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ABSTRACT

 

Porphyromonas gingivalis (P. gingivalis) is a Gram-negative, anaerobic rod-shaped 

bacterium that has been implicated as a keystone pathogen in chronic periodontitis. 

Such disease is characterized by inflammation and affects the individual’s gums,

which eventually leads to tissue destruction and tooth loss. There is an increasing 

number of evidences on the role of P. gingivalis in Alzheimer’s disease pathogenesis.

Inhibition of gingipain K, one of the virulence factors of P. gingivalis, has been 

considered as an effective strategy for treating Alzheimer’s disease, especially for 

individuals with concomitant chronic periodontitis. The objectives of this project are 

to evaluate the binding interactions of a set of FDA-approved drugs in the active site 

of P. gingivalis gingipain K and to determine their inhibitory activity against the 

gingipain K. Structure-based virtual screening on gingipain K was performed through 

molecular docking simulation of 300 FDA-approved drugs obtained from the ZINC 

15 database. The top ten compounds (fludarabine, phenylephrine, levetiracetam, 

midodrine, formoterol, lamivudine, olsalazine, benazepril, ketorolac and diltiazem) 

with relatively high docking scores were selected for subsequent biological screening. 

Through gingipain K enzymatic assay, the gingipain K activity was determined by 

measuring the absorbance at 405 nm over 15 minutes. Results from the molecular 

docking studies showed that the compounds engaged primarily in hydrogen bonding, 

π-π stacking, salt bridge and pi-cation interaction with the surrounding residues, 

namely Trp391, Thr442, Ala443, His444, Gly445, Asn475, Cys477, Ser511, Tyr512, 

Trp513, Asp516 and His575. The presence of functional groups in the ligands, such as 

carbonyl groups, amino groups, amido groups, hydroxyl groups as well as aromatic 

rings was considered important for the binding interaction between ligands and 
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gingipain K. Olsalazine (% gingipain K inhibition = 32.43% at 50 µM and IC50 = 93.44 

± 1.89 µM) was identified as the top hit compound among the ten compounds from the 

biological evaluation. It is considered as a promising compound for further 

development as a therapeutic agent for the treatment of AD. 

 

Keywords: Porphyromonas gingivalis gingipain K, Alzheimer’s disease, drug

repositioning, in silico study, biological evaluation  

 

  



iv

ACKNOWLEDGEMENTS

 

First and foremost, my gratitude goes out to International Medical University (IMU) 

and Tunku Abdul Rahman University College (TARUC) for providing an excellent 

working environment throughout my semesters. I would also like to express my 

sincere gratitude to my supervisor, Dr. Cheong Siew Lee and co-supervisor, Dr. Sheri-

Ann Tan Shu Wei for their tremendous support, knowledge, motivation, and patience. 

My research project was helped greatly by their advice and guidance throughout the 

process. Besides, I would also like to express my greatest gratitude to Dr. Ong Yien 

Yien for her help and support throughout the project. A research project would not be 

completed successfully without their help. Besides, I would like to thank my senior 

and friends for their guidance and support during my project work. Last but not least, 

I would also like to thank my family for always being supportive spiritually throughout 

my study. 

  



v

Approval Sheet No. 1 

We, the supervisors to Lai Jia Hui hereby certify that the dissertation revisions have 

been made based on the recommendations by the Dissertation Examination Committee 

on 18 July 2022.  

 

 

Dr Cheong Siew Lee  

Senior Lecturer 

Department of Pharmaceutical Chemistry, School of Pharmacy, International Medical 

University 

 

 

Dr Sheri-Ann Tan Shu Wei 

Senior Lecturer 

Department of Bioscience, Faculty of Applied Sciences, Tunku Abdul Rahman 

University College 

 

  



vi

Approval Sheet No. 2 

I certify that an Examination Committee has met on 18 July 2022 to conduct the final 

examination of Lai Jia Hui on her degree of Master of Science dissertation entitled 

‘title of dissertation’. The Committee recommended that the candidate be awarded the 

degree of Master of Science in Analytical and Pharmaceutical Chemistry. The 

Committee Members for the candidate were as follows: 

 

Name of external examiner: Dr Jason Loo Siau Ee 

Name of faculty/institute: Faculty of Health & Medical Sciences, School of Pharmacy, 

Talyor’s University 

 

Name of internal examiner: Assoc Prof Tan Eng Lai  

Name of faculty/institute: Faculty of Life Sciences, School of Pharmacy, International 

Medical University 

 

 

Assoc Prof Dr Tan Eng Lai 

Dean of Postgraduate Studies  

International Medical University 

 

  



vii

DECLARATION

 

I hereby declare that the dissertation is based on my original work except for quotations 

and citations which have been duly acknowledged. I also declare that it has not been 

previously or concurrently submitted for any other degree at the International Medical 

University or any other institution.  

