszą wkład w lepsze zrozumienie 

mechanizmów infekcji. 
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Abstract: 

Proteolytic enzymes are encoded by approximately 2% of genes in the human genome.  

Proteases are involved in a number of physiological processes, including coagulation cascade, 

fibrynolysis, complement activation, apoptosis, cell migration, and kinin generation, just to 

mention a few.  All of these pathways require the strict control over proteolytic activity as an 

indispensable element of the maintenance of homeostasis.  Endogenous protein inhibitors of 

proteases, responsible for regulation of already activated enzymes, are important components 

of an elaborate system keeping proteolysis well balanced within a whole organism and locally 

in tissues.  This delicate equilibrium can be easily disrupted by a number of pathogens, 

utilising their own proteolytic enzymes in order to inactivate host protease inhibitors.  

Increased in this way proteolysis creates a local environment rich in nutrition factors and can 

attenuate immune system.  Together, this provides the means for pathogen survival and 

proliferation and in consequence leads to development of infection.  

SLPI and elafin are relatively small (11.7 and 6 kDa, respectively) molecules potentially 

produced by all types of epithelial tissues.  These inhibitors possess an extraordinarily strong 

potential to inhibit serine neutrophil proteases, such as cathepsin G, neutrophil elastase, and 

proteinase 3.  Moreover antibacterial and immunomodulatory properties of SLPI and elafin 

have been reported.   

Apart from SLPI and elafin, proteins belonging to the serpin family are also produced 

locally in the epithelium.  This inhibitor category is represented by SCCA1 and SCCA2.  

Although both SCCA1 and SCCA2 inhibit neutrophil-derived proteolytic enzymes it is clear that 

main function of SCCA1 is the control of the local activity of cystein cathepsins while SCCA2 

predominantly targets endogenous serine proteases. The effect of proteolytic enzymes 

produced by Staphylococcus aureus and Porphyromonas gingivalis on the inhibitory activity of 

human epithelial inhibitors was the main focus of the research presented in this PhD thesis.   

In vitro experiments clearly showed that the elafin ability to inhibit neutrophil elastase was 

efficiently abolished by inhibitor preincubation with catalytic amounts of Arg-specific gingipain 

B (RgpB).  SDS-PAGE and western blot, in combination with separation of degradation 

products using the high pressure liquid chromatography (HPLC) and their identification by 

mass spectrometry analysis, were employed to characterize the interaction between RgpB and 

elafin.  This approach revealed that elafin was inactivated by RgpB by proteolysis limited to the 

single Arg21-Cys22 peptide bond, located within the reactive site loop of the inhibitor.   
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In accordance with published data it was not only confirmed that SLPI was susceptible to 

proteolytic inactivation by Arg-specific gingipains but it was also shown “de novo” that this 

inhibitor was far more efficiently degraded by Lys-specific gingipain (Kgp). 

The investigations of S. aureus proteolytic enzymes interaction with serpins allowed 

identification of SCCA1 as the efficient inhibitor of staphopains, secretory cysteine proteases 

of S. aureus.  Both, the stoichiometry of the reaction (1:3 for staphopain B) and the second-

order rate constant of the complex formation (0.6×105 M-1
⋅s-1 for staphopain B) imply the 

potential of the inhibitor to interact with the staphylococcal proteases in vivo.  To determine the 

mechanism of inhibition a combination of methods, including SDS-PAGE, western blot and N-

terminal sequencing of peptides formed during the reaction, was employed.  The obtained 

results evidently argue for the typical for serpins the “suicide substrate” mechanism of the 

staphopain inhibition by SCCA1, thus solving a controversy about the mechanism of cysteine 

cathepsins inhibition by SCCA1.  The mapped interaction site for the staphopain-SCCA1 

interaction, the peptide bond Gly354-Ser355 is identical as the one described for interaction of 

the inhibitor with human cathepsins.  

In many respects the results presented here are novel.  The loss of the inhibitory activity 

of elafin exerted by incubation with RgpB is the first described case of inactivation of this 

inhibitor, well known for resistance to proteolysis, by the bacterial protease.  Furthermore, the 

inhibitory interaction of SCCA1 with staphopains is the first reported case of the effective 

inhibition of the bacterial protease by the human serpin.  Finally, the finding undoubtedly 

confirmed that serpins use the same mechanism for inhibition of both, cysteine and serine 

proteases.  

The importance of presented results expands beyond the cognitive value of in vitro 

interactions.  Epithelial tissues are constantly exposed to pathogenic bacteria, specifically to  

P. gingivalis (periodontitis) and S. aureus (a number of skin and airways infections).  

Therefore, presented interactions may be interpreted in the context of mutual evolutionary 

adaptations between the pathogen and the host.  As such these results may add to our 

understanding of the mechanisms of the bacterial infection.
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Proteolytic enzymes, termed peptidases, are very common throughout all species 

and regions encoding peptidases constitute approximately 2% of all annotated human 

genes (Barrett et al., 2001;Rawlings et al., 2002). They are involved in numerous 

biological processes essential for organism survival, with biological functions ranging 

from nutrient acquisition in lower organisms, through regulation of various 

physiological processes and cascades, to modulation of organism development.  

Although indispensible for the life processes, their ability to degrade proteins is 

potentially lethal.  In order to strictly control their activity, both spatially and in time, 

various regulatory mechanisms co-evolved with proteases.  Sophisticated systems of 

activation, involving regulation of production and secretion, folding and propeptide 

presence provide the means to control the manifestation of activity.  Often connected 

with integrated networks of activation cascades, those mechanisms reveal themselves 

as powerful and precise tools for initiation of the proteolytic machinery. However, once 

started, proteolysis cannot be stopped by these one-way switches. In order to provide 

means to control unleashed proteolytic activity numerous compounds, termed 

protease inhibitors were developed. The inhibitors, in general sense are all molecules 

and factors decreasing enzymatic activity, however direct inactivators, which affect 

protein structure in general (e.g. ion chelators, or denaturing agents), are often 

excluded from this definition.  However numerous low-molecular weight, non-peptide 

proteases inhibitors are recognized, proteins constitute the majority of inhibitors 

produced by living organisms. These molecules are able to form the inhibitory 

complexes with target proteinases and hamper their activity.  

 

The classification of protein inhibitors of proteolytic enzymes 

 

The classification of inhibitory proteins occurred as an uneasy task, as many of 

proteins contain multiple inhibitor domains, often differing in the specificity toward the 

enzyme, making target-related system inapplicable. A nomenclature system has been 

developed in order to organise these protein species.  First, the “inhibitory unit” has 

been defined, terming the part of the protein, solely able to inhibit an enzyme – this 

allowed to classify the multihead inhibitors, holding several inhibitory domains within a 
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single protein chain. By similarities in the amino acid sequence, all known inhibitory 

units have been assigned to one of the 59 families. Furthermore, as structural 

similarities were noticed, the families were further organised in 19 clans, each 

including inhibitors sharing a similar three-dimensional fold. This way the transparent 

classification was created, reflecting the fact that potential to inhibit proteolytic 

enzymes evolved independently on several occasions utilising various protein folds 

and mechanisms of action, meaning that the potential to inhibit proteolytic enzymes 

may be an effect of convergent evolution (Rawlings et al., 2004).  The number of clans 

reveals 19 independent 3-D structure motifs; however, elucidation of mechanisms of 

action is somehow limited. In general, the latter might be assigned to one of two 

groups – irreversible “trapping” mechanisms and reversible tight-binding interactions. 

Trapping mechanism depends on the enzyme activity and is is limited to 

endopeptidases, as a cleavage of internal peptide bond of inhibitor is required.  In 

general, the hydrolysis of an exposed peptide bond in the inhibitor molecule results in 

enzyme inactivation as it triggers the rapid conformational change in enzyme, inhibitor, 

or both.  This mode of action is utilized by inhibitors assigned only to three out of 59 

families, with family I4 – serpin inhibitors being the largest of all.  

 

Mechanisms of inhibition: 

 

Trapping interactions: 

 

I4 – the SERPIN family of inhibitors 

 

Serpins, named after SERine Protease INhibitors, are relatively large proteins, 

with molecular weight ranging from 45-70 kDa. This class of protease inhibitors 

posseses an ability to covalently trap the target enzyme by unique mechanism 

described as “suicide substrate”. The large serpin molecule expands a loop, termed 

RSL (Reactive Site Loop), as a bait for a target enzyme. Subsequent hydrolysis of 

peptide bond by the target enzyme, within the loop leads to release of a C-terminal 
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loop fragment, as the first product. This event triggers the drastic and rapid 

conformational change manifested by the insertion of the N-terminal part of the RSL 

loop into the β-sheet motif on the side of the elongated serpin molecule which moves 

the bound enzyme molecule on the opposite pole of the inhibitor. As a result, the 

structure of the enzyme active site is altered, leaving hydrolysis reaction blocked at the 

stage of acyl-enzyme covalent complex (Huntington et al., 2000).  Originally this 

mechanism was described for inhibition of serine proteases. However, due to similar 

mechanism of peptide hydrolysis by cysteine proteinases, the number of enzymes 

belonging to this class is also inhibited by serpins in similar manner (Al Khunaizi et al., 

2002;Irving et al., 2002).  Interestingly, the alternate mechanism of serpin-protease 

interaction was proposed for inhibition of cysteine proteases by cross-class serpins. 

This alternate mode of action includes cleavage and release of C-terminal fragment, 

but the inhibitor does not form the covalent complex with protease, rather creating the 

non-covalent Michaelis complex (Masumoto et al., 2003).  Majority of serpins 

inactivates either serine or cysteine proteinases, respectively.  Only limited number of 

molecules, termed cross-class serpins was shown to inhibit proteases of both catalytic 

classes. This group initially included antithrombin, cowpox virus serpin CrmA and 

mouse serpin SQN-5 (Al Khunaizi et al., 2002;Bjork et al., 1998;Quan et al., 

1995;Zhou et al., 1997), but now it is expended by several additional serpins such as 

SCCA1, Srp-2, endopin-1, endopin-2C, and serpinb3b.  As described above, the 

inhibition mechanism requires the covalent complex formation between an enzyme 

and a serpin, therefore it is obvious that serine and cysteine proteases are the only 

subject of the described mode of inhibition. A number of metalloproteases was shown 

to inactivate serpins by cleavage within RSL without complex formation, thus 

remaining active (Knauper et al., 1990).   

Regulation of serpins and all trapping inhibitors specificity is another interesting 

feature. The similar protein scaffold can be utilised to inhibit various enzymes, 

depending only on the recognised residues in the RSL. Indeed, the RSL region was 

found to be the most variable one among serpins (Silverman et al., 2001). This 

explains the number of identified inhibitors in this family and their evolutionary 

success, understood as they widespread among different organisms and potential to 

target a huge number of enzymes.  Furthermore, as serpins heavily depend on the 
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structure and relatively large molecule size , there are several additional regions 

involved in activity regulation by external cofactors, best described for SERPINC1 

(Rosenberg and Damus, 1973;Blackburn et al., 1984), traditionally termed 

antithrombin-III. The additional heparin-binding site regulates the exposition of the RSL 

outside the core structure, thus greatly affecting the affinity of inhibitor towards target 

enzymes. 

 

Macroglobulins 

 

The second family of inhibitors employing the trapping mechanism is family I39, 

which consists of proteins belonging to the macroglobulin group. The archetypical 

member of this family, α2-macroglobulin, is a large, 750 000 Da protein. The 

mechanism of action requires cleavage of one of the exposed peptide bonds in a so 

called “bait region” of the molecule, which triggers conformational change, trapping 

enzyme inside the molecular trap (Barrett, 1981). This mechanism has two 

requirements – first, aforementioned cleavage has to occur, second, the protease may 

not be too large, as it needs to fit inside closed α2-macroglobulin conformation.  Due to 

the large number of peptide bonds presented in the bait region, the inhibitor specificity 

is very broad, and macroglobulins possess potential to inhibit proteases of all catalytic 

classes (Sottrup-Jensen et al., 1989). Notably, inhibitor holds an enzyme in the 

“molecular cage”, blocking access of large substrates, but it does not interact directly 

with an active site of the enzyme. Therefore active conformation and activity of an 

enzyme on small substrates is often retained.  Cleavage of proteins is completely 

diminished.  

 

Baculovirus protein p35 

 

The third trapping family I50 consists of only one member baculovirus protein 

p35, which inhibits caspases.  Despite different protein fold, the mechanism of action 

is similar to the one described for serpins that involves stabilization of the inhibitor-

enzyme covalent complex (Xu et al., 2003;Stennicke et al., 2002).  Notably, this 
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inhibitor was shown to inhibit gingipain K with the P1-P1’ peptide bond located 7 

residues downstream, compared to caspase one (Snipas et al., 2001). 

  

Tight-binding protein inhibitors: 

 

All described protein inhibitor families that do not employ trapping mechanism, form 

a non-covalent, tight binding complex with their target enzymes. In all cases this 

reaction is fully reversible; however, the characteristics of the tight binding inhibition 

often make this complexes appear as irreversible in the traditional kinetic analysis, like 

Lineweaver-Burk double reciprocal plot. Despite common non-covalent complex 

formation, the exact mechanisms differ between classes, most notably for I29 family, 

homologous to pro-peptides, which bind to the active site cleft in the reversed manner, 

compared to substrates, occluding the enzyme active site (Turk et al., 2002). Inhibitors 

of cystein proteinases, cystatins interact with the target protease in the substrate-like 

manner, avoiding interaction with the catalytic cystein, rather occluding the active site 

by binding to the S2 pocket (Turk et al., 2002;Bode et al., 1988). Also staphostatin 

family employs characteristic model of interaction, with conserved P1 Gly98 residue in 

the strained backbone conformation, prohibiting the nucleophile attack on the P1-P1’ 

peptide bond (Filipek et al., 2003).  

 

Standard mechanism inhibitors of proteolytic enzymes 

 

Regardless of various mechanisms for different classes of proteinases, majority of 

serine protease inhibitors acts by so called “standard mechanism” (Laskowski and 

Qasim, 2000). The inhibitor penetrates the active site and binds to the enzyme in the 

substrate like manner.  The protease is able to cleave inhibitor chain in the substrate-

like behaviour, but the thermodynamic balance of an interaction is strongly shifted 

towards the intact inhibitor-enzyme complex compared to the protease-substrate 

interaction. The reaction is fully reversible, meaning either the intact inhibitor, or the 

modified one, hydrolyzed at the P1-P1’ positions are in the equilibrium with the 

enzyme complex. The cleaved form of an inhibitor still possesses the activity, but the 
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complex formation between an enzyme and the hydrolyzed form is often slower than 

with the intact inhibitor. The interaction follows the “key and lock” model, with rigid, 

stabilized conformations of both - an inhibitor reactive loop and an enzyme. 

Interestingly, in contrast to metastable inhibitors of the serpin family, this mechanism 

requires rigid, stabilised conformation of the molecule core and expanding inhibitory 

loop which, when in the native conformation, are referred to as “canonically” folded 

(Laskowski and Qasim, 2000;Bode and Huber, 1992). The inhibitor conformation is 

often strengthened by the network of disulfide bridges, with a pattern preserved within 

individual families, resulting in the molecules resistant to proteolytic cleavage and 

degradation. In contrast to serpins, the “standard model” inhibitors fall to 13 separate 

clans, implying that this mechanism evolved independently, on different protein 

scaffolds (Rawlings et al., 2004).   

Standard mechanism inhibitors are expressed locally in human epithelium.  The 

recent years brought discovery of a series of Lympho-Epithelial Kazal-Type Inhibitors 

(multidomain LEKTI-1 and single domain LEKTI-2), probably involved in regulation of 

keratinocites desquamation and kallikrein activity (Magert et al., 1999;Meyer-Hoffert et 

al., 2009;Deraison et al., 2007), nevertheless the best investigated canonical epithelial 

inhibitors are SLPI and elafin. 

 

Characteristic features of SLPI and elafin 

 

Secretory Leukocyte Protease Inhibitor (SLPI) is an 11.7 kDa non-glycosylated 

protein, containing 107 amino acids.  Interestingly, its sequence contains 15 Lys and 

5 Arg residues, resulting in almost 20% content of positively charged residues. The 

SLPI molecule is formed by two distinct inhibitory domains, each belonging to the 

class of structurally-related whey acid protein domains (WAP). The structure of each 

domain is similar to elafin and the fold is stabilised by the scaffold created by the four 

disulphide bridges (Figure 1) (Grutter et al., 1988).  SLPI has been identified as an 

inhibitor of several serine proteases, including elastase, cathepsin G, trypsin, 

chymotrypsin and chymase. The active site for interaction with trypsin has been 

mapped to the N-terminal WAP domain and differs from binding site for chymotrypsin-
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like enzymes, which are inhibited by C-terminal domain (Sallenave, 2000;Boudier and 

Bieth, 1992).  SLPI is produced predominantly, but not exclusively, by epithelial cells.  

SLPI expression is kept on moderate levels in healthy tissues, and undergoes 

stimulation in inflammatory conditions. 

 
Figure 1 Aminoacid sequence alingment of trappin-2 (pre-elafin), elafin and SLPI.  

The black lines represent the location of disulphide bridges within each domain. The 

linker region of SLPI spans between Pro50 and Lys60 (SLPI notation). The N-terminal 

cementoin domain of trappin-2 starts at Ala1 and ends at Lys39 (Trappin-2 

numbering). 

 

The levels of SLPI production in epithelial cell have been found to elevate after 

stimulation by LPS, IL-1, TNF-α, EGF, α-defensins and HNE (Sallenave et al., 

1994;Saitoh et al., 2001;Si-Tahar et al., 2000;Zhang et al., 2001;Sorensen et al., 

2003;van Wetering et al., 2000b;van Wetering et al., 2000a).  The regulation patterns 

seem to be tissue specific, as SLPI expression in macrophages is up regulated by IL-6 

and IL-10.  The inhibition of cathepsin G and elastase was the first described function 

of SLPI suggesting its protective function against rampage activity of neutrophil 

enzymes. This hypothesis is further supported by identification of SLPI in association 

with elastin fibres in lung and skin (Kramps et al., 1989;Wingens et al., 1998), where 

most likely, it resides in order to directly protect the tissue from degradation.  

Due to its structure, consisting of two compact domains connected by the linker 

region, SLPI is susceptible to proteolysis. It has been shown to be degraded by 

cysteine proteases like cathepsins B, S and L (Taggart et al., 2001) and, most 

interestingly in the context of this thesis, by Arg-specific gingipain RgpB (Into et al., 

2006). Although it remains resistant to proteolysis by host-derived serine- and 

metalloproteases, which are predominant tissue remodelling enzymes. The 
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Pseudomonas aeruginosa metalloelastase was also shown to inactivate the inhibitor 

(Sponer et al., 1991). 

