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Abstract:

Periodontitis is a disease affecting the supporting structures of the teeth. The most
severe forms of the disease result in tooth loss and have recently been strongly
associated with systemic diseases, including cardiovascular and lung diseases and
                      
A major pathogen associated with severe, adult forms of the disease is Porphyromonas
gingivalis. This organism produces potent cysteine proteases known as gingipains,
             ! 
gingipain, Kgp, appears to be the major virulence factor of this organism and here
we describe its structure and function. We also discuss the inhibitors of the enzyme
produced to date and the potential pathways to newer versions of such molecules
that will be required to combat periodontitis.

INTRODUCTION: PERIODONTAL DISEASE—SIGNIFICANCE
AND AETIOLOGY
Periodontal disease is a complex disorder involving Gram-negative anaerobic
bacteria interacting with host cells with the combined effect leading to the destruction
of the supporting structures of teeth. The supporting structures include the gingiva
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(gums), the periodontal ligament between the cementum and the junctional epithelium
and the alveolar bone. Periodontal disease affects approximately 30% of the adult
population and is amongst the most prevalent oral diseases contributing to tooth loss in
adults.1,2 Furthermore, epidemiological evidence from the past few decades has pointed
to a correlation between periodontal disease and several systemic disorders, including
circulatory diseases, respiratory infections, premature delivery and low birth weight of
infants, neuronal damage, renal malfunction, certain cancers and autoimmune diseases.3-10
Although the mechanisms underlying this correlation may vary among systemic conditions,
         ¥  !
effects of the host immune response are likely to be involved.11
?           
bacterial species, which usually change dynamically during different states of disease and
differ among individuals.12 The disease starts in the marginal gingiva as a reversible
             
dental plaque reaching deep into the gingival sulcus.13-15 This generates a local environment
prone to colonization by and the proliferation of anaerobic periodontopathogenic bacteria.
As the infection progresses, some of the harmful bacterial species induce damage to the
sub-gingival tissues such as the periodontal ligament and the junctional epithelium, leading
to loss of attachment and the formation of periodontal pockets. These pathogenic changes
are accompanied by massive destruction of the soft tissues and permanent alveolar bone
resorption.14,16      15 which eventually
leads to tooth loss due to the lack of periodontium support.13,17 Periodontal disease is a
multifactorial disease, in which the onset and outcome are affected by a variety of risk
factors involving the host, bacteria and environment.14 Of the 300~400 bacterial species
residing in the periodontal environment, only 10~20 may be periodontopathic,12 including,
but not limited to the cluster of ‘red complex’ bacteria comprising Tannarella forsythia,
Treponema denticola and Porphyromonas gingivalis, often found in large numbers in
       18,19
Porphyromonas gingivalis
Among the putative periodontopathic bacteria, P. gingivalis is believed to be one
of the major pathogens involved in the progression of periodontal disease, based on
the observation that increased P. gingivalis levels were associated with an increased
severity of periodontal disease.20 The results of experimental oral infection of primates
with P. gingivalis strongly support this hypothesis, by showing that the sub-gingival
inoculation of the bacterium into P. gingivalis-free monkeys resulted in the development of
           !  
closely correlated with the aggravation of periodontitis, marked by an exacerbated loss
of alveolar bone.21
P. gingivalis is a nonmotile, Gram-negative obligatorily anaerobic coccobacillus,
typically 0.5~3.5 +m in diameter22 that is a late colonizer of the dental bacterial plaque. It
utilizes bacteria already resident in the oral cavity for initial settlement.23 The bacterium
has a hemolytic nature and exhibits a characteristic black pigment that contains the
metabolic derivatives of heme, extracted from hemoglobin or other heme-containing
proteins, on the cell surface and in the centre of aged colonies grown on blood agar.24,25
Metabolically, P. gingivalis is an asaccharolytic species which generates energy and
obtains carbon by fermentation of peptides and amino acids.24,26 Different P. gingivalis
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strains can be categorised according to their pathogenicity, which is evaluated by the
                     >  
bacteria.27 Virulent strains such as W50 can cause severe spreading abscesses and induce
fatal sepsis in murine models after 2~4 days, while less-virulent strains such as W186
may only result in localized pustules.27
P. gingivalis exerts its pathogenic effects via the production of a variety of virulence
factors, including the capsule, outer membrane vesicles and abundant adhesive structures,
        ¥        "?24,28-32 More
importantly, the virulence factors of P. gingivalis also comprise a group of proteolytic
endopeptidases, of which cysteine proteases with trypsin-like activity are closely associated
with tissue damage and host immunity disruption in periodontitis.23,33-35 The enzymes,
referred to as gingipains,36 are responsible for the vast majority of the extracellular
proteolytic (85%) and trypsin-like amidolytic activities (99%) of P. gingivalis and hence
are believed to be critical for the virulence of this pathogen.37 Indeed, a few spontaneous
mutants of the virulent P. gingivalis strain W50 with lowered trypsin-like amidolytic
activities have been found to be avirulent in murine models.38,39