 

 

 

 

 

 

 

 

 

 

Signature 

 

_______________  

(LAI JIA HUI) 

  



viii

TABLE OF CONTENTS

 

Abstract ........................................................................................................................ ii 
Acknowledgements ..................................................................................................... iv 

Approval Sheets ........................................................................................................... v 

Declaration Form   ..................................................................................................... vii 

Table of Contents   .................................................................................................... viii 

List of Tables .............................................................................................................. ix 

List of Figures  ............................................................................................................. x 

List of Abbreviations ................................................................................................ xiii 

Introduction  ................................................................................................................. 1 

Background of study  ............................................................................................ 1 

Research objectives  .............................................................................................. 5 

Research hypothesis   ............................................................................................ 5 

Research questions  ............................................................................................... 5 

Literature Review  ........................................................................................................ 6 

P. gingivalis  ......................................................................................................... 6 

Gingipains  ............................................................................................................ 6 

Structure and function of lysine-gingipain Kgp   .................................................. 8 

Associate between periodontitis and AD  ........................................................... 10 

Inhibitors of P. gingivalis gingipain K  .............................................................. 11 

Materials and Methods  .............................................................................................. 14 

Materials  ............................................................................................................ 14 

Methods  .............................................................................................................. 15 

Results and discussion  .............................................................................................. 19 

In silico modelling study   ................................................................................... 19 

Biological evaluation  ......................................................................................... 38 

Conclusion  ................................................................................................................ 45 

Conclusion and future work  ............................................................................... 45 

References  ................................................................................................................. 47 

Appendix  ................................................................................................................... 52 

Biodata of the author  ................................................................................................. 85

  



ix

LIST OF TABLES

Table No. Table Title Page 

1 
Chemical structures and docking scores of top ten 
compounds, co-crystallised ligand and reference 
TLCK obtained from the molecular docking studies 

20 

2 
The residues and types of interactions involved in 
binding of each compound in the active site of Kgp 
as well as their therapeutic uses 

22 

3 
IC50 values of gingipain K inhibitory activity for 
TLCK and olsalazine 

42 

  

  



x

LIST OF FIGURES

Figure No. Figure Title Page 

1 
3D structure of Kgp encompasses CSD, NSD and 
IgSF domain (pink: alpha-helix; yellow: beta 
sheet). 

9 

2 
Chemical structure of (A) KYT-36 and (B) COR 
388 

12 

3 
Ribbon representation of Lys-specific cysteine 
proteinase gingipain K in complex with KYT-36. 

20 

4 

Binding interaction between KYT-36 and the 
adjacent residues, (A) 3D ligand binding 
interaction diagram (ball and stick: ligand; yellow 
line: hydrogen bonding) (B) 2D ligand interaction 
diagram (purple line: hydrogen bonding). 

25 

5 

Binding interaction between TLCK and the 
adjacent residues, (A) 3D ligand binding 
interaction diagram (ball and stick: ligand; yellow 
line: hydrogen bonding; blue line: π-π stacking;
purple line: halogen bonding) (B) 2D ligand 
interaction diagram (purple line: hydrogen 
bonding; green line: π-π stacking; yellow line:
halogen bonding). 

27 

6 

Binding interaction between fludarabine and the 
adjacent residues, (A) 3D ligand binding 
interaction diagram (ball and stick: ligand; yellow 
line: hydrogen bonding) (B) 2D ligand interaction 
diagram (purple line:  hydrogen bonding). 

28 

7 

Binding interaction between phenylephrine and the 
adjacent residues, (A) 3D ligand binding 
interaction diagram (ball and stick: ligand; yellow 
line: hydrogen bonding; pink line: salt bridge; 
green line: pi-cation) (B) 2D ligand interaction 
diagram (purple line: hydrogen bonding; red-blue 
line: salt bridge; red line: pi-cation). 

29 

8 

Binding interaction between levetiracetam and the 
adjacent residues, (A) 3D ligand binding 
interaction diagram (ball and stick: ligand; yellow 
line: hydrogen bonding) (B) 2D ligand interaction 
diagram (purple line: hydrogen bonding). 

30 

9 

Binding interaction between midodrine and the 
adjacent residues, (A) 3D ligand binding 
interaction diagram (ball and stick: ligand; yellow 
line: hydrogen bonding; pink line: salt bridge) (B) 
2D ligand interaction diagram (purple line: 
hydrogen bonding; red-blue line: salt bridge). 