Taking into account the cationic nature of SLPI, it is not surprising that the 

antimicrobial potential of SLPI was also investigated and indeed such activity has been 

identified against E. coli, P. aeruginosa, S. aureus, S. epidermidis, group A 

Streptococcus, and several fungi (Hiemstra et al., 1996;Wiedow et al., 1998;Fernie-

King et al., 2002;Tomee et al., 1997).  In this context the ability of P. aeruginosa to 

degrade SLPI might be an evolutionary adaptation for survival in inflamed tissues.  

The potential of this molecule to kill gram-negative pathogens is interesting in the 

context of periodontitis, as RgpB was already shown to inactivate the inhibitor.  

Mechanism of killing is not yet fully understood, but is hypothetically based on the 

cationic nature of the protein and its ability to interaction with the anionic cell 

membrane. 

Structurally similar pre-elafin is a 9.9 kDa protein consisting of 95 aminoacids. It 

contains a single C-terminal WAP domain, stabilised by rigid net of the four disulphide 

bridges and so called N-terminal “cementoin” domain with undefined structure (Saheki 

et al., 1992;Sallenave and Silva, 1993) (Figure 1).  This N-terminal fragment serves as 

a substrate for transglutaminase and is utilised in order to embed elafin to extracellular 

matrix proteins (Francart et al., 1997;Nara et al., 1994).  Although both, pre-elafin, 

alternatively termed trappin-2 and mature form, devoid of N-terminal cementoin 

domain are equally active as inhibitors, it has been demonstrated that attachment of 

elafin directly to shielded proteins enhances its protective function (Tremblay et al., 

2002). 

Elafin is a potent inhibitor of two neutrophil-derived proteases, elastase and 

proteinase 3, which inhibition is mapped to the same active site (Wiedow et al., 

1990;Sallenave, 2000;Schalkwijk et al., 1991).  Elafin expression is very limited under 

normal conditions; however it is strongly up regulated by development of inflammation 

and correlated with the neutrophil influx (Alkemade et al., 1994;Nonomura et al., 

1994).  The elafin expression in bronchial epithelium is greatly affected by IL-1 and 

TNF-α, effect also observed in the keratinocytes (Tanaka et al., 2000;Sallenave et al., 

1994).  The elafin expression is found in virtually all epithelial tissues resembling that 

of SLPI.  The activity of elafin is not limited to inhibitory functions and alike SLPI, elafin 
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has been identified as an antimicrobial agent against S. aureus and P. aeruginosa 

(Simpson et al., 2001;Simpson et al., 1999;Meyer-Hoffert et al., 2003). Trappin-2 is 

more effective as antimicrobial peptide than the inhibitory domain alone, suggesting 

that aforementioned antimicrobial activity , at least partially, resides in the N-

terminus(Baranger et al., 2008).  Regardless of the moderate activity, the mechanism 

of bacteria killing has been beautifully demonstrated using scanning electron 

microscopy by demonstrating cell membrane perforations by trappin-2/elafin (Baranger 

et al., 2008). 

 

The role of inhibitors in pathophysiology 

 

As number of described proteases and inhibitors seems to imply that the control 

over a network of proteolytic activity is essential for living organisms. Tightly regulated 

proteolytic cascades, involved in such processes as blood coagulation, complement 

system activation, kinin cascade, antimicrobial peptide generation and fibrynolysis 

serve as the highlighted examples of proteases and the tight control system 

importance.  As many of proteases can destroy host tissues or affect systemic 

functions, it is of no surprise that disturbance of the protease-inhibitor balance is 

connected to numerous pathophysiological conditions. Pulmonary emphysema 

(Eriksson, 1964), Alzheimer’s disease (Abraham et al., 1988;Smirnova et al., 1994), 

cystic fibrosis (Delacourt et al., 1995;Birrer, 1995), adult respiratory distress syndrome 

(Bertozzi et al., 1990), and sepsis (Nuijens et al., 1989;Nuijens et al., 1992) have been 

associated with unregulated, excessive proteolysis. The patophysiologic condision 

associated with the protease – inhibitor imbalance may result from a genetic mutation 

or deficiency, or it may be the result of inactivation of the inhibitor through a chemical 

reaction or a proteolytic cleavage by non-target proteinases. One of the best studied 

examples of disease caused by the protease-inhibitor imbalance is pulmonary 

emphysema. The disease is characterized by destruction of connective tissue protein 

elastin in the alveoli of lungs by the excess of human neutrophil elastase, escaping the 

control of its inhibitors. The identified genetic point mutation (Glu342----Lys342) of the 

main serum elastase inhibitor, the serpin α1-PI, destabilises a critical salt bridge within 
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the structure and leads to polymerisation of the molecule, resulting in a retarded 

secretion by hepatocytes and low level of the inhibitor in blood. This decreases the 

protection against the HNE activity in tissues (Brantly et al., 1988). The resulting 

deficiency of α1-PI leads to a familial or inherited tendency towards the development of 

pulmonary emphysema. An additional mechanism causing the functional deficiency of 

the molecule has been described, as an effect of the chemical modification the of P1 

Met residue into methionine sulfoxide. This lowers the inhibitor affinity for the elastase 

(Carp and Janoff, 1978). Similar effect was described for Secretory Leukocyte 

Protease Inhibitor SLPI, the other elastase inhibitor present in lung epithelium 

(Cavarra et al., 2001). Inactivation of elastase inhibitors by oxidising agents is a 

natural phenomenon in physiological conditions, allowing neutrophil to topically 

overcome tissue protection and penetrate the site of inflammation (Ying et al., 1997). 

Corruption of this system is often observed among smokers, where externally 

introduced oxidising agents deprive the lung defences against neutrophil proteases 

and promote the development of inflammation.  

 

Squamous Cell Carcinoma Antigens SCCA1 and SCCA2 as modulators of 

immune response 

 

The clade B serpins, traditionally termed ov-serpins were originally classified on the 

basis of amino acid sequence similarity, the lack of a signal sequence, the lack of any 

N- and C-terminal extensions and the genomic organisation.  The human ov-serpin 

family consists of 13 members, including plasminogen activator inhibitor – 2 (PAI-2, 

SERPINB2), Squamous Cell Carcinoma Antigen (SCCA1, SERPINB3 and SCCA2, 

SERPINB4), proteinase inhibitor – 2 (MNEI, SERPINB1) and others (Remold-

O'Donnell, 1993). The members of this clade are not present in Ceanorhabditis 

elegans and Drosphlila melanogaster, suggesting recent evolutionary origin, in 

contrast to serpin family in general, which members are found even in prokaryotes and 

viruses.   

SCCA1 and SCCA2 were originally purified from squamous cell carcinoma of the 

uterine cervix, as the major component of the TA-4 antigen (Kato and Torigoe, 1977).  
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Initially identified as two isoforms of the same protein, differing in the pI value, they 

were eventually described as products of two highly homologous genes (92% identity 

in amino acid sequence). The neutral form, found in cytoplasm of normal and some 

malignant squamous cells, was identified as a product of the SCCA gene and was 

assigned the SCCA1 name (SERPINB3), while an acidic form, found mainly in tumor 

cells is a product of the SCCA2 gene and shares the same name (SCCA2, 

SERPINB4) (Schneider et al., 1995). Although highly similar, the SCCA serpins differ 

in their inhibitory specificity. SCCA1 targets papain-like cystein proteases, including 

papain and cathepsins S, K and L, while SCCA2 interacts with cathepsin G, mast cell 

chymase, Der p1 and Der f1 of house dust mite allergen which are proteinases (Schick 

et al., 1998;Sakata et al., 2004;Schick et al., 1997).  Although initial reports have 

presented the archetypical suicide substrate mechanism of interaction (Schick et al., 

1998;Schick et al., 1997), later reports described an alternative, non-covalent inhibition 

model, novel for serpin family inhibitors (Masumoto et al., 2003;Sakata et al., 2004).   

Although SCCA1 and SCCA2, were initially identified in tumour tissue, they are 

also found in numerous healthy tissues of epithelial origin, most notably in some areas 

of the skin and the tongue epithelium. As stated above, they lack the signal sequence, 

though they are found in biological fluids, including respiratory system mucus and 

saliva of healthy individuals, probably as a result of passive secretion during 

desquamation (Kato, 1996;Izuhara et al., 2008). Interestingly, SERPINB3 expression 

was found to be up-regulated by TNF-α (Numa et al., 1996), similarly to SLPI and 

elafin. As serum levels of both, SCCA1 and SCCA2 are highly elevated in squamous 

cell carcinoma and psoriasis patients (Hamanaka et al., 1997), these proteins have 

been investigated for their role in tumor development and metastasis. Indeed it was 

shown that over-expression of these serpins in epithelial and liver-originated cancer 

cells attenuated TNF-α and drug-mediated apoptosis and enhanced the tumour growth 

(Kato, 1996;Kato et al., 1987;Pontisso et al., 2004;Suminami et al., 2001). This 

function of serpins was found to interfere with apoptotic pathway upstream of caspase 

3 (Suminami et al., 2000), but the exact mechanism was not elucidated. Regardless of 

the described antiapoptotic effect, the inhibition of apoptosis was not complete despite 

the very high serpin over expression levels, thus suggesting that only selected 

pathways can be affected by the intracellular action of these serpins.   
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TNF-α mediated apoptosis is triggered by recognition of this cytokine by TNF-α 

receptor-1, which results in stimulation of one or both of signal transduction pathways 

– the mitogen activation protein kinase signalling and the caspase 2 and 8 activation. 

The latter pathway was shown to induce release of active cathepsins from lysosomal 

granules (Guicciardi et al., 2000) in consequence leading to release of cytochrome C 

from damaged mitochondria. The specificity of inhibition by SCCA1 and SCCA2 

indicates that these serpins are involved in down-regulation of apoptosis by interaction 

with cathepsins present in the cytoplasm as a result of TNF-α stimulation.  Indeed, it 

was shown that SCCA1 prevents the TNF-α induced cell death by decreasing the 

release of cytochrome C from mitochondria (Hashimoto et al., 2005).  

Although thoroughly investigated for their role in tumour development, the 

described activities of SCCA1 and SCCA2 serpins fit well to the reported features of 

the other molecules which regulate the development of inflammation. Induction by pro-

inflammatory cytokines, protective role against neutrophil enzymes and 

antichemotactic activity against mononuclear immune system cells (Suminami et al., 

2001) constitute a typical characteristic of multifunctional molecule involved in 

regulation of balanced immune response in order to restore homeostasis in the tissue. 

 

Degradation of host protease inhibitors by bacterial proteases as a potential 

pathogenicity trait  

 

It is of high interest that virtually all inhibitors from the serpin family are sensitive to 

proteolytic inactivation due to RSL cleavage. This mechanism is often exploited by 

pathogen proteinases, resulting in either tissue damage during bacterial infections or 

deregulation of host processes favouring tissue colonisation by pathogenic 

microorganisms (reviewed in (Potempa and Pike, 2009)).  Briefly, Pseudomonas 

aeruginosa enzymes may inactivate α1-PI, α1-antichymotrypsin (α1-Achy), and C1 

Inhibitor (C1-Inh) (Kress, 1986;Morihara et al., 1984;Potempa et al., 1991;Pemberton 

et al., 1989).  Both, thermolysin and subtilysin were shown to inactivate α1-PI and α1-

Achy (Komiyama et al., 1996;Carrell et al., 1991;Chang et al., 1996) (Figure 2).  This 



Interaction of extracellular cysteine proteinases of Porphyromonas gingivalis and Staphylococcus 

aureus with human epithelium-derived protease inhibitors 

 

Introduction Page 23 

 

list; however, only approximates the activity of proteinases because cleavage sites are 

often not mapped when reporting the activity of bacterial proteases on a serpin.   

 
 

Figure 2 Cleavage of plasma serpins by pathogen-derived proteases.  

Sequences represent composition of the RSL’s of four plasma serpin family inhibitors. 

Arrows represent reported cleavage site by indicated bacterial protease. Bold residues 

represent the P1-P1’ sites of serpin for interaction with its target protease. For 

references see text. 
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To give an example, the metalloproteinase from Serratia marcescens inactivates 

α1-PI, α1-Achy, C1-Inh, α2-antiplasmin (α2-AP), and antithrombin III (ATIII), though, the 

cleavage sites are only mapped out for α1-PI and α1-Achy (Potempa et al., 1991;Molla 

et al., 1989;Virca et al., 1982).  It is interesting to note that several cleavage sites 

conform to expected specificity of the proteinase; the V-8 proteinase from 

Staphylococcus aureus cleaves after Glu in the α1-PI RSL (Potempa et al., 1986) and 

gingipain K from Porphyromonas gingivalis cleaves after Lys in the α1-Achy RSL (prof. 

J. Potempa personal communication). In contrast, other proteases do not adhere to 

expected specificity. The only known substrate for periodontain, a cystein proteinase 

from P. gingivalis, is the RSL of either α1-PI or α1-Achy.  While this enzyme readily 

cleaves after aliphatic (Phe) and acidic (Glu) residues in the α1-PI RSL, it does not 

cleave at these residues in any other protein or synthetic substrate (Nelson et al., 

1999).  Thus, it is suggested that the stressed conformation of the RSL may contribute 

to its susceptibility to the proteolytic cleavage. On the other hand, the canonical 

inhibitors are surprisingly resistant to the proteolytic inactivation.  Only few examples 

have been reported, including P. gingivalis gingipain R degrading SLPI (Into et al., 

2006), House Dust Mite Der p 1 inactivating elafin (Brown et al., 2003) and host 

enzymes, cathepsins B, L and S inactivating SLPI (Taggart et al., 2001).  On the 

contrary, the outstanding proteolytic resistance of elafin in the native form to proteolytic 

degradation and inactivation was reported. (Guyot et al., 2005a;Alkemade et al., 

1994). Unlike plasma inhibitors susceptible to oxidative and proteolytic inactivation, 

elafin with four disulfide bridges stabilising the core and reactive site loop is the 

extremely stable molecule resistant to proteolytic degradation. 

The control of proteolysis is especially needed at sites of inflammation as 

massive amounts of enzymes released from neutrophils, often coexisting with bacterial 

proteases and oxidative stress factors, create the environment capable of destruction 

of all host tissues. Normally, the systemic, circulating inhibitors of neutrophil proteases 

like α1-PI and α1-antichymotrypsin are supplied to the inflammatory foci by infiltrating 

plasma, though their susceptibility to proteolytic inactivation and sensitivity to the 

oxidising conditions often make them insufficient to provide the necessary control. In 

such conditions, local, tissue specific compounds are produced to support systemic 
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partners. These inhibitors resistant to proteolytic inactivation and more stable in the 

inflamed tissue, help in the restoration of homeostasis (Guyot et al., 2005b;Alkemade 

et al., 1994).  A good example of involvement of circulating and tissue specific 

inhibitors, together with bacterial proteases destabilising whole system is periodontal 

disease, correlated with the P. gingivalis presence. 

One of the hallmarks of periodontitis is infiltration of the periodontal tissue by large 

number of neutrophils. Neutrophils, an indispensable arm of innate immunity, can 

cause collateral damage to the connective tissue, once powerful proteases, including 

human neutrophil elastase (HNE), protease 3 and cathepsin G, are released from 

disintegrated cells.  As a countermeasure, blood plasma leaking into inflammatory 

sites (edema) provides high quantities of endogenous inhibitors. Also, some inhibitors 

are produced locally reinforcing anti-proteolytic activity of serum.  Among those 

inhibitors elafin secreted by epithelial cells under pro-inflammatory stimuli is an 

reversible inhibitor of neutrophil elastase and proteinase 3 (Wiedow et al., 1990).  The 

inhibitory potential characterized by Ki in a subnanomolar range and high levels of 

expression (Wiedow et al., 1990;Guyot et al., 2005a;Alkemade et al., 1994;Pfundt et 

al., 1996) makes elafin the major elastase and protease 3 inhibiting agent in inflamed 

epithelial tissues (Alkemade et al., 1994).  Nevertheless, enhanced local expression of 

elafin in the inflamed connective tissue of the periodontium is apparently not sufficient 

to control neutrophil proteases as gingival crevicular fluid contains the free elastase 

activity (Cox and Eley, 1989;Uitto et al., 2003). 

 

P. gingivalis as a causative agent of periodontitis 

 

Periodontitis is the most prevalent inflammatory disease driven by 

microorganisms inhabiting the subgingival bacterial plaque. In its severe form, this 

disease is acknowledged as one of the major causes of tooth loss nowadays (Genco 

et al., 1999). The pathologic conditions are characterised by a series of clinical 

observations, including bleeding on probing, formation of periodontal pockets, bone 

resorption and loss of tooth attachment, all of the previous accompanied by massive 

accumulation of neutrophils. It is estimated that approximately up to 15% of population 
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suffers from periodontitis in its most severe form.  Disturbingly, the prevalence of 

periodontitis has been correlated to the group of systemic diseases, including 

cardiovascular disease and rheumatoid arthritis (Beck et al., 1996;Genco, 

1998;Offenbacher et al., 1996;Page, 1998).  Although more than 700 bacterial species 

were found colonising the depths of gingival pockets, only a handful are considered 

pathogenic, including P. gingivalis, Tannerella forsythia and Treponema denticola 

(Kuru et al., 1999), all three of them being assigned as the “red complex”, directly 

responsible for the development of disease. Out of this trio, P. gingivalis is the best 

investigated pathogen with respect to virulence traits, which are apparently involved in 

initiation and maintenance of pathogenic conditions driving chronic inflammation. It is 

believed that formidable forces of innate immunity frustrated by inability to eradicate 

irritating infection are directly responsible for periodontal tissues degradation and 

eventual teeth loss (Socransky et al., 1998;Oliver and Brown, 1993;Cutler et al., 

1995;Haffajee et al., 1998).  P. gingivalis produces a vast array of proteolytic enzymes, 

including aminopeptidases (Grenier et al., 2001), carboxypeptidase (Masuda et al., 

2002;Chen et al., 2002), di- and tri-peptidyl peptidases (Kumagai et al., 2000;Banbula 

et al., 2000;Banbula et al., 2001;Banbula et al., 1999), oligopeptidase and several 

endopeptidases (Potempa et al., 2000;Awano et al., 1999).  Although among secreted 

endopeptidasas enzymes such as periodontain, PrtT (SpeB-like) and Tpr (calpain-like) 

are found, the three cysteine proteinases referred to as “gingipains” are together 

responsible for 85% of total extracellular proteolytic activity and 99% of so called 

“trypsin-like activity” (Potempa et al., 1997). Not surprisingly gingipains are described 

as the main virulence factors capable to skilfully manipulate mechanisms of host 

defences against infection (Potempa et al., 2000).  
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Gingipains – the main proteolytic enzymes of P. gingivalis: 

 

Genetic organisation 

 

Gingipains are products of three genes (rgpA, rgpB, and kgp) encoding Arg-Xaa 

(RgpA and RgpB) and Lys-Xaa (Kgp) peptide bond specific proteases, respectively 

(Mikolajczyk-Pawlinska et al., 1998a).  The related rgpA and rgpB genes, encoding 

gngipains R, are present in all up to date analysed laboratory and clinical strains of P. 

gingivalis (Mikolajczyk-Pawlinska et al., 1998a;Pavloff et al., 1995;Aduse-Opoku et al., 

1995;Okamoto et al., 1995;Slakeski et al., 1998;Rangarajan et al., 1997a;Nakayama, 

1997).  The gingipain sequence is strongly conserved from strain to strain as 

confirmed by the restriction analysis of rgp genes (Mikolajczyk-Pawlinska et al., 

1998a;Allaker et al., 1997). The translated product of the rgpA gene encodes a 

polyprotein consisting of a preprofragment, directly followed by a catalytic domain and 

a large hemagglutinin/adhesion domains located at the C-terminal region of the 

polypeptide chain. When compared, the rgpB gene lacks almost entire section 

encoding the C-terminal hemagglutinin/adhesion domain, with exception for the small 

C–terminal fragment. Based on the crystal structure of RgpB and sequence 

conservation, the catalytic domain of both RgpA and RgpB share the similar, if not 

identical fold, with the distinguishable N-terminal caspase-like, and C-terminal 

immunoglobulin-like subdomains (Eichinger et al., 1999).  Despite the lack of the C-

terminal region in the rgpB gene product, the genes share significant level of identity, 

being 72%, 99%, 52% and 51%, to the preprofragment, the caspase-like catalytic 

subdomain, the Ig-like subdomain and the C-terminal fragment, respectively.  The 

organization of the genes, together with the level of identity suggests evolutional 

relationship and common origin (duplication); although it is unclear which of the two is 

the ancestral gene.  