GINGIPAINS
Members of gingipains (family C25) strictly cleave peptide bonds with either
Arg-Xaa or Lys-Xaa at the cleavage site and the responsible enzymes are referred to
as Arg-gingipain and Lys-gingipain, respectively.37,40,41 Arg-gingipains include two
members, Arg-gingipain A (RgpA) and Arg-gingipain B (RgpB), encoded by two closely
related genes, rgpA and rgpB, respectively. Lys-gingipain (Kgp) is encoded by a single
gene, kgp.42,43 A number of studies have shown that P. gingivalis   
of one or more of the gingipain genes exhibited lower pathogenic potential in mice
           
to the virulence of P. gingivalis.44-47 Furthermore, O’Brien-Simpson et al47 compared
the virulence of P. gingivalis isogenic mutants defective in the individual gingipain
gene in a murine lesion model, to estimate the extent of contribution of each of the three
gingipain proteases to the pathogenic potential of the bacterium. They reported that Kgp
contributed more to pathogenicity than the two Arg-gingipains and thus this gingipain
can be considered to be the major virulence factor of P. gingivalis.47
    ?et al who conducted a similar experiment with a
recently developed murine periodontitis model and found that Kgp contributed more to
pathogenicity than RgpB and much more than RgpA. Therefore, Kgp represents one of
the major determinants of the virulence of P. gingivalis.48

THE BIOLOGICAL FUNCTIONS OF KGP
Kgp participates in many P. gingivalis-mediated pathogenic processes by binding
various targets and importantly, cleaving multiple proteins (Fig. 1).49 Kgp can bind red
blood cells and many heme-containing proteins, including hemoglobin and acts as a
major hemolytic enzyme to produce and store iron/heme, which is a vital growth factor
essential for the survival and function of P. gingivalis.50-52 The importance of Kgp in
providing iron/heme for P. gingivalis has been demonstrated by the observation that
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Figure 1. Diagrammatic overview of the postulated contributions of the gingipain enzymes from
Porphyromonas gingivalis to the progression of periodontitis. A healthy tooth and surrounding oral
tissue, is converted to one exhibiting the symptoms of periodontitis as shown by the summarised clinical
indicators on the right of the diagram. Sites of periodontitis show destruction of supporting tissue,
lowered levels of the alveolar bone socket and enhanced depth of probing (visualized by the metal
probe on the right). The gingipains of P. gingivalis are postulated to contribute to the progression of
the disease by affecting the indicated systems to dysregulate normal responses to the bacterium and
thus enhance the clinical indications and contribute to disease.

Kgp-null P. gingivalis strains lacked the black pigment characteristic for this species
and were less virulent.46,53 In concert with the two Rgp members, Kgp also directly
             &        
of the matrix metalloproteinase system, resulting in an increased bleeding tendency
and tissue damage at the infected periodontal site.54-57 Whilst the proteolytic activity of
Kgp is important for generating peptides/amino acids as the energy and carbon source
suitable for the asaccharolytic nature of P. gingivalis, it is also utilized by P. gingivalis
to manipulate and evade the host immune response via complex mechanisms,58-62 mainly
involving the degradation of surface molecules of immune cells 63-66 and interference
with the cytokine system of the host.61,67 In addition, Kgp can also bind host epithelial
cells and other bacteria, providing a biological basis for the attachment and colonization
of P. gingivalis.49,68 Cumulatively, Kgp is critical for the survival and pathogenicity of
P. gingivalis and hence is a promising target for inhibitors to control periodontal disease.