31 

10 
Binding interaction between formoterol and the 
adjacent residues, (A) 3D ligand binding 
interaction diagram (ball and stick: ligand; yellow 

32 



xi

line: hydrogen bonding; blue: π-π stacking) (B) 2D 
ligand interaction diagram (purple line: hydrogen 
bonding; green: π-π stacking). 

11 

Binding interaction between lamivudine and the 
adjacent residues, (A) 3D ligand binding 
interaction diagram (ball and stick: ligand; yellow 
line: hydrogen bonding) (B) 2D ligand interaction 
diagram (purple line: hydrogen bonding). 

33 

12 

Binding interaction between olsalazine and the 
adjacent residues, (A) 3D ligand binding 
interaction diagram (ball and stick: ligand; yellow 
line: hydrogen bonding) (B) 2D ligand interaction 
diagram (purple line: hydrogen bonding). 

34 

13 

Binding interaction between benazepril and the 
adjacent residues, (A) 3D ligand binding 
interaction diagram (ball and stick: ligand; yellow 
line: hydrogen bonding; blue line: π-π stacking;
green line: pi-cation) (B) 2D ligand interaction 
diagram (purple line: hydrogen bonding; green 
line: π-π stacking, red line: pi-cation). 

35 

14 

Binding interaction between ketorolac and the 
adjacent residues, (A) 3D ligand binding 
interaction diagram (ball and stick: ligand; yellow 
line: hydrogen bonding) (B) 2D ligand interaction 
diagram (purple line: hydrogen bonding). 

36 

15 

Binding interaction between diltiazem and the 
adjacent residues, (A) 3D ligand binding 
interaction diagram (ball and stick: ligand; yellow 
line: hydrogen bonding; green line: pi-cation; pink 
line: salt bridge) (B) 2D ligand interaction diagram 
(purple line: hydrogen bonding; red-blue line: salt 
bridge; red line: pi-cation). 

37 

16 
(A) Tryptic soy agar (TSA) plate streaked with P. 
gingivalis after 7 days of incubation. (B) P. 
gingivalis colonies on TSA plate. 

38 

17 
Blood agar plate streaked with P. gingivalis after 7 
days of incubation. 

39 

18 
Gram staining of P. gingivalis under 1000× 
microscope. 

40 

19 

Gingipain K activities of TLCK and top ten 
compounds at 50 µM (positive control: TLCK; 
negative control: untreated bacteria). All data 
represented the mean ± SD from 3 independent 
experiments with n=3 replicates. Compounds 
labelled with asterisk within the bar graph are 
significantly different based on the unpaired T-test 
(P < 0.05). 

41 

20 
Sigmoidal graphs of TLCK (reference) and 
olsalazine with their respective IC50 values. 

42 



xii

21 
Functional groups in (A) TLCK, positive control 
and (B) olsalazine that are deemed essential for 
gingipain K inhibitory activity. 

44 

  



xiii

List of Abbreviations

Abbreviation Meaning 
AD Alzheimer’s disease 
CP Chronic periodontitis  
P. gingivalis  Porphyromonas gingivalis  
Kgp Lysine-specific gingipain 
Rgp Arginine-specific gingipain 
CD Catalytic domain 
IgSF Immunoglobulin-superfamily domain 
NSD N-terminal subdomain 
CSD C-terminal domain 
FDA Food and Drug Administration 
PDB Protein Data Bank 
2D Two-dimensional 
3D Three-dimensional 
OPLS Optimized potentials for liquid simulations 
UV-Vis 
spectrophotometer 

Ultraviolet-Visible spectrophotometer 

SP Standard Precision 
TSA Tryptic soy agar 
eTSB Enriched Trypticase Soy Broth 
Tris·Cl Tris hydrochloride 
Ac-Lys-pNA Acetyl-L-Lysine 4-Nitroanilide 

TLCK 
Nα-Tosyl-L-lysine-chloromethyl-ketone 
hydrochloride 

NaCl Sodium chloride  
CaCl2 Calcium chloride  
NaN3 Sodium azide 
OD Optical density 
nm Nanometer  
μL Microliter  
mM Millimolar 
μM Micromolar  
Å Ångström 

 

 



1

CHAPTER 1

 

1. INTRODUCTION 

1.1. Background of Study  

Responsible for almost 30 million cases worldwide, Alzheimer’s disease (AD) is 

known as a long-term healthcare crisis with the absence of effective treatments or 

preventive measures [1]. According to the World Health Organisation (WHO), the 

prevalence of this disease is estimated to be doubled in the coming decades [1]. AD is 

a slowly progressive neurodegenerative disorder that is characterised by the 

accumulation of protein fragment amyloid-beta (plaques) and the formation of twisted 

protein tau strands (tangles) inside the neurons [2]. Patients with AD exhibit 

neuroinflammation, along with an activation of microglial, and inflammasome as well 

as alteration of cytokine profiles [3]. They may also deficit in physical and emotional 

functions such as loss of independence, functional disability, depression and 

neuropsychiatric symptoms in addition to the cognitive effects of the disease.  