The kgp gene structure is generally similar to the rgpA gene, including the C-

terminal hemagglutinin/adhesion domains, but the fragment encoding the junction 

between H/A subdomains 3 and 4 exhibits significant variation among strains, falling 
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into three identified groups, one of which is identical to the rgpA gene product. (Figure 

3) 

 
Figure 3 The organisation of gingipain genes. 

 Fragments encoding homological domains are marked with the same pattern. Dashed 

line indicates the lacking fragment encoding hemagglutinin/adhesion domains in the 

rgpB gene sequence. Presented kgp gene organisation, homologous to rgpA is 

derived from HG66 strain. Variations in the H/A2-H/A4 region result in two other kgp 

gene constitutions (not shown).  

 

Posttranslational modifications of gingipains 

 

Due to posttranslational processing and modifications gingipains are secreted in 

many different molecular forms, both soluble and associated with the bacterial outer 

membrane (Potempa et al., 2003). The presence and exact form of each variant differs 

greatly between strains, being further affected by the growth conditions. Generally, 

both genes may produce the single chain, soluble form of gingipains, referred to as 

RgpAcat and RgpB (Bedi and Williams, 1994;Fujimura and Nakamura, 1990;Kadowaki 

et al., 1994;Nishikata and Yoshimura, 1991;Tsutsui et al., 1987;Chen et al., 

1992;Rangarajan et al., 1997b;Potempa et al., 1998), consisting only of the catalytic 

domain of the respective enzyme. It is noticeable that majority of strains produce 

limited amounts of soluble RgpB, with majority of the protein expressed in the 
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membrane-associated form (Potempa et al., 1995).  This cell-associated form, termed 

as “membrane type RgpB” (mt-RgpB) is heavily glycosylated and anchored to the 

outer membrane. The glycan moiety is structurally and immunologically related to P. 

gingivalis LPS (Curtis et al., 1996). It is suggested that small amounts of RgpAcat may 

undergo similar modification, becoming mt-RgpAcat anchored to the outer membrane 

by the polysaccharide region (Curtis et al., 1999). Nevertheless, majority of the rgpA 

product is attached to the outer membrane in a form of large, non-covalent complex of 

the catalytic domain and variable numbers of the hemagglutinin/adhesion domains 

(Slakeski et al., 1998;Potempa et al., 1995;Bhogal et al., 1997;Fujimura et al., 1998).  

Notably, due to defect in glycan synthesis, strain HG66 produces both gingipains in 

the soluble form, where RgpB is the soluble catalytic domain and the rgpA product 

consists of a soluble, non-covalent complex of the catalytic and 

hemagglutinin/adhesion domains, termed HRgpA (Potempa et al., 1995).  Kgp is 

assembled in the similar manner as HRgpA; it also predominantly exists as a large 

multidomain complex, bound to the cell surface, additionally often associated with 

membrane-type HRgpA (Bhogal et al., 1997). 

The processing of the polypeptide chain, which maturates the gene translation 

nascent product into variable forms described above requires a gradual cascade of 

proteolytic events, which leads to the separation of domains. It is presumed that 

gingipains R process themselves into the mature forms, with Kgp providing additional 

modifications (Pavloff et al., 1995), not affecting the proteolytic activity of the product.  

Conversely,  the maturation process of gingipain K requires activity of gingipains R 

(Pavloff et al., 1997;Okamoto et al., 1996;Kadowaki et al., 1998). The proenzyme 

activation phenomenon has been described in details for RgpB.  It consists of three 

gradual autocatalytic events; first, part of the N-terminal propeptide is released 103 

residues upstream the mature N-terminal, then the remaining form of propeptide is 

detached and finally, the hydrolysis of the C-terminal fragment, engaged in the 

occlusion of the active site occurs (Mikolajczyk et al., 2003). It has to be noted that 

regardless of both, N-terminal and C-terminal fragments blocking the active site, 

proform is only 80-fold less active than the mature enzyme. Despite more complicated 

structure and organization of Kgp and RgpA, activation mechanisms seems to be 

similar, involving three consecutive scissions, two releasing the N-terminal propeptide 
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and one truncating C-terminal Ig-like domain. Although Kgp, as shown in the 

rgpA_rgpB double deficient mutant strain, is able to fully process itself into mature, 

multidomain form (Veith et al., 2002;Messner, 1997), the usual path of activation 

involves sequestration of C-terminal hemagglutinin/adhesion domains by gingipains R.  

The final step of gingipain maturation is glycosylation, executed by attachment 

of LPS-like carbohydrate fragments to the gingipain molecule.  The final products of 

glycosylation range from mt-forms, with carbohydrate content 30% of total protein 

weight, to the soluble forms only partially glycosylated, nevertheless all released forms 

of gingipains are modified to some extent (Curtis et al., 1999).  Although the 

enzymology of this modification is not yet fully understood, two genes affecting 

gingipain carbohydrate modification have been identified – glucosyl (rhamnosyl) 

trasferase gen (Shoji et al., 2002) and porR (Olango et al., 2003), homologous to 

genes encoding transaminase in other bacteria.  Both of these enzymes, are known to 

be involved in the LPS O-antigen side chains synthesis in gram-negative bacteria.  

As gingipain glycosylation serves as the anchor for the outer membrane 

attachment, it is located at the C-terminal part of the molecule.  Some other proteins, 

with similar sequence at the C-terminus have been identified (Veith et al., 2002), so it 

is proposed that tyrosine residue, conserved in that region serves as the target residue 

for glycosylation. 

 

The activity and virulence relevance of gingipains 

 

 The primary role of gingipains, first assigned to these enzymes in particular, and 

to the bacterial proteases in general, is supplying nutrients and indispensible growth 

factors for the bacterial survival and prosperity.  Besides the general proteolytic activity 

assigned to gingipains, the enzymes were presented as important factors in 

supplementation of iron for the P. gingivalis from host heme proteins.  Interestingly, 

methemoglobin was efficiently degraded by Kgp (Smalley et al., 2008), while 

oxyhemoglobin was fragmented by gingipains R and K sequential cleavage (Smalley 

et al., 2007) representing a typical for these enzymes scheme of the concerted, 

synergistic mode of action.  
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Although gingipains can directly degrade components of the connective tissue 

they can inflict far more damage by usurping functions of tightly regulated host 

proteases of kinin-release, coagulation, fibrynolysis, complement, and  receptor 

signalling pathways (Potempa and Pike, 2009). The kinin system, activated upon 

contact with the bacterial cell surface is serving as a source of antimicrobial peptides, 

chemoattractant agents and powerful signalling molecules, responsible for 

hypotension activity and increase of vascular permeability, is a subject of malicious, 

synchronized initiation by gingipains R and Kgp (Imamura et al., 1995).  P. gingivalis is 

able to stand up against the rapid neutrophil offensive and as an asaccharolytic 

microbe highly benefits from the nutrient-rich serum influx.  Moreover it was shown 

that activation of kinin system is essential for dissemination of this pathogen through 

the host blood vessels (Imamura et al., 1995).  

The R-gingipain action on the complement system is two-sided, as these 

enzymes were showed to inactivate C3, C4 and C5 at higher concentrations, revealing 

their Janus face by activation of the complement system in the lower range of 

concentrations (Popadiak et al., 2007). As majority of gingipains remains glycan-bound 

to the outer membrane of bacteria, creating localized high enzyme concentrations, this 

effect may reflect ability of soluble gingipain forms to promote inflammation response 

within the host, while surface-bound enzyme forms a shield protecting the microbe 

from antibacterial activity of the complement system. Effect of the gingipains R on the 

complement system is supported by the shedding of the C5a receptor from the 

neutrophil and macrophage surface by Kgp, thus weakening the signal received by 

immune system from complement activation (Jagels et al., 1996).  Interestingly, the 

cell-bound HRgpA complex exhibits activity nonrelated to the proteolytic nature of the 

enzyme, immobilizing the complement activation inhibitor C4b-binding protein 

(Potempa et al., 2008).  

Gingipains were also shown to degrade potent antimicrobial peptides, which 

constitute the first line of trenches in the host protection.  Although naturally resistant 

to LL-37, due to low affinity of peptide to the bacterial surface (Bachrach et al., 2008), 

P. gingivalis proteolytic enzymes may add to this resistance by the ability to efficiently 

degrade and inactivate cathelicidin peptides (Gutner et al., 2009).  Also, other well 
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known AMP’s, like α- and β-defensins were susceptible to proteolytic degradation by 

gingipains (Carlisle M.D. Srikantha R.N., 2009).  

In addition to the described activities, gingipains are capable of modulation of 

host response, by interaction with surface receptors (e.g. with C5a receptor, as 

mentioned above), or by activation of Protease Activated Receptors (PAR’s). Most 

importantly, neutrophil and epithelial PAR-2, responsible for induction of inflammatory 

response and regulation of IL-6 production, is efficiently activated by gingipains 

(Lourbakos et al., 1998;Lourbakos et al., 2001). Importance of this phenomenon is 

powerfully supported by the fact that PAR-2 depleted mice were protected against the 

development of periodontitis (Holzhausen et al., 2006).  Additional effects are 

achieved by the shedding of the neutrophil CD31 receptor, leading to promotion of 

healthy neutrophils to phagocytosis by macrophages (Guzik et al., 2007). This 

communication system is further disturbed by modification of signalling molecules.  

The interleukin 8 is N–terminally truncated by soluble gingipains, leading to the 

enhanced activity and increased recruitment of neutrophils to the infection site, while 

surface-bound and attached to the outer membrane vesicles forms of these enzymes 

are shown to inactivate and degrade Il-8 (Mikolajczyk-Pawlinska et al., 1998b).  

Moreover, by inactivation of endogenous proteinase inhibitors (Travis and Potempa, 

2000) gingipains may contribute to uncontrolled proteolytic activity at the periodontitis 

sites infected with P. gingivalis.   

Proteolytic enzymes are not exclusive to one selected pathogen, on contrary; 

they are widespread among bacterial species, often taking the role of powerful 

virulence factors.  One of other examples of popular pathogen producing proteases is 

Staphylococcus aureus. 

  



Interaction of extracellular cysteine proteinases of Porphyromonas gingivalis and Staphylococcus 

aureus with human epithelium-derived protease inhibitors 

 

Introduction Page 33 

 

Pathogenic potential of S. aureus 

 

For many years S. aureus remains the major human pathogen causing a 

variety of diseases. Infections caused by this microorganism range from superficial 

lesions, such as wound infections and abscesses, to the more dangerous and life-

threatening syndromes such as bacteraemia, endocarditis, meningitis and 

osteomyelitis. Recent isolation of antibiotic-resistant S. aureus strains, especially 

Methicillin Resistant S. aureus (MRSA) and Vancomycin Resistant S. aureus (VRSA), 

have rendered this bacterium even more important. As the last means employed to 

fight this wide-spread pathogen are being depleted, development of novel therapeutic 

strategies is one of the main goals of modern medicine. This task, however, cannot be 

achieved without the understanding of the importance of virulence factors and the 

mechanisms employed by this bacteria to colonise the host.  

 

Regulation of staphylococcal virulence factors 

 

S. aureus expresses more than 50 different virulence factors, identified up to 

date, ranging from toxins (toxic shock syndrome toxin), through surface proteins 

(Protein A, FnBP and other MSCRAMM's) and extracellular factors, such as 

proteolytic enzymes, nucleases, lipases and other enzymes, as reviewed by (Foster, 

2004;Ferry et al., 2005). The control over expression and activity of these factors is 

maintained by so called “quorum sensing system” (Vuong et al., 2000;Cheung et al., 

1994;Abdelnour et al., 1993). These complex regulation mechanisms require 

transcription of RNAIII product from the agr operone, which encodes AgrA, AgrB, 

AgrC and AgrD molecules. AgrB is a transmembrane transporter protein with 

endopeptidase activity and facilitates AgrD cleavage, followed by secretion of resulting 

octapeptide. AgrC forms a surface receptor for this signalling peptide. Binding event is 

followed by phosphorylation of intracellular AgrA and leads to its activation as a 

transcription factor (Novick, 2003).  This process is required to diversify composition of 

cell surface proteins and to transform bacteria phenotype from the adhesive one, 

expressing a variety of surface proteins binding to host tissues, into the invasive 
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phenotype, producing tissue degrading factors that allow bacteria to spread infection 

into other regions of host organism (McGavin et al., 1997;Karlsson et al., 

2001;McAleese et al., 2001). Alternative regulation system called sar-dependent 

(staphylococcal accessory regulator) acts to the opposite (Cheung and Ying, 

1994;Chien et al., 1999;Rechtin et al., 1999). While the agr system promotes 

transformation of S. aureus cells into the migratory phenotype, SarA – a transcription 

factor in the sar system promotes the adhesive properties of bacterial cell. sarA 

regulates virulence factors synthesis either directly and indirectly by repressing 

synthesis of agr regulators (Novick et al., 1993). Besides of a number of intracellular 

regulating factors, this system requires proteolytic enzymes to cleave cell surface 

proteins. Furthermore, analysis of the phenotype of the sarA mutant revealed 

intensive overexpression of extracellular staphylococcal proteases (Chan et al., 1998), 

proving the hampering effect of the sar system on the protease production. 

It has been proposed that a core assembly of secreted proteins, commonly 

identified between clinically isolated strains consists of a so called virulence unit, a 

minimal adaptation required to cause the majority of infections.As the significant 

diversity of secreted proteins between strains has been described (Ziebandt et al., 

2001), the importance of particular proteins and expression patterns for survival of S. 

aureus remains poorly understood (Massimi et al., 2002). 

 

Proteolytic enzymes of S. aureus 

 

Staphylococcal proteinases are potentially efficient invasive factors since they 

possess ability to degrade critical compounds of the host defence system, such as 

elements of complement system, cytokines, serum proteinases inhibitors and surface 

receptors of immune system cells (Prokesova et al., 1995;Imamura et al., 

2005;Potempa et al., 1991;Potempa et al., 2000;Potempa et al., 1986), as revealed by 

in vitro experiments. The importance of these enzymes and their ability to influence the 

staphylococcal phenotype imply the need of the strict expression control. Transcription 

of all protease-carrying operons is tightly regulated. All of them are controlled by ρA – 

dependent promoters and are regulated in the growth-phase dependent manner. 
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Transcription of these genes is positively regulated by the quorum-sensing system 

involving the global agr regulator, and is repressed by the pleiotropic virulence 

determinant regulator, SarA (Shaw et al., 2004;Chan and Foster, 1998;Dunman et al., 

2001;Lindsay and Foster, 1999).  The transcription is enhanced in the post-logarithmic 

phase of growth, similarly to other secretory virulence factors (Chan and Foster, 

1998;Dunman et al., 2001;Lindsay and Foster, 1999;Novick et al., 1993;Tegmark et 

al., 1998). 

Proteolytic enzymes of three distinct catalytic classes, consisting of metallo- 

(aureolysin), serine (V8 and Spl proteases) and cysteine (staphopains A and B) 

proteases have been identified among staphylococcal secreted proteins. (Drapeau et 

al., 1972;Arvidson et al., 1973;Arvidson, 1973;Reed et al., 2001;Rice et al., 2001). 

They have been assigned with different functions, including tissue degradation  

(Potempa et al., 1988;Travis et al., 1995), defence against host immune response 

(Arvidson, 2000;Smagur et al., 2009), interception of host enzymes (Potempa et al., 

1986;Maeda and Yamamoto, 1996) and bacterial adhesion regulation (McGavin et al., 

1997;McAleese et al., 2001). 

 

Gene organisation of staphylococcal proteolytic enzymes 

 

Genes encoding extracellular proteolytic enzymes of S. aureus are clustered into four 

distinct operons.  The staphylococcal serine protease (ssp) operone consists of three 

genes, sspA encoding serine V8 protease (glutamylendopeptidase I), sspB, encoding 

cysteine staphopain B and sspC encoding staphostatin B, specific inhibitor of SspB 

(Drapeau, 1978;Rzychon et al., 2003a;Rice et al., 2001;Massimi et al., 2002;Filipek et 

al., 2003). Serine protease-like operone (spl) is located 0.8 Mb downstream from the 

ssp operon, grouping together six genes, homologous to sspA, closely followed by 

staphylococcal cysteine protease operone (scp) consisting of two genes: scpA 

encoding staphopain A and scpB encoding staphostatin A, an extremely specific, 

intracellular inhibitor of ScpA, homologous to SspC (Shaw et al., 2004;Karlsson and 

Arvidson, 2002;Rzychon et al., 2003b;Rzychon et al., 2003a;Dubin et al., 2003).  
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Further downstream, a single aur gene is located encoding a metalloprotease, 

aureolysin. 

Staphylococcal proteases are positively regulated by RNAIII, an effector 

molecule of the agr regulating system that remains under negative control of sar, the 

alternative global expression regulation system of S. aureus (Recsei et al., 

1986;Janzon et al., 1989;Janzon and Arvidson, 1990;Bjorklind and Arvidson, 

1977;Chan and Foster, 1998;Lindsay and Foster, 1999;Ziebandt et al., 2001;Novick 

and Jiang, 2003;Shaw et al., 2004).  