THE STRUCTURAL CHEMISTRY OF KGP
The precursor of Kgp is a polyprotein consisting of domain components evolutionarily
related to those of RgpA and RgpB17,37,49,69 (Table 1). The RgpB polyprotein does not
have HA domains70 and is 72%, 99%, 52% and 51% identical in the sequences of the
pro-domain, catalytic sub-domain, IgSF sub-domain and C-terminal domain, respectively,
to those of the RgpA polyprotein.71 However, Kgpcat only shares 27% sequence identity to
RgpAcat and RgpB.72 The C-terminal HA domains of Kgp polyprotein are highly similar
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Table 1. The domain structure of RgpA-, RgpB- and Kgp-polyproteins
Polyprotein
RgpA (1706 residues)

RgpB (736 residues)

Kgp (1723 or1732
residues)

Domain Structure
(from N- to C-terminus)
Signal peptide

Descriptions
23 residues

Pro-domain
204 residues
!   Together forming a 45 kDa
subdomain
!    
(RgpAcat)
IgSF* subdomain
RgpA hemagglutinin/adheRgpA A1
sin (HA) domain 1, formerly
rHGP-44*
RgpA A2
RgpA HA domain 2, formerly
rHGP-15
RgpA HA domain 3, formerly
RgpA A3
rHGP-17
RgpA A4
RgpA HA domain 4, formerly
rHGP-27
C-terminal domain
70 residues
Signal peptide
24 residues
Pro-domain
205 residues
!   Together forming a 45 kDa
subdomain
!    
(RgpBcat)
IgSF subdomain
C-terminal domain
71 residues
Signal peptide
19 residues
Pro-domain
"!  
subdomain

References
17, 37,
49, 69

49

37, 40,
49, 76-78

209 residues
Together forming a 48 kDa
"!    
(Kgpcat)

IgSF subdomain
KgpA1, 2, 3...(see Table 2) Kgp HA domains, formerly
kHGP*
C-terminal domain
70 residues
* IgSF  immunoglobin superfamily; rHGP !     &@?
"!      @£ #     
named by their molecular weights.

in sequence to those of RgpA polyprotein, in particular KgpA2, which, apart from two
residues, is identical to RgpAA2.72,73 Several repetitive Adhesin Binding Motifs (ABMs)
     @# £   <_  @
domains in terms of their sequence similarity and link the HA domains to other proteins,74
for example, the ABM2 (SYTYTVYRDGTKIKEGLTATTFEEDGVAA) is responsible
for the interaction between Kgp and extracellular matrix proteins,49,75 while ABM3
(VTLKWDAPNGTPNPNPNPNPNPNPGTTTLSESF) is critical for attachment of Kgp
to hemoglobin and red blood cells.49,75 These HA domains of the Kgp polyprotein vary
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Table 2. The HA domains of Kgp-polyproteins from different P. gingivalis strains
P. gingivalis Strain
381