 

As AD is a progressive disease, it imposes several burdens to the patients, caregivers 

as well as public-health system. Specifically, the mounting costs for AD including 

physician visits, prescription medication use, hospice care, informal caregiving, and 

quality of life (e.g. transportation costs, home safety modifications and costs of making 

necessary modifications to AD patient’s diet) are associated with significant clinical

and economic burdens [4, 5]. Thus far, AD patients solely rely on the symptomatic 

treatments as the main therapy while diagnostic options for AD patients remain 

inadequate [6]. Researchers are presently focusing on the disease-modifying 
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treatments in drug discovery and development of AD, which target the primary 

pathophysiology of AD to prevent or slowdown the progression of AD. In recent years, 

researchers have discovered and postulated that infectious agents are indeed present in 

the brain of Alzheimer's patients [7]. 

 

Several infectious agents have been proposed as triggers of Alzheimer’s disease, 

including Chlamydia pneumonia, Borrelia burgdorfer and Porphyromonas gingivalis 

[8]. Among these microbes, Porphyromonas gingivalis (P. gingivalis) is the subject of 

interest in this study. Over the past few years, more evidence has emerged correlating 

P. gingivalis with the AD pathogenesis. It belongs to phylum Bacteriodetes and is an 

anaerobic rod-shaped, Gram negative bacterium. Such bacterium has been implicated 

as a keystone pathogen in the development of chronic periodontitis (CP) [9]. CP is an 

inflammatory disease that is initiated by microorganisms in oral cavity, which cause 

inflammation of gums (gingivitis), ultimately leading to tooth loss and tissue 

destruction [10, 11]. Toxic virulence factors secreted by P. gingivalis include cysteine 

proteases that break down proteins within the infected tissues [12]. The cysteine 

proteases, referred to as lysine-gingipain (gingipain K, Kgp) and arginine-gingipain 

(gingipain R, Rgp) have specific cleavage site. Kgp and Rgp cleave polypeptides after 

lysine residues or arginine residues respectively, resulting in peptides with carboxy-

terminal lysine or arginine residues [12, 13]. The proteolytic activities of gingipains 

contribute to the processing or maturation of numerous cell-surface proteins of P. 

gingivalis, which are essential for the bacterium to colonize, proliferate in a gingival 

crevice as well as to invade the periodontium. In addition, gingipains are crucial for 

the survival and pathogenicity of P. gingivalis as the proteolytic activity provides 

nutrients to the bacterium [14].  
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Recently, gingipains inhibition may provide a mechanism to modulate AD 

neuropathologies. A number of studies revealed that inhibition of gingipain K may be 

an effective strategy for treating AD, especially for individuals with concomitant CP. 

Gingipain K inhibition reduced P. gingivalis abundance present in the brain and 

alleviate the neurotoxic effect of P. gingivalis infection. Specifically, gingipain K has 

been shown neurotoxic in vivo and in vitro, causing detrimental effect via tau 

proteolysis [15]. Tau protein is crucial for microtubules destabilization; tau 

degradation by gingipains and subsequently hyperphosphorylation may result in 

microtubules destabilization, which ultimately lead to synaptic loss [7, 16, 17]. To date, 

few research have reported on small molecule inhibitors of the gingipain K. Thus, in 

this study, drug repositioning or repurposing approach is being adopted to discover 

potential inhibitors for the protease. It is a process of discovering new indications for 

the existing drugs [18]. As compared to conventional discovery and development of 

new drug compounds, drugs that are approved by the Food and Drug Administration 

(FDA) and repurposed can go directly to pre-clinical studies and clinical trials, which 

reduces the lengthy amount of time for preclinical drug development and costly risks 

of failure. From the safety perspective, these existing drugs have also been shown to 

be safe in prior preclinical and clinical trials [19, 20].  

 

In the present project, a structure-based virtual screening on the gingipain K was 

carried out to evaluate the binding interactions of compounds from the ZINC 15 

database consisting of FDA approved drugs. Compounds of interest was then selected 

for subsequent biological screening of their inhibitory activities against the gingipain 
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K to identify hit molecules that may show potential as inhibitors for such protease. 