 

Expression and activation of proteases of S. aureus 

 

  Staphylococcal proteolytic enzymes are expressed as preproproteins with a 

large propeptide and a secretion signal sequence.  These proteins are secreted 

outside the cell and undergo activation, by proteolytic cleavage in outer environment.  

Proteolytic enzymes of S. aureus are activated in cascade like manner.  

Staphylococcal metalloprotease, aureolysin, by limited proteolysis activates SspA (V8 

protease), which further downstream activates proSspB and releases the mature 

active form of the enzyme (Lindsay and Foster, 1999;Shaw et al., 2004;Rice et al., 

2001;Drapeau, 1978). The aureolysin activation pathway remains unresolved, though 

it is common among the thermolysin-like enzymes to undergo autoprocessing (Marie-

Claire et al., 1998).  Interestingly, prostaphopain A remains outside the cascade. The 

proenzyme is also proteolytically cleaved, yet enzyme providing this activation remains 

unknown.  It has been recently suggested that maturation of staphopain A involves 

autocatalytic processing, as structural adaptations for autocatalytic processing in the 

proenzyme have been recently identified (Hoffman et al., 1993;Arvidson, 

2000;Ziebandt et al., 2001;Nickerson et al., 2010), though this report included 

interpretations of in silico, automatically modelled pro-ScpA structure, therefore these 

conclusions are highly controversial (Nickerson et al., 2010). Nevertheless, if truly 

confirmed, this mechanism may provide the back-up system for proteolytic cascade, 

as activation of proteases was observed in the aur-negative mutant strains (Shaw et 

al., 2004).  
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Mature forms of both staphopains are proteins of molecular weight ~20 kDa, 

folded in the papain-like manner, and exhibiting proteolytic activity. Structurally similar 

to papain, none of staphopains shares significant homology to papain on the 

aminoacid sequence level (Filipek et al., 2003;Hoffman et al., 1993).  Staphopain A 

and B share almost identical 3-dimensional structure (Figure 4). The observed 

differences in proteolytic activity have to be assigned to the minor differences in 

properties of substrate-binding pockets rather, than to the major changes in protein 

structure (Filipek et al., 2003). 

The activity of staphopains is strictly regulated. Together with the pre-pro-

protein, the specific inhibitor of each staphopain is encoded. The staphostatins are 

powerful intracellular inhibitors of staphopains and constitute a novel distinct family of 

protein inhibitors with a characteristic fold and an unique mechanism of inhibition.  

They inhibit respective staphopain with Ki in the nanomolar range, constituting the 

shield against unleashed proteolytic activity of prematurely folded and processed pre-

pro-enzymes in cytoplasm. Although the alternative hypothesis postulating additional 

chaperone role of staphostatins was proposed (Nickerson et al., 2010), their primary 

role as inhibitors is confirmed, further supported by a lethal effect on E. coli expressing 

staphopain A without its respective inhibitor, staphostatin A (Wladyka et al., 2005).  

Significantly, the active-site mutated enzyme was expressed in large amounts without 

any affect on the host.  
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Figure 4 Comparison  of the 3-dimensional structure of staphopains.  

Superimposed structures indicate high similarity of the molecule fold. Staphopain A 

and staphopain B  mainly in the exposed loop region (panel A). The structure of the 

active site of staphopains (panel B) proves high similarity in the location of catalytic 

residues (displayed as sticks). In both pictures staphopain A is represented as red 

ribbon and staphopain B as green. 

 

Activity and virulence relevance of staphopains 

 

Elaborated mechanisms of the control of staphopain activity strongly suggest that 

staphopains are very important factors for growth and survival of S. aureus.  Every 

single step in the processing of these enzymes is strictly controlled, starting at the 

level of transcriptional and through folding of the preproenzyme after translation, 

secretion of the zymogenic form to the extracellular environment and the activation by 

proteolytic cleavage. The fact that such mechanism is energetically expensive and that 

it is conserved among isolated S. aureus strains further emphasizes importance of 

these enzymes. A number of efforts was taken to elucidate the virulence potential of 

staphopains. 

Initial results showing reduction in virulence in mice abscess, bacteraemia and 

wound infection models by polar the sspA mutant (Coulter et al., 1998) were 

contradicted by follow up data.  Only some importance of SspB in a mouse abscess 

model seems to be well described (Shaw et al., 2004).  It is worth noting that mice 

serum, in contrast to human, contains elevated levels of proteinase inhibitors, including 
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α2-macrogobuline and macroglobulin-related proteins described as murinoglobulins. 

These proteins show ability to inhibit activity of many proteolytic enzymes, including 

staphylococcal proteases. Taking this fact into consideration, murine or in general, 

rodent models, may not be the best for investigation the role of proteases in infection 

process of human tissues. Independently to in vivo studies, a few interesting effects 

were described in vitro, including elastase activity of ScpA (Potempa et al., 1988), 

ability of S. aureus proteolytic enzymes to degrade α-1-protease inhibitor, fibrinogen, 

fibronectin, heavy molecular weight kininogen, α-1-antichymotrypsin and activation of 

prothrombin by aureolysin (Potempa et al., 1988;Massimi et al., 2002;Dubin, 

2002;Potempa et al., 1986). Interestingly, the staphopain B was shown to interact with 

the cells of host immune system.  By shedding of CD31 from the neutrophil surface 

this protease may affect the apoptotic neutrophil clearance in the inflammatory 

regions of host organism (Smagur et al., 2009). 

The most striking effect was observed in guinea pig model of bradykinin-

induced increased vascular permeability, where synchronised, synergistic action of 

staphopains lead to great increase of capillary blood vessel leakage into surrounding 

tissue (Imamura et al., 2005). 

Although limited data are available on the pathogenic potential of 

staphylococcal proteases, the recent semi-quantitive analysis have identified 

staphopains as two most intensively secreted proteolytic enzymes among all 

staphylococcal proteases (Jones et al., 2008).  This fact, together with the 

conservation of the  protease genes among clinical S. aureus strains, confirms the 

importance of these enzymes in pathophysiology of staphylococcal infections.  ,  

The epithelium is the main area exposed to constant microbial stimuli.  Mucosal 

membranes constitute the first barrier against bacterial infection, and thus possess the 

necessary means to provide efficient protection.  This is accomplished by functioning 

as a mechanical barrier constantly shedding the surface cells, protected by 

antimicrobial peptides and protease inhibitors, and communicating with immune 

systems through signalling molecules. Concerted actions of these systems ensure the 

homeostasis within the tissue and maintenance of its function.  Although these 

mechanisms are extremely efficient, a group of microorganisms have found the means 

to overcome this barrier and to infect host organism via epithelial tissue. The main goal 
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of this thesis was to investigate the interaction of selected protease inhibitors produced 

by human epithelium, with proteolytic enzymes of mucosal pathogens in order to verify 

the role of inhibitors as “guardian molecules” exerting protection against pathogens 

and enforcing tissue homeostasis. The constant struggle on the evolutionary 

battlefield, however, raises the possibility that emerging adaptations of pathogenic 

bacteria will grant them ability to directly affect the protease-inhibitor balance, 

favouring the development of the infection. In that regard the proteinase inhibitors 

should become legitimate target for pathogen-derived enzymes, impairing their 

protective functions and targeting host-derived protease inhibitors as the “Achilles’ 

heel“, which utilised allows the more efficient colonisation.
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Aims of the thesis 

The purpose of the thesis was to investigate the interaction between extracellular cysteine proteases of 

the selected pathogens of human epithelium and locally produced host-derived protease inhibitors of epithelial 

origin. The experiments included the inactivation study of two serine protease inhibitors, elafin and SLPI, 

followed by determination of interaction site between elafin and RgpB, most efficient enzyme in  that regard. 

The human cross-class serpins SCCA1 and SCCA1 were investigated for their inhibition potential against 

staphopains and gingipains. The kinetic parameters of the staphopain inhibition were assessed and, as some 

controversies arose regarding cross-class serpins inhibition mechanism, the mode of action was elucidated. The 

aims of project can be summarized as follows: 

 

- Identification of the inactivation potential of the selected bacterial cysteine 

proteinases against epithelial serine protease inhibitors – SLPI and elafin 

 

- Characterisation of the efficiency of the elafin and SLPI inactivation by respective 

gingipains 

 

- Identification of the interaction location; mapping of the cleavage site on the 

aminoacid sequence of the inhibitor 

 

- Identification of the inhibitory potential of cross-class serpins against the S. 

aureus and P. gingivalis extracellular cysteine proteinases 

 

- Determination of the kinetic parameters of inhibition of staphopains by SCCA1 

 

- Confirmation of the classic mechanism of inhibition of cysteine proteinases by the 

SCCA1 serpin; detection of the SDS-stable complex of enzyme and inhibitor 

 

- Identification of the interaction location; mapping the hydrolysis location within 

the reactive site loop of the serpin molecule 
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Enzymes: 

Human Neutrophil Elastase (HNE) - EC-Number 3.4.21.37 (Elastin Products, 

Owensville, Missouri);  

Staphopain A (ScpA) and B (SspB) - MEROPS ID C47.001 and C47.002, 

respectively;  

Glutamyl Endopeptidase I (SspA) – MEROPS ID S01.269;  

staphylococcal Serine-Protease-Like A protease (SplA);  

Gingipains R (HRgpA, RgpB) – MEROPS ID C25.001 and  

Gingipain K (Kgp) – MEROPS ID C25.002 

 

All bacterial enzymes were purified from respective organism in the laboratory 

of prof. J. Potempa.  Staphylococcal enzymes were purified according to procedures 

described previously (Potempa et al., 1988;Massimi et al., 2002;Drapeau, 1978) and 

P. gingivalis proteases were obtained as recently described (Potempa and Nguyen, 

2007). The HNE active site was titrated with recombinant Eglin C. HNE proved to be 

more than 90% catalytically active. HNE was dissolved in 0.1 M sodium acetate 

(pH 5.0).  The concentrations used within this work represent the protein concentration 

of human neutrophil elastase. The bacterial enzymes were active site titrated using 

human α2-macroglobulin (staphylococcal proteases) and Z-Phe-Lys-

chloromethylketone (Kgp) and Z-Phe-Phe-Arg-chloromethylketone (HRgpA and 

RgpB). All concentrations of bacterial enzymes used in this work refer to the 

concentration of active sites, as assessed by titration analysis. 

 

Inhibitors: 

Elafin: recombinant human protein provided by Proteo Biotech AG, Kiel, Germany 

SLPI: recombinant human protein was a kind gift of Dr. David A. Johnson, East 

Tennessee State University, USA 

SCCA1 and SCCA2: Recombinant fusion proteins of GST-human SCCA1/SCCA1 

were the kind gift of prof. G. Silvermann (University of Pittsburgh School of Medicine, 

Pittsburgh, PA, USA) 
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Eglin C: recombinant protein was obtained from Ciba Geigy (Basel, Switzerland) 

αααα2-macroglobulin: a protein purified from human plasma was obtained from 

Biocentrum (Krakow, Poland) 

ZFKck: benzoyloxycarbonyl-Phe-Lys-CH2OCO-(2, 4, 6-Me3) phenyl hydrochloride 

was purchased from BACHEM. 

ZFFRck: benzoyloxycarbonyl -Phe- Phe--Arg -CH2OCO-(2,4,6-Me3)phenyl 

hydrochloride was obtained from Calbiochem 

E-64: N-(trans-Epoxysuccinyl)-L-leucine 4-guanidinobutylamide was purchased from 

Sigma 

 

Substrates: 

Meo-Ala-Ala-Pro-val-pNa/Meo-AAPV - N-Methoxysuccinyl-Ala-Ala-Pro-Val-4-

nitroanilide – Sigma 

Tosyl-Gly-Pro-Lys-pNa – N-(p-Tosyl)-Gly-Pro-Lys 4-nitroanilide acetate salt - Sigma 

L-BAPNA - Nα-Benzoyl-L-arginine-4-nitroanilide hydrochloride - Sigma 

Azocoll - AZOCOLL™ Substrate, <50 Mesh – Calbiochem 

Abz-Glu-Ala-Leu-Gly-Thr-Ser-Pro-Arg-Lys(Dnp)-Asp-OH – synthetic fluorescent 

substrate for staphopain A (Peptide Institute) 

Abz-Glu-Gly-Ile-Gly-Thr-Ser-Arg-Pro-Lys(Dnp)-Asp-OH – synthetic fluorescent 

substrate for staphopain B (Peptide Institute) 

Buffers: 

 

TNCT: 0,1 M Tris, 150 mM NaCl, 5 mM CaCl2, 0.05 % Tween-20, pH 7.6 

TET – 50 mM Tris-HCl, 5 mM EDTA, pH 7.6 

HEPES – 0.2 M HEPES, 5 mM CaCl2, pH 8.0 

Transfer buffer - 25 mM Tris, 192 mM glycine, 20% methanol pH ~8.2 

TTBS – Tris-buffered saline/Tween-20 – 50 mM Tris-HCl, 150 mM NaCl, 0.05% 

Tween-20 
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Reagents:  If a manufacturer is not indicated, reagents were of the best available 

quality and were purchased from various vendors. 

Elastase - elafin inhibition assays 

 

For initial inactivation assays HNE was diluted in TET buffer – 50 mM Tris-HCl 

(Lab Empire), pH 7.6 containing 5 mM EDTA (Sigma) and 0.05% Tween-20 (Sigma) 

(Staphopain A, Staphopain B, SplA, glutamyl endopeptidase I (V8 protease)), or in 

TNCT buffer – 0.2 M Tris-HCl (Lab Empire), 0.15 M NaCl (POCH), 5 mM CaCl2 

(POCH), 0.05% Tween-20 (Sigma) (HRgpA, RgpB, Kgp). Cystein proteinases were 

activated with 2 mM DTT (Lab Empire) in TET (ScpA, SspB) or with 10 mM L-Cystein 

(Sigma) in 0.2 M HEPES (Merck) 5 mM CaCl2 (POCH), pH 8.0 buffer (HRgpA, RgpB, 

Kgp) by 15 min incubation in 37°C and further diluted in buffer specified above without 

reducing agents, in order to maintain the unreduced inhibitor structure. Elafin at 

 200 nM was preincubated in the same buffer with a set of previously preactivated 

bacterial proteases at the same concentration (1:1 molar ratio) for 2 h at 37⁰C.  

Thereafter, the prepared solution of human neutrophil elastase was added to each 

sample and, after 5 min of inhibition, the substrate Meo-Suc-Ala-Ala-Pro-Val-pNA 

(Sigma) was added. The final mixture contained 25 nm HNE, 50 nM elafin, 50 nM 

respective bacterial enzyme, 1 mM substrate and 5% DMSO. The colour development 

due to release of p-nitroaniline (pNa) was monitored by measurement of absorbance 

at 405 nm using microplate absorbance reader (Sunrise, TECAN). 

Concentration dependency was measured in a similar procedure; the pre-

activated RgpB was added to elafin in increasing concentrations and after 2 h of 

incubation at 37⁰C elastase was added to the samples. The residual HNE activity was 

measured using procedure described above. The final 200 µl of resulting mixture 

contained final concentrations of RgpB in the range 0 to 10 nM, 10 nM elafin, 5 nM 

elastase, 1 mM Met-AAPV-pNA and 5% DMSO. 
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SDS-PAGE and Western blot of RgpB-treated elafin 

 

To assess concentration-dependent degradation 1 µg of elafin was incubated in 

TNCT buffer with preactivated RgpB, in concentration range 0 – 500 nM in total 

volume of 10 µl. Subsequently, samples were mixed with SDS-PAGE sample buffer 

and loaded on the gel. Time-dependent degradation was assessed in a same manner. 

Reaction mixture of 100 µl containing 10 µg of elafin and  100 nM preactivated RgpB 

was prepared and at each time point 10 µl was withdrawn, mixed 1:1 with SDS-PAGE 

sample buffer without reducing agent and frozen. All the samples were analyzed by 

electrophoresis in non-reducing conditions using a Schagger/von Jagow tricine system 

at 15% acrylamide, with T:C 15.5:1 ratio (Schagger et al., 1988) . The resolution in 

reducing conditions was performed using tricine Schagger/von Jagow peptide system, 

with 2 layer gel, consisting of 16% separating gel (T:C 8.7:1) and 10 % spacer gel (T:C 

16.3:1), using SDS-PAGE sample buffer supplemented with 50 mM DTT.  Samples 

were boiled for 5 minutes at 99⁰C before being applied on the reducing-conditions 

gels. Protein size was indicated using the molecular marker SeeBlue Plus2 

(Invitrogen). Protein bands were visualized using silver staining (see protocol below). 

Western blot was performed by electrotransfer (wet electrotransfer system (Bio-

Rad) using voltage 100 V for 1 h) of proteins from SDS-PAGE gels to polyvinylidene 

fluoride (PVDF) membrane (Immobilion-P, Millipore) in 25 mM Tris, 192 mM glycine, 

20% methanol, followed by overnight blocking with 0.22 µm-filtered 2% bovine albumin 

in Tris-buffered saline, 0.05% Tween-20 (TTBS).  Blocked membrane was incubated 

for 1h with primary antibody (1:500, biotinylated goat anti-human Trappin-2; (BAF-

1747, R&D, Wiesbaden-Nordenstadt, Germany)), then washed 3 times with TTBS. 

Subsequently streptavidin-HRP was applied for 1h (1:20000 (RPN-1231 GE 

Healthcare)).  Membranes were again washed 3 times using TTBS and ECL-Plus (GE 

Healthcare) was used as the chemiluminescence substrate.  Images were acquired 

using Diana Imager (Raytest). 
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High Performance Liquid Chromatography separation of elafin-derived 

peptides 

 

The set of mixtures was prepared: “A” containing 10 µg of elafin and 100 nM 

preactivated RgpB in TNCT buffer in a total volume of 50 µl, “B”: 10 µg elafin in TNCT 

buffer and “C”: 100 nM RgpB in TNCT buffer.  The solutions were incubated 

separately for 2 h at 37°C and acidified, by addition of TFA to 0.1 % final 

concentration.  All samples were applied on the reverse-phase C2/C18 HPLC column 

µRPC SC 2.1/100 (GE Healthcare).  The protein fractions were eluted from the column 

with an acetonitrile gradient using 0.1% TFA in H2O (solution A) and 80% acetonitrile 

in solution A (solution B) starting with 0% solution B changing to 25% within 10 min, 

70% within 40 min and finally 100% after 41 min. The fractions were collected 

automatically (SMART, Pharmacia) and applied to the mass spectrometry (see below).  

Eluted elafin-derived peptides were tested for anti-elastase activity. Briefly, protein 

concentration in each peak was calculated from peak area, using 10 µg of elafin as a 

standard, and 5-fold molar excess of inhibitor over HNE was used. The residual 

elastase activity was measured similarly as described above, using 1 nM final HNE 

concentrations. The results were recalculated as % of inhibition, where 0% 

corresponds to full activity in the HNE control, and 100% to the total lack of the 

residual elastase activity.  