W50

HA Domain Structure

Former Name

KgpA1

kHGP-39

KgpA2

kHGP-15

KgpA3

kHGP-44

KgpA1

kHGP-39

KgpA2

kHGP-15

KgpA3
KgpA4

References

78

37
Collectively kHGP-44

KgpA5
HG66 and ATCC33277

KgpA1
KgpA2

W12 and W83

Collectively kHGP-44

KgpA3

kHGP-15

KgpA4

kHGP-17

KgpA5

kHGP-27

KgpA1

kHGP-44

KgpA2

kHGP-15
76,77

KgpA3
KgpA4

40

Collectively kHGP-44

in number and order among P. gingivalis #     
to date37,40,76-78 (Table 2). It is interesting to note that recently Li et al79 have postulated a
different set of protein boundaries for the HA domains of Kgp and RgpA and proceeded
to successfully express and purify a so-called K2 domain which is largely equivalent
to the domain termed KgpA2 or kHGP-15 previously (Table 2). Bioinformatic analysis
suggests that the domains belong to the Cleaved_adhesin  
to the galactose-binding domain-like superfamily. They also solved the structure of this
protein (Fig. 2) and showed that it was a `-strand rich structure in a “jelly-roll” fold,
with numerous loops connecting the `-strands, resembling carbohydrate binding domains
and so-called MAM domains found in receptor-type tyrosine-protein phosphatases and
ephrin type A/B receptors. They demonstrated that the domain was able to weakly bind
to galactose containing carbohydrates and that it could act as a hemolysin in its uncleaved
form. This study most likely will constitute a breakthrough in our understanding of the
structure and function of the HA domains of the gingipains and further work in this
regard will be of great interest.
Similar to other gingipains, the mature Kgp exists extracellularly in multiple isoforms,
including monomeric soluble forms, membrane-associated forms of monomers and
RgpA-Kgp complexes.71,73,80-87 The processes of secretion and maturation of Kgp are
complex and not fully understood. Generally glycosylation at the C-terminal domain
is believed to provide the anchor for the membrane-associated Kgp isoforms,81,88 and
  #    ~!\!   !
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Figure 2. The domain structure of Kgp and known three-dimensional structures for the domains. The
gene sequence for Kgp is shown as a grey bar overlaid with the translated domain structure as recently
elucidated by Li et al.79 The structure of the catalytic region of Kgp (blue bar) is postulated to be
similar to that solved for RgpB,92 the three-dimensional structure of which is shown as a ribbon diagram.
The catalytic residues, Cys244 and His211, are shown in pink ball and stick to indicate the position of
the active site. The recently determined structure of the K2 haemagglutinin/adhesin domain of Kgp is
shown as a ribbon diagram in light green.

#          !      
the activities of both Rgp and Kgp.71 Furthermore, the Kgp polyprotein in an Rgp-null
P. gingivalis mutant was found in the fully mature form,89 and the introduction of RgpB
into a P. gingivalis mutant lacking all three gingipain members was found to result in
mature RgpB.49 These phenomena of auto-processing of the gingipains may explain the
            
subsequently produced Kgp polyprotein.
The crystal structure of Kgp is yet to be determined, but despite the fact that the
identity between the catalytic domains of Kgp and RgpA/RgpB is only around 27%,
there is a strong likelihood that Kgpcat will have a similar conformation to RgpB, for
which a crystal structure is available.90,91 Topologically, the crystal structure of RgpB
displays an N-terminal domain and a C-terminal domain (Fig. 2).92 The N-terminal
domain is comprised of A- and B-sub-domains, each of which has a characteristic _/`
motif that is made up of a central `-sheet sandwiched by _-helices. This _/`-sandwich
structure can also be seen in caspase-1 and -3.92 The B-sub-domain encompasses the
catalytic residues of the Cys-His dyad and hence the N-terminal domain represents the
catalytic domain. The C-terminal IgSF domain is composed entirely of `-sheets, which
is a topological homologue to an IgG domain (Fig. 2).92
As mentioned, Kgp cleaves Lys-Xaa bonds and RgpB cleaves Arg-Xaa bonds
exclusively, meaning a strict preference for Lys and Arg as the P1-residue (note that the
nomenclature for proteases93 indicates that cleavage occurs in substrates between the P1
and P1v residues, with substrate residues N-terminal to P1 labelled P2, P3 etc and those
C-terminal to P1v labelled P2v, P3v etc; subsites binding the substrate residues in the enzymes
are correspondingly labelled, eg. the S1 subsite binds the P1 residue etc.) for Kgp and RgpB,
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respectively and a broad spectrum of residues at the P1v position for both gingipains.37,93
        #      
RgpB from its crystal structure. On the surface of the B-sub-domain of RgpB, adjacent to
the catalytic dyad (His211 and Cys244), a deep S1 pocket is formed by the peptide segments:
Tyr283~Met288, Thr209~His211 and Val242~Cys244. Of these, Met288 and Val242 were hypothesized
     ?! £ <    
the side and bottom of the S1 pocket, respectively.92 This S1 pocket is not only an optimal
    ?!    ! 
Asp163 at its bottom, contributing an electrostatic stabilisation for the bound P1-Arg.92
Compared to this, in the modelled S1-pocket of Kgp, Asp288 and Glu287 form a small
negatively-charged patch,40 which may be important for binding the positively-charged Lys;
Phe242 in Kgp is a bigger residue than Val242 in RgpB and thus may contribute to altering
the shape of the S1 pocket to exclusively accommodate Lys residues. On the other hand,
    & £ <        
surface, which can accommodate different types of amino acids.92 Based on the topological
            