Structural determinants for inhibition of the protease were eventually analyzed and 

elucidated. Moreover, structural information gathered from the study could provide 

insights to rational drug design of new inhibitors of gingipain K as potential treatment 

strategy for AD. 
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1.2. Research Objectives

 
1. To perform molecular docking with 300 selected compounds from ZINC 15 

database to screen and evaluate their binding interactions in the active site of 

Porphyromonas gingivalis gingipain K. 

2. To conduct gingipain K assay on selected compounds for their inhibitory activity 

against gingipain K. 

 

 
1.3. Research Hypothesis  

H0: This project is an exploratory type of research and it is not hypothesis-driven. 

H1: This project is an exploratory type of research and it is not hypothesis-driven. 

 

1.4. Research Questions  

Can the structure-based virtual screening identify hit from the 300 FDA-approved 

drugs retrieved from the ZINC 15 database as potential Porphyromonas gingivalis 

gingipain K inhibitor? What are the important structural features for binding to the 

active site of Porphyromonas gingivalis gingipain K and its inhibition? 
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CHAPTER 2

 

2. LITERATURE REVIEW  

2.1. Porphyromonas gingivalis  

P. gingivalis is a Gram negative, non-motile, coccobacillus shaped and obligatory 

anaerobic bacteria that exists in subgingival sulcus of human oral cavity [21]. Due to 

low sugar level in deep periodontal pocket, it gains energy through the amino acid 

fermentation [22]. According to Baek et al. [23], P. gingivalis strains have been 

classified into invasive and non-invasive strain, at which the non-invasive strain is less 

virulent than that of invasive strain. It exerts several impacts, including commensal 

bacterial community restoration which causes dysbiosis, innate immunity 

dysregulation as well as inflammatory bone loss [24]. It is also found to interact and 

co-aggregate with other microorganisms, such as Fusobacterium nucleatum and 

Streptococcus gordonii to form communities and efficiently colonizes subgingival 

sulcus [25]. P. gingivalis pathogenicity is attributed to several surface associated 

virulence factors, including gingipains (cysteine proteinases), haem-binding protein, 

fimbriae, lipopolysaccharide as well as outer membrane transport proteins [26]. These 

factors are essential for the microorganism's survival by promoting biofilm 

development and evading host defensive systems. 

 

2.2. Gingipains 

Gingipains are trypsin-like cysteine proteases which contribute 85% of P. gingivalis 

proteolysis activity [27]. It is generally divided into two groups, arginine gingipain 

(RgpA and RgpB) and lysine gingipain (Kgp), which are present in both soluble and 
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membrane-bound forms [28]. Kgp is encoded by single genetic locus, namely kgp gene 

whereas RgpA/B is encoded by rgpA/B. Pro-gingipains (inactive zymogens) initially 

undergoes post-translational proteolytic process and glycosylation. After that, 

gingipains are secreted as a stable complex of proteolytic and hemagglutinin-adhesin 

domains, which refer to RgpA and Kgp or monomeric form, which is RgpB. Based on 

the P. gingivalis strain selected, gingipains can either be attached to the surface of the 

bacterial or released into the extracellular environment as soluble form [28]. 

 

Kgp and RgpA/B are capable of forming fimbriae and activating host systems to 

induce gingival inflammation and gingival crevicular fluid formation. Besides, both 

gingipains are also able to degrade many proteins including complement system 

proteins, integrin, collagen, immunoglobulins as well as cytokines such as interferon-

γ and interleukin (IL)-1β, IL-6, IL-8 [29]. Specifically, Kgp is able to degrade 

connective tissues, plasma proteins and fibrinogen as well as to prolong duration of 

clotting, whereas Rgp can degrade bacterial proteins and iron-transporting proteins, 

and inactivate the host proteinase inhibitors [30, 31]. Indeed, all of these factors 

collectively contribute to the virulence of P. gingivalis.  
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2.3. Structure and functions of lysine-gingipain, Kgp

Gingipain K has a strong preference for substrates with lysine in P1 position [32].  It 

encompasses a catalytic domain (CD) (subdivided into N-terminal and C-terminal 

subdomain) and an immunoglobulin-superfamily domain (IgSF) (Figure 1). Based on 

de Diego et al., the overall structure of Kgp resembles a tooth, whereby IgSF features 

as a root and CD represents the crown. The active site is located at the cusp [33]. The 

globular CD is a competent cysteine peptidase domain in the Kgp, which is separated 

into a smaller N-terminal subdomain (NSD) and a larger C-terminal domain (CSD). 

NSD begins with a small helical segment on left side of the structure and amino acids 

form the polypeptide chain move downward along the surface by following an 

extended trace [33]. The CD also consists of four cation-binding sites, which are two 

sodium and two calcium ions that contributes to tertiary structure integrity [33]. 