In order to identify the cleavage site, HPLC-resolved fractions were lyophilized 

and the concentrations were adjusted to 4 mg/ml with H2O.  The protein fractions 

(5 µg) were reduced in a mixture of 85 µL 100 mM NH4HCO3 and 10 µl 100 mM DTT 

for 20 min at 65°C. After reduction proteins were alkylated by addition of 

iodoacetamide up to the 25 mM final concentration and incubation for 20 min at 

ambient temperature in the dark. After reduction and alkylation the mixture was re-

separated on an HPLC column (C2/C18) as described above and eluted fractions 

were analyzed by mass spectrometry. 
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Mass Spectrometry of elafin-derived fragments 

 

Protein and peptide mass determinations were performed by electrospray mass 

ionization spectrometry (ESI-MS)-analysis using a Quadrupol-Time-of-Flight-Hybrid-

Mass-spectrometer (Q-TOF II, Waters Micromass) equipped with an orthogonal 

electrospray source (Z-spray) operated in positive ionisation mode.  For MS analysis, 

10 µl of HPLC-separated fractions were lyophilized and diluted with 100 µl carrier 

solvent (50% acetonitrile, 50% water, 0.2% formic acid) and infused into the 

electrospray source at a rate of 20 µl/min.  Sodium iodide was used for m/z calibration 

at a range of 80-2000. The capillary potential was set to 2.55 or 3.00 kV and the cone 

voltage to 40 V; cone temperature was set to 100°C; desolvation temperature was 

150°C; the ESI gas was nitrogen. The charge-to-mass ratio of ions was scanned in 

different ranges between 200 to 2000 and 700 to 2000.  

Acquisition and data analysis were all performed using the MassLynx 3.5 software 

package (Waters Micromass). Mass spectra were averaged typically over 100-150 

scans (scan time 1 s; interscan time 0.1 s).  The multiply charged raw data of intact 

proteins were background-subtracted and deconvoluted using MaxEnt1 to obtain 

single-charged ion mass spectra to determine average molecular masses of intact 

proteins.  The raw combined spectral data from small peptides were background-

subtracted and subjected to Maximum Entropy 3 (“MaxEnt3”) deconvolution to 

determine monoisotopic molecular masses.  

 

SLPI inactivation by gingipains 

 

For initial inactivation assays HNE was diluted in TNCT buffer – 0.1 M Tris-HCl 

(Lab Empire), 0.15 M NaCl (POCH), 5 mM CaCl2 (POCH), 0.05% Tween-20 (Sigma), 

pH 7.6.  Gingipains were activated with 10 mM L-Cystein (Sigma) in 0.2 M HEPES 

(Merck) 5 mM CaCl2 (POCH), pH 8.0 buffer (HRgpA, RgpB, Kgp) by 15 min incubation 

in 37°C and further diluted in buffer specified above without reducing agents, in order 
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to maintain the unreduced inhibitor structure.  SLPI was incubated in the same buffer 

with a set of preactivated bacterial proteases in concentration 200 nM vs. 200 nM (1:1 

molar ratio) for 2 h at 37⁰C. Thereafter the prepared solution of human neutrophil 

elastase was added to each sample and, after 5 min of incubation, the substrate Meo-

Suc-Ala-Ala-Pro-Val-pNa (Sigma) was added. The final mixture contained 25 nM HNE, 

50 nM SLPI, 50 nM respective bacterial enzyme, 1 mM substrate and 5% DMSO. The 

colour development due to release of p-nitroaniline was monitored by measurement of 

increase of absorbance at 405 nm using microplate absorbance reader (SpectraMAX, 

Molecular Devices).  

 

SDS-page of Kgp-derived SLPI degradation products 

 

Kgp was preactivated in HEPES buffer supplemented with 10 mM L-Cys as 

described above.  To investigate concentration dependency of degradation, a series of 

samples, each containing 200 ng of SLPI in TNCT buffer was prepared.  Kgp was 

added to each sample, rendering final concentrations 0 - 500 nM in volume of 10 µl.  

Samples were incubated for 2 h at 37⁰C and reaction was stopped by addition of 

trichloroacetic acid to the final concentration 2%. Samples were mixed with SDS-

PAGE sample buffer (1:1), supplemented with 50 mM DTT and boiled. Time 

dependency was assayed by preparing mixture containing 2 µg of SLPI and 100 nM 

preactivated Kgp in total volume of 100 µl.  At each time point 10 µl of reaction mixture 

was withdrawn, reaction was stopped by addition of TCA up to 2% final concentration 

and SDS-PAGE sample buffer with DTT was added. Samples were boiled for 5 

minutes and resolved using SDS-PAGE.  The separation in reducing conditions was 

performed using tricine Schagger/von Jagow peptide system, with 2 layer gel, with the 

16% separating gel (T:C 8.7:1) and  10 % spacer gel (T:C 16.3:1), as described for 

elafin degradation analysis.  Protein size was indicated using the molecular marker 

SeeBlue Plus2 (Invitrogen).  Protein bands were visualized using silver staining, 

according to the protocol described below. 
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GST-SCCA-1/GST-SCCA-2 – gingipains inhibition assays 

 

Each gingipain was preactivated in 0.2 M HEPES 5 mM CaCl2, pH 8.0 buffer by 

15 min incubation in 37°C and further diluted in the TNCT buffer, supplemented with 

10 mM L-Cys.  Separate mixtures containing 10 nM respective gingipain and 100 nM 

GST-SCCA1 (1:10 molar ratio) in 100 µl of TNCT/10 mM L-Cys buffer and control 

samples with 10 nM respective gingipain in 100 µl of the same buffer, were incubated 

for 30 minutes at 37⁰C on a 96-well microplate. 100 µl of substrate solution was added 

to each sample, rendering final concentrations 5 nM respective gingipain, 50 nM GST-

SCCA1 and 0.5 mM L-BAPNA (HRgpA, RgpB) or 5 nM gingipain, 50 nM GST-SCCA1 

and 0.5 mM Tosyl-Gly-Pro-Lys-pNa (Kgp).  The reaction was monitoredby assessment 

of the increase in absorbance at λ = 405 nm for 30 minutes, using SpectraMAX 

microplate absorbance reader (Molecular Devices). The enzyme activity in each 

sample was determined by linear regression to the first, linear part of the curve and 

results from triplicate measurement were calculated as % of activity of respective 

gingipain with substrate control samples. 

 

GST-SCCA-1/GST-SCCA-2 – Staphopain A and B inhibition assays 

 

For primary experiments, the staphopains A and B were preactivated by 

incubation for 15 minutes at 37⁰C in the 0.1 M Tris-HCl pH 7.6, 5 mM EDTA, freshly 

supplemented with DTT to the 2 mM concentration, and subsequently, respective 

serpin solution was added to each sample, rendering final concentrations: 50 nM 

enzyme and 300 nM respective serpin (1:6 molar ratio) in the total volume of 200 µl.  

Samples were further incubated at 37⁰C for 30 minutes, allowing inhibition reaction to 

complete.  One hundred µl of 15 mg/ml azocoll (Calbiochem) suspension in 0.5 M 

sucrose, 0.05 % Tween-20 was added to each sample. Mixtures were incubated at the 

37⁰C with shaking, then centrifuged (14 000 RPM) and supernatant absorbance at 520 

nm was measured using SpectraMAX microplate reader (Molecular Devices).  The 

presented results show mean ± SD of triplicate experiments, normalized as a % of 

non-inhibited control for each enzyme. 
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Stoichiometry of GST-SCCA-1 and staphopain A and B inhibition: 

 

Staphopain A and B were preactivated, as described above, and transferred to 

the black microplate (Nunc).  Increasing SCCA1 concentrations were prepared in 

0.1 M Tris, pH 7.6, 5 mM EDTA, 2 mM DTT and added to the wells, resulting in the 

final concentrations: 40 nM staphopains and 0-200 nM SCCA1 (molar ratio 0 - 5 ).  

The plate was incubated for 30 minutes at 37⁰C and subsequently, specific fluorescent 

substrate for each staphopain was added, rendering final concentrations 20 nM ScpA, 

10 µM Abz-Glu-Ala-Leu-Gly-Thr-Ser-Pro-Arg-Lys(Dnp)-Asp-OH, and 20 nM SspB, 20 

µM Abz-Glu-Gly-Ile-Gly-Thr-Ser-Arg-Pro-Lys(Dnp)-Asp-OH, respectively, in the final 

volume of 200 µl. Reaction was monitored for 30 minutes at 37⁰C using SpectraMAX 

Gmini XS (Molecular Devices) microplate fluorimeter with excitation and emission 

wavelengths set to 320 and 420 nm. Residual activity of enzyme was determined by 

linear regression to the initial fragment of reaction curves. Results show mean ± SD of 

three independent experiments, normalized to the activity of uninhibited enzyme, 

plotted versus staphopain/serpin molar ratio.  The stoichiometry of inhibition was 

determined by the linear regression to the experimental points. 

 

Determination of kinetic parameters of inhibition by the progress curve 

method: 

 

The two series of samples were prepared on 96-well black microplate (Nunc), 

each for respective staphopain, containing constant substrate concentration (Abz-Glu-

Ala-Leu-Gly-Thr-Ser-Pro-Arg-Lys (Dnp)-Asp-OH for ScpA and Abz-Glu-Gly-Ile-Gly-

Thr-Ser-Arg-Pro-Lys (Dnp)-Asp-OH for SspB) and increasing concentrations of 

SCCA1 within each series. Staphopains were preactivated in the 0.1 M Tris, 5 mM 

EDTA, 2 mM DTT pH 7.6 for 15’ at 37⁰C and added to prepared samples. Final 

concentrations were 0.5 nM for each staphopain, 10 µM for substrate and in the range 

0-150 nM for SCCA1. Reaction was monitored as the fluorescence increase in time 

using microplate fluorescence reader SpectraMAX Gmini XS (λex = 320 nm, λem = 420 
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nm). Data were analysed by non-linear fitting to the progress curve for irreversible 

inhibitors model, described by equation 1(Morrison and Walsh, 1988):   

 

Equation 1.    � =
��

����
× (1 − e����×�) 

 

Resulting values of kobs for each, respective inhibitor concentration were plotted 

against inhibitor concentration and the second-order rate constant k’ was determined 

as a slope of a line fitted by linear regression.  As inhibitor in the solution competes 

with substrate for binding site, and reaction velocity is influenced by the enzyme-

inhibitor stoichiometry ratio, the final value ka was calculated from k’ using equation 2 

(Morrison and Walsh, 1988): 

 

Equation 2.     �	 =  �′ ×  (1 + [S]/�
)  ×  SI 

 

Where SI stands for the stoichiometry ratio determined previously, and Km is 79.4 µM 

for Abz-Glu-Ala-Leu-Gly-Thr-Ser-Pro-Arg-Lys (Dnp)-Asp-OH hydrolysis by ScpA and 

53 µM for Abz-Glu-Gly-Ile-Gly-Thr-Ser-Arg-Pro-Lys (Dnp)-Asp-OH hydrolysis by SspB, 

respectively.  The presented results show averaged data from three independent 

experiments. 

 

SDS-PAGE and Western blot of SspB – GST-SCCA1 

 

For the detection of SspB-SCCA1 complex, the increasing concentrations of 

preactivated staphopain B (0-5 µM) were incubated together with 2 µM serpin SCCA1 

in separate eppendorf tubes, resulting in SspB:SCCA1 molar ratio 0 - 2.5.  Samples 

were incubated for 30 minutes at 37⁰C followed by addition of SDS-PAGE sample 

buffer (1:1 v/v), containing 100 µM E-64 but without a reducing agent.  Mixtures were 

incubated for further 30 minutes at 37⁰C and were subsequently separated by 10% 

SDS-PAGE.  After electrophoresis gel was stained with coomasie brilliant blue G-250 

(Serva).  Western blot was prepared from the second set of samples, prepared as 

above.  After electrophoresis proteins were electrotransferred in 25 mM Tris, 192 mM 
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glycine, 20 % methanol in semi-dry western blot chamber (Bio-Rad) onto PVDF 

membrane. The membrane was blocked overnight with 0.22 µm filtered 2% bovine 

serum albumin with 10% goat serum. The Western blot membrane was incubated with 

the primary mouse monoclonal anti-SspB antibodies clone 5E12.G9 (UGA core facility 

for MAb development) for 3 h at the room temperature.  Following the washing step 

with TBS-Tween, secondary goat anti-mouse IgG Fc fragment antibodies (Sigma) 

were applied for 1h. The membrane was developed using GE healthcare ECL+ 

substrate and Kodak Biofilm plate. 

 

N-terminal sequencing of Staphopain-GST-SCCA1-derived fragments 

 

Staphopains were preactivated by incubation for 15 minutes at 37⁰C and 

1.41 µM respective staphopain was mixed with 7.04 µM GST-SCCA1 (1:5 molar ratio) 

in 20 µl of 0.1 M Tris, 5 mM EDTA, 2 mM DTT pH 7.6. The control samples, containing 

the same concentration of each staphopain and GST-SCCA1 were prepared 

separately in the same buffer. All mixtures were incubated for 30 minutes at 37⁰C and 

reaction was stopped by addition of SDS-PAGE sample buffer devoid of DTT and 

supplemented with  100 µM E-64. Resulting samples were separated on the peptide 

gel using Schagger / von Jagow tricine electrophoretic system as described above. 

The resolved proteins were electrotransferred onto PVDF membrane in CAPS buffer in 

semi-dry blotting chamber, membrane was stained with coomasie brilliant blue G-250 

and destained with 50% methanol, 10% acetic acid.  The protein bands, generated in 

the enzyme-GST-SCCA1 samples were N-terminally sequenced using Edman 

degradation technique (courtesy of prof. Jan Enchild, Aarhus University, Aarhus, 

Denmark). 
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Silver staining protocol 

 

After electrophoresis polyacrylamide gels were fixed in the 50% methanol 

(POCH), 10% acetic acid (POCH) for 30 minutes with gentle shaking. Subsequently, 

gels were incubated in the Farmer’s reducer solution (0.4 M sodium acetate (POCH), 

30% ethanol (POCH), 0.1 % sodium thiosulfate (POCH), 0.5% glutaraldehyde (Serva)) 

for another half of an hour. After incubation, gels were washed three times with 

distilled water for 10 minutes each and subsequently stained with silver by 30 minute 

incubation in 0.1 % AgNO3 (Sigma), 0.001 % formaldehyde. Gels were developed in 

2.5% Na2CO3 (POCH) with 0.15 % formaldehyde. When protein bands become clearly 

visible, incubation was stopped by fixing solution. 
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Specific inactivation of elafin by RgpB 

 

Inactivation of host protease inhibitors by proteases from invading 

microorganisms may contribute to host tissue damage. Indeed, hostile bacterial 

enzymes were shown to inactivate numerous protease inhibitors, leading to 

deregulation of physiological functions of host tissues. Majority of reports, however, 

focused on interaction between microbial enzymes and serum protease inhibitors, 

leaving tissue-specific compounds aside. As majority of infections, at least in the initial 

phase, require environment barrier constituted by epithelial tissues to be shattered, the 

epithelium-specific inhibitors were chosen as the subject of current work. A panel of 

investigated molecules includes elafin and SLPI, potent inhibitors of neutrophil 

enzymes and SCCA1 – cross class compound belonging to the serpin superfamily. 

Proteases from P. gingivalis and S. aureus were investigated for their ability to affect 

elafin-dependent inhibition of HNE in a functional assay. Enzymes were preincubated 

with elafin at 1:1 molar ratio for 2 hours, mixed with neutrophil elastase at the 1:2 

HNE:elafin molar ratio and the residual activity of elastase was measured, using 

chromogenic Suc-Ala-Ala-Pro-Val-p-nitroanilide substrate. All tested proteases of P. 

gingivalis were able to inactivate elafin, though with various efficiency.  Under applied 

experimental conditions (Figure 5), only Arg-specific gingipain B (RgpB) was able to 

completely inactivate elafin with no residual anti-HNE activity of elafin within 2h. 

HRgpA and Kgp had incremental effect on anti-elastase capacity of elafin diminishing 

it by 60% and 80%, respectively, though these gingipains inactivated HNE itself to 

some extent. Following preincubation with HRgpA and Kgp, the HNE activity was 

decreased by 85% and 70%, respectively (Figure 5b).   

The RgpB inactivation potential against elafin was dependent on the proteolytic 

activity of enzyme as demonstrated by the lack of elafin degradation post incubation 

with RgpB inhibited with Z-Phe-Phe-Arg-chloromethylketone. Contrary to gingipains 

none of the tested staphylococcal enzymes  
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Figure 5 Elafin is inactivated by proteases of P. gingivalis but not S. aureus  

Elafin was preincubated with a bacterial protease at a 1:1 molar ratio for 2 h at 37°C 

before human neutrophil elastase (HNE) was added (the molar ratio of HNE : elafin = 

1:2). The residual elastase activity was determined with MeoSuc-AAPV-pNa as 

substrate. Presented results are normalized to percentage of the appropriate control. 

Incubation with P. gingivalis-derived cysteine proteases (HRgpA, RgpB and Kgp) 

significantly decreased the inhibitory potential of elafin but only RgpB did not interfere 

with activity of elastase (B). ZFFRck indicates protease inhibitor Z-Phe-Phe-Arg-

chloromethyloketone. Staphylococcal proteases (ScpA, SspA, SspB and SplA) did not 

affect inhibitory activity of elafin. In (B) the influence of tested bacterial proteases on 

the activity of elastase is shown.  Bars represent mean of triplicate experiments. 
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affected inhibitory capacity of elafin under the experimental conditions and only 

glutamyl endopeptidase I (SspA) interacted directly with HNE, but in comparison to 

HRgpA and Kgp the effect of SspA was far less profound.  After pre-incubation with 

SspA, HNE lost only 15% activity (Figure 5b).  The double effect of gingipains fits well 

to the reported characteristics of these enzymes; nevertheless inactivation of inhibitor 

and its target enzyme at the same time makes experiment design and data analysis 

difficult and hard to interpret.  In this respect, only RgpB was chosen for further 

characterisation of anti-elafin activity of gingipains. To further analyse RgpB interaction 

with elafin the time- and concentration-dependent effects of RgpB on the elafin 

inhibitory activity and protein integrity were determined. 

 

Figure 6 The gingipain RgpB inactivates elafin in a dose-dependent manner  

Elafin (10 nM final concentration) was preincubated with increasing concentrations of 

RgpB and the residual elastase inhibitory activity of elafin was determined as 

described in Figure 5 and presented as remaining percentage of inhibition in relation to 

elastase activity alone. Inactivation of elafin was observed already at sub-nanomolar 

concentrations of RgpB. Bars represent mean of triplicate measurement +/- SEM. The 

experiment shown is representative for at least 3 replicates. *** indicates significant 

difference in relation to 0 nM RgpB using Student’s t-test, p< 0.05. 