area is also expected to exist outside the S1-pocket of Kgp, around its catalytic dyad (His217
and Cys249).40 Therefore, for all members of the gingipain family, in contrast to the high
  ?!             
  & ?!    ?!?!?v- and P2v-residues.92

THE CATALYTIC MECHANISM OF KGP
A detailed understanding of the mechanism by which Kgp interacts and cleaves
its substrates is critical for the development of Kgp inhibitors. Since members of the
gingipain family (C25) share the characteristic catalytic dyad motif, His-Gly-X-Ala-Cys,
with all other familial members of the CD clan of cysteine proteases, including family 14
(caspases), family 11 (bacterial clostripains), family 13 (plant and animal legumains) and
family 50 (separase), the principal catalytic mechanism is therefore likely to be shared by
all members of cysteine proteases in the CD clan, including Kgp.49,94 This mechanism, in
general, is similar to that exerted by papain-like (Clan CA) cysteine proteases.
In this catalytic mechanism (Fig. 3), under activated conditions, the negatively-charged
Sa  \&        
substrate, forming an enzyme-substrate complex.95,96 The resulting proximity of the substrate
and the catalytic dyad leads to a nucleophilic interaction between the N atom of the scissile
bond and the Nb atom of the catalytic His. Consequently, the scissile bond breaks, releasing
the prime side of the substrate in the form of an amide.97 The remaining acyl-enzyme
intermediate is the subject of nucleophillic attack by a water molecule, which attacks the
carbonyl carbon from the previous scissile bond, resulting in the release of the remaining
N-terminus of the substrate and the functional protease molecule.95,96
<     ? #   
attenuate the proteolytic activity of Kgp via the inhibition of the catalytic Sa atom, by
introducing a peptidyl inhibitor containing a P1-Lys and close to it, one or more functional
groups such as an aldehyde group, which can tightly bind to the Sa atom.98 In this scheme,
the interaction of the peptide chain with the catalytic site of Kgp, including the binding of
P1-Lys to the S1-pocket, brings the functional group into close proximity to the catalytic
Sa atom. Consequently, a covalent Sa-functional group bond is formed, interrupting the
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Figure 3. The catalytic mechanism of cysteine proteases. The catalytic dyad is illustrated in blue. The
red arrows indicate the movement of protons. A) The catalytic Sa atom attacks the carbonyl carbon
of the scissile bond of a substrate, forming (B) an enzyme-substrate complex. In this complex, the N
atom of the scissile bond attacks the Nb atom of the catalytic His residue, resulting in the breakage
of the scissile bond and the release of the prime side of the substrate in the form of an amine. C) An
acyl-enzyme intermediate is formed. D) A water molecule attacks the acyl-enzyme complex, leading
to (E) the release of the N-terminus of the substrate in the form of a carboxylic acid and a functional
enzyme molecule. Under activated conditions, the catalytic dyad of the cysteine protease switches into
the active or charged form (A).