 

Gorman et al. reported that Kgp catalytic (Kgpcat) domain structure comprises ten α-

helices surrounded by ten stranded β-sheet at central to form αβ sandwich domain [34]. 

On the other hand, the IgSF consists of six antiparallel β-strands, which are located on 

the opposite site from the substrate binding face of αβ domain [34]. The substrates are 

bound within the specificity pocket, which is S1 sub-site of the active-site cleft of Kgp 

[35]. The catalytic triad, Cys 477 – His 444 – Asp 388 is found essential for the 

catalytic mechanism of Kgp as determined based on high-resolution crystal structure 

of the competent fragments [33]. 
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Figure 1. 3D structure of Kgp encompasses CSD, NSD and IgSF domain (pink: alpha-
helix; yellow: beta sheet) [PDB ID: 6I9A]. [36] 

 

There have been numerous studies conducted to examine the virulence of P.gingivalis 

gingipains. Comparative studies on the virulence of isogenic mutants lacking RgpA/B 

and Kgp had revealed that Kgp played a greater significant role in P.gingivalis 

pathogenicity as compared to Rgp in the periodontal models and murine lesion [37]. 

Such cysteine protease binds and cleaves a wide range of host proteins in P.gingivalis 

mediated pathogenic processes [38]. This leads to generation of peptides or amino 

acids, which serve as nutrients for the P.gingivalis. Apart from that, P.gingivalis 

adherence to oral epithelial cells is also facilitated by Kgp, the binding of host 

epithelial cells/bacteria with Kgp may provide colonization of P. gingivalis [39]. 

Besides, it is also found to suppress the biofilm formation which is critical to the 

bacteria's capacity to endure stress signals outside the cytoplasmic membrane. Overall, 

Kgp is an important virulence factor responsible for the pathogenicity of P.gingivalis 

and it is considered as a promising target for the management of periodontitis. 

 

IgSF 

NSD 
CSD 
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2.4. Association between periodontitis and AD

Apart from being an oral pathogen, researchers had reported evidences on the 

implication of P. gingivalis in AD pathogenesis over the past few years. Rolim et al. 

[40] carried out the first interventional study related to AD in which they demonstrated 

that dental treatment was effective in patients with AD and had contributed to 

reduction in AD associated co-morbidities, followed by improvement in the functional 

cognitive decline. Furthermore, the epidemiological studies carried out by Leira et al. 

[41] and Lee et al. [42] demonstrated a significant association between AD and CP, 

whereby people suffering from AD are more prone to poor oral health conditions, 

particularly periodontitis. In addition, elderly with periodontal disease are also found 

to have an increased risk of developing AD as well as elevated the risk of cognitive 

function impairment. Taken together, these findings have indicated that the periodontal 

disease has a significant association with the occurrence of AD.  

 

Besides that, several animal studies on wild mice had indicated that P. gingivalis could 

travel to the brain, of which exacerbates AD pathology by inducing tau hydro-

phosphorylation, synaptic loss, neuroinflammation, neurodegeneration as well as 

amyloid plaque increment, which are the pathognomonic signs of AD [43-45]. Another 

study also showed that P. gingivalis invade and persist in the mature neuron, of which 

the infected neuron displays sign of AD-like neuropathology, including the 

accumulation of autophagic vacuoles and multi-vesicular body, cytoskeleton 

disruption, a rise in phosphotau/tau ratio as well as synapse loss [15]. A recent in vitro 

study by Dominy et al. [7] had reported tau protein as a substrate for P. gingivalis 

protease gingipains. P. gingivalis infiltration had been discovered in autopsy 

specimens from the brains of Alzheimer’s patients as well as in cerebrospinal fluid of
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Alzheimer’s patients. Elevated levels of the bacterial protease gingipain were observed 

in their brain tissues. Particularly, gingipain K was shown neurotoxic in vitro and in 

vivo, exerting detrimental effects via proteolysis on tau [7]. The protease slices up tau 

and leads to hyperphosphorylation, resulting in microtubules destabilization, and 

eventual synaptic loss. As a whole, these observations have highlighted the role of P. 

gingivalis as a potentially significant etiological agent in the AD pathogenesis.  