 

To investigate concentration-dependent inactivation in the activity assay, 

constant amount of elafin was pre-incubated with increasing concentrations of RgpB 

and residual inhibitory potential against HNE was determined, similarly as described 

above.  It is obvious that already at sub-nanomolar concentration (0.5 nM) RgpB 
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significantly diminished the elafin anti-HNE activity (Figure 6). During incubation with 

5 nM RgpB, the complete inactivation of the inhibitor was observed within 2 h (Figure 

6) 

As elafin sequence contains only two Arg residues, and R-gingipains are 

considered to be exclusively specific towards Arg-Xaa peptide bonds, the specific, 

limited hydrolysis of elafin was expected.  This was assessed using non-reducing 

SDS-PAGE analysis. A concentration dependence of elafin degradation by RgpB was 

monitored. One µg of elafin was incubated with increasing concentrations of gingipain 

for 2 h and mixed with sample buffer devoid of reducing agents and products were 

electrophoretically separated.  Analysis of silver-stained gels revealed that RgpB-

exerted elafin inactivation was not correlated with the inhibitor degradation (Figure 7). 

RgpB at concentration up to 50 mM did not cause any significant degradation of elafin 

and only at concentrations 100 nM and higher a discrete cleavage product, stable 

even at 500 nM RgpB was observed under non-reducing conditions. Similar analysis 

was performed in the reducing conditions, revealing that 20 nM RgpB significantly 

decreased the intensity of the elafin-derived band. RgpB at 50 mM was sufficient to 

nearly completely degrade 1 µg of elafin, leaving only a trace amount of intact elafin 

left and aforementioned degradation product.  These results suggest that apparently, 

elafin is inactivated by RgpB due to limited proteolysis within a disulfide-bridge-bound 

loop of the inhibitor, as without reduction of disulphide bridges, cleaved and intact 

forms migrate similarly in the SDS-PAGE gel.  
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Figure 7 RgpB degrades elafin in a concentration- and time-dependent manner  

(A) Elafin (1 µg) was incubated with the indicated final concentration of RgpB for 

2 h and the samples subjected to SDS-PAGE. (B) Elafin (10 µg) was incubated with 

RgpB (100 nM) and at the specific time points 10 µl aliquots were withdrawn and 

resolved by SDS-PAGE in non-reducing conditions. (B) and (C) Samples were 

prepared similarly, and separated using peptide gel. The protein bands were stained 

with silver. M – molecular weight marker.  (A) and (B.) A single form of elafin-derived 

product was formed during inhibitor incubation with RgpB. This new band appeared 

after 15 min of incubation with 100 nM RgpB, and its intensity increased with time. 

RgpB at 500 nM completely converted 1 µg of elafin into the lower molecular mass 

form within 2 h of incubation. No further degradation products were observed. (C) and 

(D) Separation of reduced samples revealed rapid degradation of elafin. Single 

cleavage product was noticed, with the apparent molecular weight of 4.3 kDa, 

corresponding to the main cleavage product revealed by mass spectrometry (see 

Table 2). 

 

Elafin contains only two Arg residues within the primary sequence, one located directly 

in the RSL of inhibitor Arg22 and second, Arg31 directly after the loop.  To identify the 
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actual cleavage site(s) and confirm limited proteolysis of elafin in the non-reduced, 

native form, 10 µg of elafin was incubated with 100 nM RgpB for 2 h and applied to 

HPLC reverse-phase chromatography using C2-C18 column. Resulting chromatogram 

was compared with respective controls: elafin incubated in the reaction buffer alone 

(Figure 8) and freshly prepared sample, directly applied on HPLC (data not shown).  

Direct comparison unveiled three products and a remaining portion of the intact 

inhibitor. Eluted fractions were collected, analysed by mass spectrometry and assayed 

for elastase inhibiting potential (Table 1). The HPLC separation after RgpB treatment 

revealed two major fractions (number 2 and 3 in Figure 8B) eluting shortly before the 

fraction containing residual intact elafin (number 5 in Figure 8B). As shown by mass 

spectrometry analysis, peptides in fractions no. 2 and no. 3 exhibited a molecular 

weight of 6016.5 Da (Table 1) precisely matching the molecular weight of  the native 

elafin with intact disulphide bridges and hydroxylation at one single amino group 

position, confirming only single cleavage within each product. The inhibitory capacity 

of HPLC products was assayed, by calculation of protein amount in each fraction, 

based on the integrated area under the peak of the control sample and incubating 5-

fold molar excess of each product with neutrophil elastase, followed by measurement 

of the residual enzyme activity.  These forms of elafin exhibited no inhibitory activity 

even at five molar excess over elastase.  Hydroxylation and loss of the inhibitory 

activity of elafin did not occur spontaneously as shown in control experiments, as 

buffer-treated elafin exhibited the same molecular weight, retention time and inhibitor 

activity as freshly prepared inhibitor sample (Figure 8A, Table 1).  In addition to the 

major cleaved products, a minor one was identified in fraction 4 (Figure 8B).  This 

fraction constitutes 7.6% of the starting elafin amount and contains an inhibitory 

inactive peptide with the molecular weight of 5364.6 Da matching that of the major 

form of proteolytically modified elafin additionally truncated at Lys6.  This cleavage site 

is rather unusual for Arg-specific gingipain, however the P1-Lys activity of RgpB was 

rarely reported (Imamura et al., 2004).  Nevertheless, as proteases were purified from 

the wild-type P. gingivalis strain, a trace contamination of available enzyme 

preparations with Kgp (Lys-specific gingipain) is possible. 
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Figure 8 HPLC analysis of RgpB-inactivated elafin 

10 µg of elafin were separated by RP-HPLC (A). The same amount of elafin was 

incubated with 100 nM RgpB for 2 h at 37°C and separated accordingly by RP-HPLC 

(B). Protein peaks were collected and the amount of protein in each peak was 

calculated based on peak area. Fractions were analyzed by western blotting (50 ng 

protein loaded per lane) using specific anti-elafin antibodies (C). Numbers describing 

individual lanes correspond to peak numbers in the HPLC chromatogram. An 

additional lane (lane 6) contains elafin incubated for two hours in reaction buffer alone. 

Only in lane 4, a band with molecular weight lower than native elafin is visible. In all 
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other lanes, the visible band has the same mobility as intact elafin. Some differences 

are observed in antibody affinity, as bands 2, 3 and 4 are noticeably weaker than 

control ones (5, 6), despite the fact that all lanes were loaded with the same protein 

amount.  

 

To facilitate identification of the low molecular weight products separated by non-

reducing SDS-PAGE, 20 ng of protein from each HPLC-separated sample was applied 

on non-reducing SDS-PAGE, electrotransferred onto PVDF membrane and incubated 

with anti-elafin antibodies. This western blot analysis revealed bands with the same 

mobility as the intact elafin with the notable exception of the N-terminally truncated 

elafin in fraction no. 4, thus identifying the low-molecular weight product as Lys6-

shortened elafin. As described above, SDS-PAGE resolution of elafin and elafin 

degradation products under reducing conditions discriminated between the intact and 

the cleaved inhibitor (Figure 7 C and D). Taken together these data indeed prove that 

elfin with a single peptide bond cleaved is inactive as the elastase inhibitor despite the 

stable structure maintained by disulfide bridges. RgpB is known to hydrolyse almost 

exclusively the arginine-Xaa peptide bond. To determine which of two Arg-Xaa peptide 

bonds present in the elafin polypeptide chain is cleaved, gingipain R-treated elafin 

(fractions no. 2, 3, and 4 in Table 1) was reduced with DTT and subsequently alkylated 

using iodoacetamide.  Samples were subjected again to reverse-phase-HPLC and the 

resulting fractions were analyzed by mass spectrometry.  Surprisingly, the observed 

masses of RgpB-generated peptides in fraction 2 and 3 matched the molecular mass 

of the elafin fragments derived from cleavage at the Arg22-Cys23 peptide bond (Table 

2), also corresponding to the apparent molecular mass of the cleavage product 

identified in reducing SDS-PAGE.  On the other hand, the peptide in the fraction no. 4 

corresponded to Arg22-hydrolysed elafin, N-terminally truncated at Lys6.  Notable, no 

elafin fragments indicating the cleavage at Arg31 were detected.  This findings lead to 

conclusion that products 2 and 3 were separated by HPLC rather due to structural 

differences than overall hydrophobicity of the peptide. Although both arginine residues 

present in the elafin structure are placed at locations potentially important for RSL 

stability and/or interaction with a target enzyme, only the Arg21 exposed in the loop is 

accessible for RgpB-mediated hydrolysis. 
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Table 1  Analysis of HPLC fractions (Figure 8) of RgpB-treated and non-treated 

Elafin  

Samples and fraction numbers are indicated as shown in Figure 8. Protein amount 

was calculated by area under peak from indicated fraction. 10 µg of elafin were initially 

applied on RP-HPLC. Molecular weight was determined by ESI-MS analyses and 

elastase inhibition by 5-molar excess of elafin fraction compared to HNE. 
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Table 2 Observed molecular masses of reduced and alkylated fractions of RgpB 

treated elafin 

Fraction numbers are the same as in Table 1. Fractions were reduced, alkylated and 

separated by HPLC. Resulting fractions were analysed by ESI-MS. Calculated 

molecular masses of reduced and alkylated cleavage products of elafin are given. 

Elafin product describes the amino acid position of the correlating theoretical 

molecular mass. 
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Gingipain-facilitated inactivation of SLPI: 

 

Elafin and SLPI are structurally and functionally related inhibitors both produced 

and secreted by epithelial tissues under inflammatory conditions.  The degradation of 

SLPI by RgpB was previously reported by other group (Into et al., 2006) but the 

interaction of other gingipains with this inhibitor have not been tested.  To fill up this 

gap we here we investigated the effect of HRgpA and Kgp on SLPI. 

In activity assay, gingipains were pre-incubated with SLPI at 1:1 molar ratio for 

3 h at 37 ⁰C followed by addition of elastase (at molar ratio SLPI:HNE 2:1) to assess 

the residual inhibitory activity of SLPI. To limit interference of gingipains with elastase 

activity, the substrate was immediately added and reaction progress was monitored in 

time. The results confirm reported before inactivation of SLPI by RgpB, however in 

comparison to the control only ~20% of HNE activity was unaffected by SLPI 

preincubated with gingipain. Similar efficiency of SLPI inactivation was observed for 

HRgpA.  Out of three tested gingipains, Kgp was most effectively inactivating SLPI. 

Pre-incubation of SLPI with Kgp resulted in maintained 60% of HNE activity, when 

compared to elastase alone and more than 70% when compared to Kgp + HNE control 

(Figure 9). To confirm the proteolytic degradation of SLPI, the peptide SDS-PAGE was 

used to resolve inhibitory cleavage products. Two hundred ng of SLPI was incubated 

with increasing concentrations of Kgp for 3 h and reaction was stopped by 2 % TCA. 

SDS-PAGE sample buffer was added to the samples and reaction products were 

electrophoretically separated and silver stained.  

The initial discrete cleavage product of SLPI was observed in the sample with 2 

nM enzyme, the lowest concentration of Kgp tested.  Increasing concentration of Kgp 

up to 20 nM led to accumulation of final product, characterised by molecular weight 

circa 2 kDa lower than that of the intact inhibitor.  The further increase of the enzyme 

concentration led to complete degradation of the inhibitor molecule, leaving only trace 

amounts of protein detectable by silver staining (Figure 10b).   
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Figure 9 SLPI is inactivated by proteases of P. gingivalis with varying efficiency 

SLPI was preincubated with a bacterial protease at a 1:1 molar ratio for 2

before human neutrophil elastase (HNE) was added (the molar ratio of 

1 : 2). The residual elastase activity was determined with MeoSuc

substrate. Presented results are normalized to percentage of the uninhibited control. 

Incubation with P. gingivalis

significantly decreased the inhibitory potential of SLPI. Kgp inactivated SLPI most 

efficiently, maintaining over 60% of elasase activity within the course of the assay. 

Both Arg-specific gingipains acted similarly, restoring 15 % of uninh

Bars represent mean of triplicate experiment ± SEM

 

 

The time course of reaction was followed

µg) and 50 nM Kgp in 100 µl of reaction 

points, 10 µl of the sample was 

–containing sample buffer. Samples were 

samples were analyzed on on 

progress of the reaction, as the sample 

reagents already contained significantly reduced amount of intact SLPI (Figure 10a). 

Time points up to 30 minutes display time
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SLPI is inactivated by proteases of P. gingivalis with varying efficiency 

SLPI was preincubated with a bacterial protease at a 1:1 molar ratio for 2

before human neutrophil elastase (HNE) was added (the molar ratio of 

1 : 2). The residual elastase activity was determined with MeoSuc

substrate. Presented results are normalized to percentage of the uninhibited control. 

gingivalis-derived cysteine proteases (HRgpA, RgpB and K

significantly decreased the inhibitory potential of SLPI. Kgp inactivated SLPI most 

over 60% of elasase activity within the course of the assay. 

specific gingipains acted similarly, restoring 15 % of uninhibited HNE activity.  

Bars represent mean of triplicate experiment ± SEM 

The time course of reaction was followed. Briefly, the sample containing SLPI (2 

µg) and 50 nM Kgp in 100 µl of reaction volume was prepared. 

was collected. Reaction was stopped by TCA and 

. Samples were  stored at -20C until analysis

on an SDS-PAGE gel. This analysis revealed a very rapid 

progress of the reaction, as the sample collected in a few seconds 

reagents already contained significantly reduced amount of intact SLPI (Figure 10a). 

Time points up to 30 minutes display time-dependent disappearance of SLPI with no 
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SLPI is inactivated by proteases of P. gingivalis with varying efficiency  

SLPI was preincubated with a bacterial protease at a 1:1 molar ratio for 2 h at 37°C 

before human neutrophil elastase (HNE) was added (the molar ratio of HNE : elafin = 

1 : 2). The residual elastase activity was determined with MeoSuc-AAPV-pNa as a 

substrate. Presented results are normalized to percentage of the uninhibited control. 

derived cysteine proteases (HRgpA, RgpB and Kgp) 

significantly decreased the inhibitory potential of SLPI. Kgp inactivated SLPI most 

over 60% of elasase activity within the course of the assay. 

ibited HNE activity.  

containing SLPI (2 

. At specified time 

TCA and boiling in 

20C until analysis.  All collected 

. This analysis revealed a very rapid 

in a few seconds after mixing of 

reagents already contained significantly reduced amount of intact SLPI (Figure 10a). 

dependent disappearance of SLPI with no 
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inhibitor detected after 30 minutes of the reaction.  This data imply the efficient and 

rapid inactivation and degradation of SLPI by Lys-specific gingipain (Kgp), when 

compared to other gingipains. 

 

Figure 10 Kgp efficiently degrades SLPI in a concentration- and time-dependent 

manner  

(A) SLPI (200 ng) was incubated with the indicated final concentration of Kgp for 3 h,  

and samples were subjected to reducing SDS-PAGE. (B) SLPI (2 µg) was incubated 

with Kgp (50 nM) in the 100µl of final volume for the specified  time and samples were 

separated using peptide gel  The protein bands were stained with silver.  (A) and (B) A 

series of degradation products of SLPI was formed during inhibitor incubation with 

Kgp. The first cleavage was visible for 2 nM Kgp and increase in enzyme 

concentration up to 20 nM resulted in accumulation of single protein band, with low 

molecular weight. The 50 nM Kgp facilitated the complete degradation of SLPI and 

accumulated product within the 2 h of incubation. The degradation by 50 nM Kgp was 

visible already at 0 timepoint, indicating the very rapid reaction. Already after 30 

minutes, only trace amounts of intact SLPI could be detected, together with low 

molecular weight product of degradation. The longer time points resulted in complete 

degradation of both, SLPI and accumulated initial degradation product. 
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Inhibition of gingipains by GST-SCCA1 and GST-SCCA2 

 

Gingipains were preactivated and mixed with respective serpin at 1:10 molar 

ratio (10 nM gingipain and 100 nM serpin, respectively). After 30 minutes of 

incubation, appropriate substrate was added to the samples and residual activity was 

assessed, by p-nitroaniline release monitoring at λ = 405 nm. Results were normalized 

and are presented on graphs as a percent of uninhibited control (Figure 11). Notably, 

none of tested P. gingivalis proteases was inhibited efficiently, neither by SCCA1, nor 

SCCA2. A weak inhibition by SCCA2 could be noticed, however it did not excess more 

than 15% of quenched protease activity. 
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Figure 11 GST-SCCA1 does not inhibit P. gingivalis cysteine 

Gingipains were preincubated with GST

1:10 molar ratio for 30 minutes at 37°C

determined as an initial velocity of p

absorbance at λ = 405 nm. Presented results are 

uninhibited control. None of gingipains was efficiently inhibited by tested human 

serpins. A very weak inhibition (>85% of residual gingipain activity has remained 

intact) could be identified for each gingipain

mean of triplicate experiment ± SD
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SCCA1 does not inhibit P. gingivalis cysteine proteases

Gingipains were preincubated with GST-SCCA1 or GST-SCCA2, respectively at a 

1:10 molar ratio for 30 minutes at 37°C.. The residual gingipain activity was 

ined as an initial velocity of p-nitroaniline release, as monitored by increase of 

λ = 405 nm. Presented results are normalized to percentage of the 

uninhibited control. None of gingipains was efficiently inhibited by tested human 

A very weak inhibition (>85% of residual gingipain activity has remained 

intact) could be identified for each gingipain-GST-SCCA2 interaction. Bars represent 

mean of triplicate experiment ± SD 
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proteases  

SCCA2, respectively at a 

. The residual gingipain activity was 

nitroaniline release, as monitored by increase of 

to percentage of the 

uninhibited control. None of gingipains was efficiently inhibited by tested human 

A very weak inhibition (>85% of residual gingipain activity has remained 

SCCA2 interaction. Bars represent 
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Inhibition of staphopains by SCCA1/SCCA2 

 

In order to investigate inhibitory potential of SCCA1 and SCCA2 against 

staphylococcal cysteine proteases, staphopain A and staphopain B were preincubated 

with 6-fold molar excess of respective serpin for 30 minutes at 37⁰C and the residual 

enzyme activity was measured using chromogenic Azocoll substrate.  

 

Figure 12 GST-SCCA1 is efficient inhibitor of staphylococcal cysteine proteinases  

Staphopains were preincubated with GST-SCCA1 or GST-SCCA2, respectively at a 

1:6 molar ratio for 30 minutes at 37°C before Azocoll suspension was added 

(substrate). The residual staphopain activity was determined as an increase of 

absorbance at λ = 520 nm within 30 minutes of incubation with substrate.. Presented 

results are normalized to percentage of the uninhibited control. Both staphopains were 

almost completely inhibited by GST-SCCA1, however SspB was notably more 

efficiently inactivated. A very weak inhibition (~85% of residual SspB activity has 

remained intact) could be identified for SspB-GST-SCCA2 interaction. Bars represent 

mean of triplicate experiment ± SEM 

 

In these conditions both staphopains were effectively inhibited by SCCA1, while 

SCCA2 proved to be only a very weak inhibitor of SspB with no effect on the ScpA 
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activity. The staphopain B activity was noticeably more affected by both serpins, when 

compared to the ScpA (Figure 12). 