catalytic function of Sa.97,98           
Kgp inhibitor would be greatly dependent on the effectiveness of the interaction between
the peptide chain and the Kgp catalytic site. This interaction is not only affected by the
binding of the P1-Lys to the S1 pocket, but also by the interaction amongst the residues
&?!"  ?!?!?v- and P2v-residues, with their corresponding
sub-sites on Kgp. Supporting this hypothesis, Abe et al found that there was a decrease
in cleavage of Lys-Xaa bonds by Kgp when the P2-residue is an Arg or Lys, although the
 ?!      99 Moreover, in another study,
Abe et al found that Kgp was able to cleave the peptidyl substrate Z-His-Glu-Lys-MCA
nearly 20-fold more effectively than Boc-Val-Leu-Lys-MCA, indicating that there may
be preferences for the P3- and/or P2-position of substrates cleaved by Kgp.100 Thus, it is
possible that peptides of certain amino acid sequence may be more preferred by Kgp for
interaction and cleavage. These peptides therefore would constitute optimal scaffolds
      #  @      #  
S3, S2, S1v and S2v sub-sites, where the P3-, P2-, P1v- and P2v-residues of the substrates
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PREVIOUSLY DEVELOPED KGP INHIBITORS
A few Kgp inhibitors from natural sources have been tested (Table 3)101-105,
however, they only showed limited inhibitory activity. Furthermore, a number
of enzyme-substrate-based Kgp inhibitors have been developed (Table 4)41,106-109.
For example, the ketopeptide inhibitor KYT-36 (carbobenzoxy-Glu(NHN(CH 3)
Ph)-Lys-CO-NHCH2Ph) was designed based on the sequence of histatin 5, a natural
gingipain inhibitor in human saliva.108 It displayed modest inhibitory effects in keeping
with the weak inhibition of Kgp by histatin 5. In stark contrast, an acyloxymethyl ketone
inhibitor (carbobenzoxy-Phe-Lys-CH2OCO-2,4,6-Me3Ph) and an aza-peptide Michael
acceptor inhibitor (PhCH2CH2CO-Leu-ALys-CH  CHCOOEt) for Kgp have shown much
higher inhibitory potency for Kgp, with kass values (the second-order rate constant of an
inhibitory reaction, which indicates how fast an effective inhibition occurs) in the range
of 106 M-1s-1.41     #   
  & ! &           

Table 3. Kgp inhibitors from natural sources
Inhibitor

Source

Histatin 5
CrmA (AspLys)
p35
Cranberry nondialysable fraction
Cranberry polyphenol fraction
Pancreatic trypsin inhibitor

Human saliva
Cowpox virus
Baculovirus
Cranberry
Cranberry
Pancreas

Inhibition or Association
Rate Constants***
Reference
IC50  1.4 = 10 -5 M
kass  2.1 = 105 M-1s-1
Ki  2 = 10 -10 M
not determined
not determined
kass  2.0 = 104 M-1

101
102
102
103
104
105

***Inhibition or association rate constants:
IC50, the half maximal inhibitory concentration, is the amount of inhibitor taken to effectively inhibit
half of the initial amount of enzyme. IC50 indicates the functional strength of an inhibitor against an
      
kass, the second-order rate constant of an inhibitory reaction, indicates how fast an effective inhibition
occurs.
K         
inhibitor and enzyme.

Table 4. Synthetic Kgp inhibitors

Inhibitor
Cbz-Phe-Lys-CH2OCO-2,4,6-Me3-Ph
Chlorhexidine
A71561
KYT-36
aza-peptide Michael acceptor
(with Lys)
Rational-designed inhibitors

Chemical Property

Inhibition or
Association Rate
Constants

Reference

Acyloxymethyl ketone

kass  4.2 = 10 M s

41

Chlohexidine
Amide
Ketopeptide
aza-peptide Michael
acceptor
Chloromethyl ketone

Ki  1.65 = 10 -4 M
Ki  9 = 10 -10 M
Ki  1.3 = 10 -10 M
kass  3.3 = 106 M-1s-1

106
107
108
109

k ass  106 ~ 107 M-1s-1

110

6

-1 -1
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enzyme-substrate-based Kgp inhibitors, which achieve a higher range of kass values, yet
to be developed. In agreement with this hypothesis, some small dipeptide chloromethyl
&   #             < et al by structure-based rational
          # kass values
reaching 107 M-1s-1.110  <et al also highlighted the critical role of the
P2-residue, which acts as a hydrophobic interactant in the Kgp inhibitors.110
              #  
the development of optimal Kgp inhibitors.

CONCLUSION
     !  # >  
the anaerobe, P. gingivalis, which in turn is a major pathogen of adult periodontitis. The
development of inhibitors of this enzyme will therefore be of critical importance to combat
this disease. Understanding of the catalytic mechanism, transition state intermediates
                  
further selective, potent inhibitors of Kgp.
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