 

2.5. Inhibitors of P. gingivalis gingipain K 

Several studies of the Kgp inhibitors have been developed. The inhibitors have the 

potential to block inflammation and toxicity associated with the bacterial in 

periodontal disease and in the brain. Among the inhibitors, carbobenzoxy-

Glu(NHN(CH3)Ph)-Lys-CO-NHCH2Ph (KYT-36), with a Ki value of 7.5 × 10-5 µM 

(Figure 2) is a L-peptide-derived, bioavailable and highly selective Kgp inhibitor. It 

was found to be the most potent reversible inhibitors of Kgp thus far. The compound 

imposes the specificity of Kgp through cleavage between lysine and histidine residues, 

especially when the glutamic acid precedes lysine [33]. Kadowaki et al. revealed that 

KYT-36 is non-bactericidal and non-toxic to human cells, which demonstrated the 

reduction of proteolytic activity of Kgp. Treatment of KYT-36 with the culture 

supernatant of P. gingivalis also resulted in strong inhibition of the host proteins 

degradation and enhancement of vascular permeability [46]. According to Guevara et 

al. [30], the structural determinants of KYT-36 were determined to be the carbonyl 

group, amino group and amido group in the structure as according to the co-crystallised 

KYT-36 within the binding site of gingipain K protein. These important functional 

groups of KYT-36 were found to be hydrogen bonded with Thr 442, Gly 445, Asn 475, 
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Cys 477, Asn 510, Ser 511 and Trp 513. Besides, the carbonyl group was also 

covalently bonded with Cys 477, which acts as a nucleophile that attacks the scissile 

carbonyl carbon of a substrate [30]. These residues were found to be important towards 

the binding interaction and recognition. Nonetheless, KYT-36 has not undergone any 

clinical trials and hence its safety profile and efficacy in human being remain unsure. 

      

 

 
Figure 2. Chemical structure of (A) KYT-36 and (B) COR 388  

 

Dominy et al. had developed and examined the potent reversible and irreversible 

small-molecule inhibitors as disease modifying agents for AD [7]. Among the 

compounds, COR271 and COR286 were identified as irreversible inhibitor for Kgp 

and Rgp respectively. COR 271 was shown to provide certain level of neuroprotection, 

reduce the bacterial load in the brain and reduce the loss of neurons [47]. Likewise, 

COR 286 also showed effectiveness in reducing the loss of neurons and bacterial load, 

but its effectiveness is lower than that of COR271. Pre-treatment with a combination 

of both inhibitors COR271 and COR286 could block the neurodegeneration based on 

the in vivo study [7]. Recently, COR388 (Atuzaginstat) was found to be effective for 

the periodontal disease in in vivo study. It was identified as a highly potent and 

irreversible small molecule inhibitor of Kgp, at which it blocked the toxicity of the P. 

gingivalis, minimized the bacterial load in the brain and reduced the Kgp activity [7]. 

(A) (B) 
(A) (B) 
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Thus, these observations designate that the treatment with a potent and selective Kgp 

inhibitor may lessen P. gingivalis infection in the brain as well as slow down or prevent 

further neurodegeneration in AD patients. Nevertheless, AD patients treated with 

COR388 had failed to show significant results in slowing down the cognitive decline 

in the Phase II and III clinical trials [48]. Of note, the safety profile of these small 

molecule inhibitors should be further evaluated and confirmed in vivo due to their 

potential chemical reactivity or ability to interfere with activity of essential host 

proteases. 
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CHAPTER 3

 

3. MATERIALS AND METHODS 

3.1. Materials 

3.1.1. In Silico Modelling Study 

Compounds from ZINC 15 database, Schrodinger modelling software (Maestro 

version 12.7) and crystal structure of P. gingivalis gingipain K from RCSB Protein 

Data Bank (http://www.rcsb.org/). 

 

3.1.2.  Biological evaluation  

P. gingivalis bacterial culture ATCC 33277 strain, tryptic soy agar (Merck, Germany), 

Tryptic soy broth (Merck Germany), yeast extract (Condalab, Spain), L-cysteine 

hydrochloride (Calbiochem®, USA), hemin (Sigma-Aldrich, Germany), menadione 

(Sigma-Aldrich, Germany), AnaeroGenTM, Oxoid-Thermo Scientific chamber 

(Cambridge, UK), Dimethyl sulfoxide (DMSO; Sigma-Aldrich, Germany), drug 

compounds (Tokyo Chemical Industry, Japan; Targetmol, USA), sodium azide (NaN3; 

Sigma-Aldrich, Germany), Tris-hydrochloride (Tris HCl; Base-Asia, Singapore), 

sodium chloride (NaCl; Sigma-Aldrich, Germany), calcium chloride dihydrate 

(CaCl2·2H2O; Sigma-Aldrich, Germany), Nα-Tosyl-L-lysine chloromethyl ketone 

hydrochloride (TLCK; Sigma-Aldrich, Germany), Nα-Acetyl-L-lysine-4-nitroanilide 

hydrochloride (Ac-Lys-pNa; Bachem, Fisher Scientific), ultraviolet-visible (UV-Vis) 

spectrophotometer Spectroquant® Spectrophotometer Pharo 100 (Germany, EU) and 

microplate reader Tecan Infinite 200 PRO (Switzerland). 
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3.2. Methods

3.2.1. In Silico Modelling Study  

Schrodinger modelling software Maestro version 12.7 [36] was used for molecular 

docking simulation of the 300 FDA-approved drugs retrieved from ZINC 15 database 

[49] against P. gingivalis gingipain K (PDB ID: 6I9A) [30] to explore the interactions 

of compounds in the active binding pocket.  