The canonical serpin-proteinase interaction is characterized by three distinct 

features. First of all, the stoichiometry (SI) of the reaction is virtually near 1:1, 

secondly, the second order rate constants are generally in the 104 M-1 ⋅s-1 range and 

thirdly, the cleavage occurs at the reactive site loop, followed by formation of a SDS-

stable, covalent acylenzyme complex.  Usually, serpins form covalent complexes with 

their target proteinases at a stoichiometry of 1:1.  Under certain conditions, a parallel 

substrate reaction can predominate, resulting in SI values greater than 1 (Gettins et 

al., 1992), hence, in order to further characterise inhibition, the stoichiometry ratio of 

the analysed reactions was determined.  The staphopains were preincubated with 

increasing SCCA1 concentrations, resulting in molar ratio ranging from 0.2:1 to 5:1 

(SCCA1: staphopain). After 30’ of preincubation, the residual enzyme activity was 

determined as described above. The results were plotted as the ratio of the residual 

activity to the activity of the uninhibited enzyme versus staphopain:SCCA1 molar ratio. 

The SI is defined as the [I]0/[E]0 ratio that results in the complete inactivation of the 

enzyme. Linear regression analysis revealed the inhibition stoichiometry 4.8 ± 0.3 for 

ScpA and 2.7 ± 0.1 for SspB, respectively, indicating approximately 2-fold more 

efficient interaction of SCCA1 with staphopain B in comparison to ScpA (Figure 13). 
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Figure 13 Determination of GST-SCCA1 – staphopain interaction molar ratio  

The increasing GST-SCCA1 concentrations were incubated for 30 minutes with 

constant concentration of respective staphopain, resulting in molar ratios of I:E 0-5. 

The specific fluorescent substrate of each staphopain was added to respective sample 

and residual enzyme activity was measured, as an increase in flurescence in time. The 

data were plotted as the residual activity for respective inhibitor 

concentration:uninhibited control ratio versus inhibitor:enzyme molar ratio. The 

stoichiometry was determined by linear regression to the initial points of resulting 

curve. The determined parameters were 4.8 and 2.7 for staphopain A (panel A) and B 

(panel B) respectively, confirming more efficient inhibition of staphopain B. The 

presented results are means between triplicates ± SD 

 

The physiological efficacy of serpin as an inhibitor of a targeted protease is 

dependent on the stoichiometry ratio, indicating a fraction of the inhibitor which is 

inactivated without forming the stable complex, and by the velocity of the inhibition 

reaction. Therefore, to determine potential biological relevance of staphopain inhibition 

by SCCA1, the kinetics of interaction of this serpin with staphopains was investigated 

using progress curve analysis in the pseudo-first order conditions (Morrison and 

Walsh, 1988).  ScpA and SspB were added to the series of previously prepared 

mixtures of the respective fluorescent substrate with increasing concentrations of the 

inhibitor in the reaction buffer, and reaction progress was monitored in the real-time 

setting. The resulting progress curves were analysed first by the nonlinear regression 
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to determine the kobs parameter, followed by linear regression of kobs vs. inhibitor 

concentration relationship, as described in details in the Materials and Methods 

section. Staphopain A was inhibited with kon of the reaction 1.9 ± 0.4 × 104 M-1 ⋅s-1.  

Staphopain B again proved to be more efficiently inactivated, with kon = 5.8 ± 0.8 × 104 

M-1
⋅s-1 (Figure 14). Although 3-fold higher for SspB, the determined second-order rate 

constants for both enzymes put the observed inhibition in potentially important 

physiological context indicating that reaction is fast enough to take place in in vivo 

situations.   

 

 

Figure 14 Determination of GST-SCCA1 – staphopain secondary rate constant  

Respective staphopain was added to the set of samples, with constant substrate and 

increasing GST-SCCA-1 concentrations. Immediately the samples were mixed, and 

increase in fluorescence was followed (inlets). The data were analysed by the 

progress curve method and obtained values of kobs were plotted against inhibitor 

concentration in the sample. The secondary rate constant was determined by linear 

regression to the datapoints and corrected for substrate competition and stoichiometry 

factor. SspB (B) is visibly more efficiently inhibited than ScpA (A), which results in 

more distinct curves in the inlet and better fitting of the line, however both staphopains 

were inhibited with the secondary rate constant ~104 M-1
⋅s-1, indicating potential 

physiological relevance of interaction. The data represent results from triplicate 

experiments ± SD 
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The reaction of serpins with the serine proteases results in the formation of 

covalent complex of enzyme and inhibitor, connected together by the ester bond 

between catalytic Ser and N-terminal fragment of serpin molecule. These complexes 

are resistant to SDS-PAGE and stable during boiling in reducing conditions. Cysteine 

proteases significantly differ in that regard, as the thioester bond formed between 

catalytic Cys and inhibitor is highly sensitive to the reducing conditions. To prevent the 

breakdown of the complex, the SDS-PAGE conditions were slightly modified, 

incorporating the incubation in the presence of SDS instead of boiling. Additionally, as 

serpin-protease complexes are sensitive to degradation by residual activity of 

uninhibited enzyme, the sample buffer was supplemented with cysteine protease 

inhibitor. Hence, in order to determine whether GST-SCCA1 (Mr ≈ 71 kDa) forms a 

covalent complex with SspB (Mr ≈ 20 kDa), the serpin was incubated with increasing 

concentrations of proteinase for 30’ at 37⁰C in the staphopain assay buffer. To protect 

the complex from reduction and degradation by excess of SspB, the reaction was 

stopped by addition of SDS-PAGE sample buffer without reducing agent and 

supplemented with 50 µM E-64. As reaction buffer contained 2 mM DTT, samples 

were not boiled and after further 30’ of incubation at 37⁰C, resolved using non-

reducing SDS-PAGE.  

The analysis of the coomasie brilliant blue G250-stained gel revealed a 

characteristic band pattern with one band at molecular weight of 65 kDa apparently 

corresponding to SCCA-1 cleaved within RLS. Intensity of this band increased 

proportionally to staphopain concentration. Most notably, the band with molecular 

weight circa 85 kDa appeared in SspB concentration-dependent manner. The intensity 

of this band was highest at the range of the determined stoichiometry ratio of SspB-

SSCA1 interaction and disappeared at the higher SspB concentrations. This band 

seems to correspond to the SDS-stable SspB and SCCA-1 complex (Figure 15a). To 

further confirm the identity of the 85 kDa band, the Western blot analysis, using 

specific mouse anti-SspB IgG1 antibody was performed. Samples, prepared as 

described above, were electrotransferred onto the PVDF membrane that was further 

incubated with primary and secondary antibodies and developed. The band with 

molecular weight corresponding to the complex observed on the SDS-PAGE gel was 

identified, together with the SspB-derived 20 kDa band (Figure 15b). This result 
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unambiguously confirmed the presence of SspB in the higher molecular weight 

product of SspB-SCCA1 interaction, thus proving formation of the SDS

of the serpin with the enzyme. 

intensity, compared to the control SspB

Figure 15 Detection of SDS

To identify the SDS-stable complex of GST

of SspB were incubated together with 

2.5:1. (A) Western blot analysis using goat anti

formation of high molecular weight complex, with molecular weight corresponding to 

the one of combined GST-SCCA1

containing samples most probably derives from the more open, destroyed 3D s

of enzyme. (B) Coomasie G

inhibitor-enzyme complex can be identified in the samples with E:I ratio 1:8

corresponding with bands observed in western blot. Additionally, ~65 kDa degradation 

product, characteristic for the serpin interaction with the excess of enzyme is visible.
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unambiguously confirmed the presence of SspB in the higher molecular weight 

SCCA1 interaction, thus proving formation of the SDS

of the serpin with the enzyme. Remarkably, the 85 kDa band showed increased 

intensity, compared to the control SspB.   

Detection of SDS-stable GST-SCCA1-SspB complex  

stable complex of GST-SCCA1-SspB, increasing concentrations 

together with GST-SCCA1, resulting in molar ratios 1:40

(A) Western blot analysis using goat anti-SspB antibodies clearly reveals 

formation of high molecular weight complex, with molecular weight corresponding to 

SCCA1-SspB. Increased intensity of the band in serpin

containing samples most probably derives from the more open, destroyed 3D s

of enzyme. (B) Coomasie G-250-stained SDS-PAGE analysis of the samples. The 

enzyme complex can be identified in the samples with E:I ratio 1:8

corresponding with bands observed in western blot. Additionally, ~65 kDa degradation 

uct, characteristic for the serpin interaction with the excess of enzyme is visible.
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unambiguously confirmed the presence of SspB in the higher molecular weight 

SCCA1 interaction, thus proving formation of the SDS-stable complex 

kDa band showed increased 

 

SspB, increasing concentrations 

SCCA1, resulting in molar ratios 1:40-

ies clearly reveals 

formation of high molecular weight complex, with molecular weight corresponding to 

SspB. Increased intensity of the band in serpin-

containing samples most probably derives from the more open, destroyed 3D structure 

PAGE analysis of the samples. The 

enzyme complex can be identified in the samples with E:I ratio 1:8-1:2, 

corresponding with bands observed in western blot. Additionally, ~65 kDa degradation 

uct, characteristic for the serpin interaction with the excess of enzyme is visible. 
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Most likely this  indicates the more open and relaxed conformation of the enzyme in 

the complex, further confirming the “suicide substrate” mechanism.

For the purpose of the identification of the cleavage site, staphopain A and 

staphopain B (both1.41 µM) were incubated with 5

µM) for 30 min at 37⁰C, and reaction was stopped by addition of E

sample buffer.  Products were 

onto the PVDF membrane and stained with Coomasie G

presence of high molecular weight complex in the SspB

additionally, allowed identification of ~4.5 kDa pep

SspB.  Similar product was also vaguely visible in the ScpA

16).  To unambiguously identify the products, N

peptide was performed. 

Figure 16 Western blot of GST

Proteins were electrotransferred onto the PVDF membrane and stained with CBB G

250. Samples were applied on SDS

of the released 4.5 kDa peptide (1) a

indicated bands, together with very fain band (3) identified in the GST

samples were N-terminally sequenced using Edman degradation technique.

 

The N-terminal sequences obtained for either GST

GST-SCCA1-SspB (Figure 16 (
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Most likely this  indicates the more open and relaxed conformation of the enzyme in 

the complex, further confirming the “suicide substrate” mechanism. 

the identification of the cleavage site, staphopain A and 

staphopain B (both1.41 µM) were incubated with 5-fold molar excess of SCCA1 (7.04 

C, and reaction was stopped by addition of E-

sample buffer.  Products were separated by peptide SDS-PAGE, electrotransferred 

onto the PVDF membrane and stained with Coomasie G-250.  The blot again revealed 

presence of high molecular weight complex in the SspB-SCCA1 samples and, 

additionally, allowed identification of ~4.5 kDa peptide, released from the serpin by 

SspB.  Similar product was also vaguely visible in the ScpA-SCCA1 samples (Figure 

16).  To unambiguously identify the products, N-terminal sequencing of ~4.5 kDa 

Western blot of GST-SCCA-1 – staphopain reaction products

Proteins were electrotransferred onto the PVDF membrane and stained with CBB G

250. Samples were applied on SDS-PAGE in duplicates. The frames indicate location 

of the released 4.5 kDa peptide (1) and  the GST-SCCA1-SspB complex (2). The 

indicated bands, together with very fain band (3) identified in the GST

terminally sequenced using Edman degradation technique.

terminal sequences obtained for either GST-SCCA1/ScpA (Figure 16 (

SspB (Figure 16 (1)) proved to be identical and contained the Ser
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Most likely this  indicates the more open and relaxed conformation of the enzyme in 

the identification of the cleavage site, staphopain A and 

fold molar excess of SCCA1 (7.04 

-64-supplemented 

PAGE, electrotransferred 

250.  The blot again revealed 

SCCA1 samples and, 

tide, released from the serpin by 

SCCA1 samples (Figure 

terminal sequencing of ~4.5 kDa 

 

staphopain reaction products 

Proteins were electrotransferred onto the PVDF membrane and stained with CBB G-

PAGE in duplicates. The frames indicate location 

SspB complex (2). The 

indicated bands, together with very fain band (3) identified in the GST-SCCA1-ScpA 

terminally sequenced using Edman degradation technique. 

SCCA1/ScpA (Figure 16 (3)) and 

)) proved to be identical and contained the Ser-Ser-
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Pro-Thr-Ser-Thr-Asn aminoacid sequence. The alignment of SCCA1 sequence and 

the resulting ones obtained from Edman degradation proved that interaction site is 

located at the position Gly254-Ser255 in the RSL of SCCA1 molecule. 
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The balance between proteases and their inhibitors is essential in all biological 

systems. The need for a tight control system is even more emphasized during the 

inflammation and bacterial infection, as both bacterial enzymes and host-derived 

proteolytic enzymes coexist and additively provide means for tissue destabilisation and 

destruction.  As epithelium barrier is constantly exposed to an environment and 

assaulted with bacterial stimuli, it is reasonable to assume that being the first line of 

battlefield, this area is well fitted to overcome proteolytic endangerment. Many 

protease inhibitors of epithelial origin have been described in the last 15 years, 

including, SLPI, elafin, LEKTI’s (Magert et al., 1999;Meyer-Hoffert et al., 

2009;Deraison et al., 2007), TIMP’s and others. Moreover, some inhibitors of serpin 

family were found at least in selected areas of epithelium. 

Regardless of well-equipped defence against unwanted proteolysis, this system 

of proteases and respective inhibitors acting in balance to provide homeostasis is 

susceptible to external interference. Pathogenic microorganisms, among the other 

virulence factors produce proteases, acting as the commando units, penetrating 

defence lines and by degrading host proteins, including endogenous protease 

inhibitors. This means provide diversion to allow overpowering of defensive systems of 

the host. 

Elafin is a very potent inhibitor of the neutrophil serine proteases, elastase and 

proteinase 3. The elafin molecule consists of a single four-disulfide core protein 

domain, with the reactive site loop expanding to the outside. The rigid, strongly 

stabilised core renders elafin unusually stable and resistant to proteolysis (Guyot et al., 

2005a), which is considered as an adaption to function in a proteolytic milieu. Elafin 

expression is induced in inflamed epithelial tissues playing an important role in the 

regulation of elastase and proteinase 3 activities at sites of inflammation. Besides 

possessing tissue destructive activity, neutrophil serine proteases are able to promote 

inflammation by processing pro-inflammatory cytokines and activating various 

inflammatory receptors (Meyer-Hoffert, 2009;Wiedow and Meyer-Hoffert, 2005).  

Uncontrolled neutrophil protease activity results in enhanced local inflammation and 

tissue destruction providing peptides which are indispensable nutrients for 

asaccharolytic P. gingivalis.  Although P. gingivalis proteases, including gingipains, 

can directly degrade many host proteins, the data presented here show that peptide 
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nutrients generation can be accomplished in a more efficient manner. As high elastase 

and proteinase 3 activities were reported in gingival crevicular fluid (GCF) (Cox and 

Eley, 1989;Uitto et al., 2003), one may presume that P. gingivalis can interfere with 

control mechanisms of proteolysis in the periodontal tissue utilizing the host 

inflammatory proteases - elastase and proteinase 3 - to facilitate local overall 

proteolytic activity. Data presented in this work prove the proteolytic inactivation of 

elafin by the gingipain RgpB and suggests that inhibitor inactivation is the potential 

novel virulence trait for this bacterial enzyme. Compared to other proteases from P. 

gingivalis and S. Aureus, inactivation of elafin by RgpB was highly specific and 

efficient. Though some proteolytic inactivation of the neutrophil elastase by HRgpA 

and Kgp was shown, this partial inactivation might be of a low relevance in the in vivo 

situation since the overall elastase activity is elevated in the GCF (Cox and Eley, 

1989).  In the gingival pocket elafin is likely exposed to both elastase and RgpB 

simultaneously. Preliminary experiments suggest that RgpB is not able to efficiently 

cleave elafin in complex with elastase (data not shown). However, the local 

concentration of elafin is likely to be higher than HNE concentration in the gingival 

pocket. One may assume that in these conditions RgpB cleaves free elafin. It is 

though important to remember that in vitro experiment approximates the ideal 

conditions for inhibition reaction. The second-order conditions presented in the tissue, 

where enzymes, inhibitors and substrates are mixed together make the in vivo 

interaction difficult to predict. Moreover, pre-elafin (trappin-2) may be covalently bound 

via transglutamination to extracellular proteins, including laminin, fibronectin, 

fibrinogen or elastin. Elafinand its proform remain potent inhibitors of HNE and 

proteinase 3 and some authors have proposed that such anchoring may provide a 

local protection from excessive proteolysis by neutrophil proteinases. Whether pre-

elafin is inactivated by RgpB needs further confirmation.  

HPLC separation of the RgpB/Elafin mixture revealed three distinct cleavage 

products with no residual anti-elastase inhibitory activity. As two cleavage products 

were expected for each of the two arginine residues within the elafin polipeptide chain, 

the presence of the third one was surprising and later deciphered as additional 

cleavage after Lys6. Both dominant HPLC peaks contained elafin inactivated by 

hydrolysis after Arg22, which were possibly separated on the basis of minor structural 
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differences induced by the cleavage.  The identified hydrolysis after the Arg22 residue 

might result in formation of two distinct folds of the loop region. Analysis of the elafin 

structure in the complex with porcine pancreatic elastase revealed a complex 

structural organisation of the expanded reactive site loop (RSL) (Tsunemi et al., 1996).  

 

 

Figure 17 RgpB inactivates elafin by cleavage after Arg22 

(A) 3-D representation of elafin (violet) in the complex with pancreatic elastase 

(orange). Both arginine residues are placed at locations closely interacting with the 

enzyme molecule and are critical for complex formation. Cys-Cys bonds are shown in 

green. (B) The amino acid sequence of the elafin molecule; white lines mark Cys-Cys 

bridges, Arg22 and Arg31 are highlighted in red and Lys6 in orange. The arrangement 

of disulfide bonds, which stabilize the inhibitor structure, does not allow dissociation of 

fragments formed by hydrolysis of both Arg-Cys peptide bonds. (C) Structure of the 

reactive site loop of elafin, interacting with the enzyme active site. Aminoacid residues 

are coloured according to RasMol scheme, the Cys22-Cys49 bridge is marked in 

burgundy and hydrogen bonds are presented as green spheres. Structure obtained 

from www.pdb.org with accession code 1FLE (Tsunemi et al., 1996). 
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The RSL, expanding from Leu20 to Leu26, is covalently attached to the rigid 

core region of the molecule by the disulfide bond between Cys23 and Cys49; however, 

this bond takes an unusual, expanded conformation (Figure 17). 

As revealed by the elafin structure in solution determined by NMR (Francart et 

al., 1997), this extended conformation of RSL is enforced by two Pro28 and Pro29 

residues, which provide a rigid scaffold for the expanding loop. This fold is further 

supported by a network of hydrogen bonds. Two η-amino groups of Arg22; P3 residue, 

according to Schechter and Berger nomenclature (Schechter and Berger, 1967) form 

hydrogen bonds with the P1’ Met25. Furthermore, Cys22 forms a hydrogen bond with 

Ser48, additionally stabilising the fold of RSL. The observed cleavage by RgpB breaks 

up this network by reformatting the carboxyl group of Arg22.  This may lead to the 

destruction of hydrogen bonds between Arg22 – Met25, leaving this region unstable. 

Subsequently, this event may lead to a weakened interaction in the P2-P3’ fragment of 

RSL, which may guide to the restoration of optimal conformation of the Cys23-Cys45 

disulfide bridge and possibly result in the collapse of this fragment into the core region 

and result in the inactivation of the protease inhibition activity. This single hydrolysis 

inactivation of elafin at nanomolar levels of RgpB concentration may be interpreted as 

specific, evolutionary designed interaction that targets a delicate and sensitive balance 

between protease and its inhibitor in healthy tissue. 

Inactivation of host protease inhibitors by bacterial enzymes was described for 

SERPIN family members in numerous reports. It was suggested that cleavage within 

the RSL, often at the P1-P1’ peptide bond, leads to complete inactivation of the 

inhibitor (Travis and Potempa, 2000). As inhibitors of the whey acidic protein family, 

including elafin and SLPI, are more stable and due to their rigid core structure often 

unsusceptible to proteolytic cleavage, their inactivation by proteases was rarely 

reported. Proteolysis of SLPI by RgpB (Into et al., 2006) and elafin by dust mite 

proteases (Brown et al., 2003), leading to loss of function was previously described but 

these studies did not specify the cleavage site. As RgpB did not degrade elafin, self-

limiting the effect to the single proteolysis within reactive site loop, it is hard to 

speculate on influence of Arg-specific gingipain B on other elafin functions. The 

antibacterial properties of the molecule were shown to be, at least partially, 

independent on the inhibitory activity (Baranger et al., 2008), hence conclusion that 



Interaction of extracellular cysteine proteinases of Porphyromonas gingivalis and Staphylococcus 

aureus with human epithelium-derived protease inhibitors 

 

Discussion Page 84 

 

this effect will be abolished upon the cleavage is unjustified and requires further 

experimental investigation.   

SLPI, another serine protease inhibitor expressed in epithelial tissues 

possesses activity against two neutrophil proteases: elastase and cathepsin G.  It is 

constituted of two WAP domains, structurally similar to elafin, each stabilized by the 

characteristic pattern of four disulfide bridges. SLPI has been found to be an inhibitor 

of trypsin and chymotrypsin, though the mapped active site of inhibitor differs between 

inhibition of trypsin (Arg20-Trp21 in the N-terminal WAP domain) and neutrophil 

proteinases and chymotrypsin (Leu72-Met73 in the C-terminal domain) (Grutter et al., 

1988).  In the primary sequence, SLPI contains 5 arginine residues, making it a 

possible target for RgpB and HRgpA. Indeed, previous reports have shown the 

decreased levels of SLPI in the chronic periodontitis gingival tissue, as revealed by 

immunostaining (Into et al., 2006). This deficiency, together with the loss of the 

inhibitory functions of SLPI, was attributed to the action of two Arg-specific gingipains 

(Into et al., 2006). 

Taking into account that SLPI polypeptide chain contains 15 Lys residues it 

could be expected that the molecule will make a perfect target for Kgp-mediated 

inactivation/degradation. In this work the ability of Kgp to inactivate SLPI in the activity 

assay has been confirmed, showing superiority of Lys-specific gingipain over Rgp’s. 

When assessed in the second-order conditions, both RgpB and HRgpA displayed only 

moderate anti-SLPI potential, while Kgp facilitated almost complete inactivation of the 

inhibitor in the same conditions. As the Lys-residues are relatively equally distributed 

among the sequence of SLPI, it was expected that degradation, rather than specific, 

limited proteolysis will be observed.  As revealed by SDS-PAGE analysis, at the lower 

concentrations of enzyme the discrete cleavage products were accumulated, but at 

higher enzyme concentrations led to complete degradation of the inhibitor, which 

stands in contrast to the limited proteolysis of elafin by RgpB presented within this 

work and to the degradation of SLPI by Arg-specific gingipains, as reported previously 

(Into et al., 2006). 

Regardless of its inhibitory function, SLPI possesses other activities. The 

immunomodulatory functions of SLPI have been reported previously, proving the anti-

inflammatory functions of the molecule, mediated by interference of SLPI with LPS 
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uptake and induction of IL-10 production by macrophages. Although not assessed 

within the frames of the presented work, the complete fragmentation of the molecule 

strongly supports the hypothesis that these structurally-specific functions will be 

affected. In this regard, the limited proteolysis of the SLPI molecule by the Arg-specific 

gingipains may be insufficient for disruption of signalling properties of the molecule, 

thus only synchronized action of all three enzymes provides necessary means for 

complete smothering of both, inhibitory and immunomodulatory functions. 

SLPI has been shown to display antimicrobial and antifungal properties 

(Baranger et al., 2008). Although not very efficient in that regard, it has been 

postulated that SLPI uses defensin-like mechanism as the antimicrobial peptide. The 

gingipain-mediated degradation of inhibitor may also affect its ability to kill 

microorganisms, though opposite hypothesis seems plausible as well. As degradation-

derived fragments contain both, hydrophobic and positively charged residues and the 

presence of Cys residues makes formation of defensin-like fold possible, one may 

hypothesize that this fragment may serve as antimicrobial peptide even more efficient 

ones than the intact molecule. Although indeed, some in silico, similarity-based 

comparisons (http://aps.unmc.edu/AP/prediction/prediction_main.php) reveal 

possible antibacterial potential of SLPI fragments, these studies are by no means 

conclusive and until experimentally verified, such hypothesis remains merely a 

speculation.  

Taken together, gingipains play an important role in modulating the balance 

between host proteases and their inhibitors at the infection site. The herein described 

distinctive inhibition of elafin by RgpB may add to the pathophysiology of periodontitis.  

Notably, elafin resisted inactivation by several S. aureus-derived serine- and cystein 

proteases confirming this protein high stability and resistance to  proteolytic 

degradation.  One may conclude that elafin inactivation by RgpB represents a specific 

pathogenic adaptation of P. gingivalis to disturb the protease-protease inhibitor 

balance in the infected gingival tissue. This leads to enhanced degradation of host 

proteins and generation of a pool of peptides serving as nutrients for this 

asaccharolytic pathogen.  

SCCA1, a member of cross-class inhibitors of I4 (SERPIN) family was 

previously shown to inhibit cystein proteases, including papain (Jarvinen et al., 1984) 
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and cathepsins L (Takeda et al., 1995), S and K (Sakata et al., 2004).  Moreover, the 

ability of both, SCCA1 and SCCA2 to inhibit dust mite-derived cystein proteases was 

reported (Sakata et al., 2004). Although serpins are well-known to inhibit host-derived 

proteolytic enzymes, providing balance and control into physiological processes, ability 

of this class of inhibitors to quench activity of external enzymes of pathogen origin was 

rarely reported. On the contrary, the microbial proteases have chosen serpins as a 

perfect target, inactivating them by aiming for the reactive site loop, thus adding a 

powerful weapon to their virulence arsenal. The inactivation of Der p 1 and Der f 1 of 

dust mite allergen, mentioned above is the first described example of pathogen 

protease inhibition by human serpin. The results presented within this thesis prove that 

staphylococcal cystein proteases, staphopains serve as targets for epithelial serpin 

SCCA1. The enzyme:inhibitor molar ratio 1:6 was sufficient to inhibit both staphopains; 

however staphopain B was inhibited more efficiently. The determined stoichiometry of 

the inhibition reaction also favours the inhibition of staphopain B, as almost 2 fold 

lower E:I ratio was enough to completely inhibit staphopain B. The ratio between 

serpin and its target enzyme virtually should approximate 1:1, though exceptions have 

been described (Gettins et al., 1992), especially for cross-class serpins inhibiting 

cystein proteinases. In this context, the stoichiometry parameters determined for 

SCCA1 – staphopains interaction for both staphopains confirm possible physiological 

relevance of described interaction. Moreover, the determined second order rate 

constant for both enzymes, in the range of ~104 further supports the physiological 

importance of interaction, with staphopain B being more preferred. This stands in 

agreement with available information regarding the staphopain specificity, as ScpA 

possesses more broad activity, similar to cathepsin H, while SspB displays unique 

selectivity towards peptide substrates, unusual for papain-like cystein proteases, 

suggesting limited, more specific role of this enzyme in S. aureus survival and 

pathogenicity (Kulczycka M., Kantyka T. et al, manuscript in preparation). The 

mechanism proposed by other authors for interaction of SCCA1 with cystein proteases 

(Masumoto et al., 2003;Sakata et al., 2004) only partially involves the classic suicide 

substrate mechanism, described for serpins. The authors have suggested interaction 

by formation of the non-covalent complex between serpin and enzyme after cleavage 

of the RLS. In this interpretation, although a C-terminal fragment is released from the 
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inhibitor and the enzyme activity is quenched by structural modifications of the active 

site of the protease, similarly to other serpins, the thioester bond between the P1 

residue in RLS of the inhibitor and the catalytic Cys of the enzyme is not formed. The 

strongest proof of a proposed mechanism was the absence of the high-molecular 

weight complex formed as the result of inhibition reaction, as revealed by SDS-PAGE 

and HPLC separation. 

The thioester bond, due to its chemical nature is not as stable as the ester bond 

formed by serpins and serine proteases. It is extremely sensible to the presence of 

reducing agents, making the separation of the complexes formed by cystein proteases 

with serpins impossible in the standard SDS-PAGE. Moreover, serpins  - target 

proteases complexes, due to the altered, more open three dimensional structures of 

both, enzyme and serpin, are more susceptible to the proteolytic degradation by the 

residual activity of the free enzyme. In this context, the results describing the 

mechanism of SCCA1, though still plausible, seem to be at least partially ambiguous. 

Indeed, as measurement of the cysteine proteases activity requires the presence of a 

reducing agent in the solution, the possibility of complex disruption seems probable. 

The reduction of the formed thioester bond and degradation of the complex by an 

uninhibited protease appears to be sufficient to explain the lack of detectable high 

molecular weight products, making an introduction of an alternate mechanism of 

serpin action as cystein proteases inhibitors somewhat redundant. 

The results presented in this work confirm the suicide substrate interaction, thus 

confirming the classic mechanism of SspB inactivation by SCCA1. The lower 

concentrations of DTT in solution, the presence of E-64 in the SDS-PAGE sample 

buffer and replacement of boiling of the samples by their incubation in the presence of 

SDS for 30 minutes allowed the detection of the high molecular weight complex, as 

shown by electrophoresis. The identity of the detected product was confirmed by 

western blot, where the ~85 kDa band was recognised using the specific anti-SspB 

antibodies. Additionally, the peptide SDS-PAGE allowed detection of ~4.5 kDa 

product, with molecular weight corresponding to the expected C-terminal fragment of 

the reactive site loop, which identity was also confirmed by N-terminal sequencing. 

The sequence identified as interaction site of GST-SCCA1-staphopain Gly354-

Ser355 is the same as primary interaction site described for SCCA-1 interaction with 
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human cathepsins (Masumoto et al., 2003), located in the exposed RSL of the 

inhibitor. This confirms the similarity of staphopains specificity to the observed for 

lysosomal cystein proteinases, and more importantly presents the virulence potential 

of staphopains. As human cathepsins are involved in a number of important processes 

including immune system modulation (reviewed in (Colbert et al., 2009)), the observed 

similarity may give the staphopains related, host-response modulation activity in vivo. 

Notably, the cleaved sequence in the GST-SCCA1 Phe353-Gly-354-Ser355-

Ser366 is strikingly similar to the one identified within RSL of staphostatins, the only 

known specific inhibitors of staphopains (Leu-Gly-Thr-Ser for staphostatin A and Ile-

Gly-Thr-Ser for staphostatin B), which may represent the evolutionary adaptation of 

inhibitor for interaction with staphylococcal cystein proteases.  

The applied experimental approach still presents some limitations, as without 

boiling of the samples, the formation of a non-covalent complex cannot be excluded. 

Nevertheless, these results strongly suggest the classic suicide substrate mechanism, 

characterised by the release of the C-terminal fragment of serpin and the presence of 

covalent complex of enzyme with inhibitor. Although not contained within the frames of 

this project, further experiments, including gel filtration and mass spectrometry should 

be applied, to unveil the controversies regarding the SCCA1 inhibitory mechanism, at 

least in respect to  the staphopain B inhibition.  

Regardless of the exact mechanism, the inhibition of staphopains, especially 

with respect to staphopain B is unquestioned.  SCCA1 lacks the signal sequence and 

initially was classified as the intracellular serpin. Recently it was also found in 

extracellular locations, possibly not as a result of active secretion, but rather the effect 

of the keratinisation and desquamation of epithelial cells (Kato, 1996;Izuhara et al., 

2008). As SCCA1 was identified in numerous epithelial areas, including saliva, 

respiratory pathways, hair follicles and some areas of skin (Kato, 1996), all of which 

are regularly colonised by S. aureus, the physiological relevance of SCCA1-

staphopain B interaction as a defence mechanism is plausible.  

The pathophysiological importance of staphopains is not yet fully understood. 

Notably, vast majority of clinical isolates of S. aureus strains possesses the conserved 

staphopain genes within the genome (Karlsson and Arvidson, 2002); Even though, the 

expression pattern differs significantly between strains, when cultured in vitro. This 
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preservation of the protease genes supports the hypothesis that proteolytic enzymes 

are essential for infection capabilities of this pathogen. The exact mechanism is still to 

be elucidated. The in vitro analysis revealed potential of staphopains to disrupt the 

homeostasis of the infected host, by direct tissue degradation and through specific 

activity, including kinin system activation and interference with immune cells. 

Especially the latter activity, potentially the most dangerous to the host, was assigned 

to the staphopain B, making the presence of the specific inhibitor of this bacterial 

protease physiologically justified. Such evolutionary adaptation could not only limit the 

harmful activity of the exogenous protease, but also provide an efficient mechanism of 

clearance of the released bacterial enzyme. Regardless of structural adaptations, the 

enzyme activity requires to be retained in order to protect the necessary function of an 

enzyme, therefore the interaction with a specific inhibitor seems to be difficult to avoid 

by a pathogen. Direct recognition of an enzyme by specialized host receptors would 

result evolutionary potential of the pathogen to preserve function (in the meaning of a 

specific enzymatic activity), while changing the sequence and/or structure. This would 

establish an escape mechanism, preventing recognition by the host.  The usage of a 

protein inhibitor as an activity-based bait allows construction of the clearance system, 

dependent on the recognition of an altered inhibitor structure in the complex. Such 

mechanism, although novel as the defence mechanism against the pathogen-derived 

enzyme, is widely spread among circulating serpins, where only serpin inhibitory 

complexes are scavenged by specialized receptors and cleared form the system.  The 

importance of a specific SspB inhibitor is further emphasised by inability of α2-

macroglobulin to inhibit its activity at the physiological values of pH (Nowak, M. 

personal communication), which results in the lack of circulating, systemic inhibitor of 

this enzyme in human host. 

An interesting link is observed between the inhibition of staphopains and 

persistent S. aureus infection in atopic dermatitis (AD) patients.  The interleukin-4 and 

interleukin-13, both involved in the development of abnormal immune response in AD 

and asthmatic patients (Izuhara et al., 2000;Wills-Karp, 2001), positively regulate the 

epithelial SCCA1 expression (Yuyama et al., 2002). As colonisation of certain skin 

areas of AD patients was assigned to retarded functionality of epithelium to release 

human β-defensin 3 (Kisich et al., 2008), the increased production of SCCA1 might 
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serve as a secondary protection mechanism against the spread of infection. One may 

assume that host, uncapable of bacteria clearance, limits infection potential of the 

pathogen, but pays the price of persistent but topical infection, due to the retention of 

the bacteria in the adhesive phenotype. 

Regardless of its possible extracellular function, the major SCCA1 activity is 

maintained within the cytoplasm of the cell. It has been shown that over-expression of 

SCCA1 in epithelial cells protects them from the intracellular damage induced 

apoptosis, possibly by inhibition of cathepsins, leaking into the cytoplasm (Kato, 

1996;Kato et al., 1987;Pontisso et al., 2004;Suminami et al., 2001). S. aureus is 

known not only as an extracellular pathogen, but it has been shown to colonise the 

cytoplasm of macrophages (Kubica et al., 2008) and epithelial cells (Balwit et al., 

1994). In this regard, the intracellular presence of inhibitor might serve as the 

defensive mechanism against intracellular colonisation of epithelium. Nevertheless of 

the defensive potential of intracellular SCCA1, the dual inhibition of both cathepsins 

and staphylococcal proteinases, points to the similarities on the specificity level, thus 

leading to conclusion that regulation of staphopain secretion within the cell may allow 

S. aureus to hijack the inner apoptosis regulation system. This would explain some 

effects observed upon the epithelium colonisation, as primarily the bacteria colonise 

cells, not affecting the systemic cell functions, while later on the proliferated pathogen 

induces the apoptosis and spreads through the host system (Kahl et al., 2000). 

The results presented within this thesis include the novel, previously unknown 

interactions between bacterial proteinases and host protease inhibitors. Inactivation of 

the elafin, numerous times described as proteolytically resistant, by the limited 

proteolysis catalysed by the bacterial protease, with the mapped interaction site in the 

RSL region is novel biochemical phenomenon. Even more interesting is aforesaid 

inhibition of bacteria-derived proteases by human serpin. Beside the importance of the 

presented data in the context of enzyme-inhibitor interactions, the existence of the 

investigated pathogens in the locations characterised by expression of tested inhibitors 

adds novel information to the knowledge about infection mechanisms of P. gingivalis 

and S. aureus. Moreover, the presence of unleashed elastase activity in dental 

pockets of patients with periodontitis and persistent skin infections in atopic dermatitis 

patients, together with the colonisation and subsequent apoptosis of S. aureus-
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colonised epithelial cells, are effects that could be explained by interaction of bacterial 

enzymes with host-derived inhibitors. In this context, presented work provides the 

theoretical basics for further investigations  regarding the disruption of the protease-

inhibitor balance of the host in an in vivo context. 
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