 

3.2.1.1. Ligands and Protein Preparation  

In present study, a structure-cleaning step utilising LigPrep [50] was carried out to 

convert the compounds from two-dimensional (2D) structures to three-dimensional 

(3D), to generate stereoisomers as well as to determine the most probable ionization 

state at neutral at pH 7. Conformers for each compound was generated through 

ConfGen by applying Optimized Potentials for Liquid Simulations-2005 (OPLS-2005) 

force field method. The crystal structure of the P. gingivalis gingipain K was 

downloaded from Protein Data Bank (PDB) and was prepared using Protein 

Preparation module in Maestro 12.7 [51]. The crystallographic waters were removed, 

hydrogen bonding networks were automatically optimized and the resultant protein 

structure was energy-minimized prior to docking.  

 

3.2.1.2. Molecular Docking  

Docking grid was centred on the binding site of the reference compound, KYT-36 with 

grid coordinates of x: 3.41, y: -12.18, z: 11.12. The grid box encompassed the active 

site residues consisting of Asp 388, His 444, Gly 445, Cys 477, Trp 391, Tyr 512, Trp 
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513 and His 575. Glide Standard Precision (SP) method was used for docking 

calculations [52]. Binding interactions and poses of each compound with adjacent 

residues of binding pocket was analyzed. The top ten compounds with relatively high 

docking scores were selected and procured from commercial sources for the 

subsequent biological screening. The anti-bacterial drugs were excluded from the 

selection for biological evaluation.  

 

3.2.2. Biological Evaluation  

Ten compounds with the highest docking scores were evaluated via gingipain K assay 

in accordance with the protocols described by de Oliveira Caleare et al. [53] and 

Potempa et al. [54]. 

 

3.2.2.1. Cultivation of Porphyromonas gingivalis 

P. gingivalis (ATCC 33277) strain was cultivated on tryptic soy agar (TSA) plate 

which was pre-reduced in an anaerobic condition for more than 4 hours prior to usage 

(per 1 L, containing 40 g TSA, 5 g yeast extract, 10 mL of 5% L-cysteine enriched 

with 5 mL of 1 mg/mL hemin and 2 mL of 0.5 mg/mL menadione). The cultured plates 

were incubated under anaerobic conditions for 7 days at 37°C. The purity of the culture 

was checked by Gram staining. 

 

Liquid growth medium of enriched trypticase soy broth (eTSB) was composed as the 

method prepare TSA, but TSA replaced with TSB (30 g/L TSB). Approximately 5 mL 

of pre-reduced eTSB was inoculated in a 5 mL universal bottle and incubated with 



17

colonies from the TSA plate, which became the primary culture. When the primary 

culture became turbid upon the cultivation for 5 to 7 days, the mixture was shaken 

gently until the solution turned cloudy. In order to store the P. gingivalis, 80% glycerol 

solution was sterilized by autoclaving and 0.5 mL of aliquots was aseptically dispensed 

into the individual 2 mL Eppendorf tubes. 0.5 mL of the growing culture was pipetted 

and added into each tube. The tubes were mixed by inverting the tubes a few times and 

sealed tightly. They were arranged vertically in a test tube rack and were immediately 

transferred into the −80°C freezer for storage. 

 

3.2.2.2. Gingipain K Enzymatic Activity Assay 

A seven-day culture of P. gingivalis on TSA plate was suspended in the gingipain 

assay buffer, containing 200 mM Tris-hydrochloride (Tris·Cl) at pH 7.6, 5 mM 

calcium chloride (CaCl2), 150 mM sodium chloride (NaCl) and 0.02% sodium azide 

(NaN3) with fresh neutralised 10 mM L-cysteine HCl to an OD660 of 0.03 via UV-Vis 

spectrophotometer [53, 54]. 

 

100 μL of the gingipain assay buffer with harvested P. gingivalis was transferred to 

96-well flat-bottom plates. 90 μL of the diluted samples, containing the respective test

compounds at 50 µM (TLCK, a specific inhibitor for Kgp or ten selected compounds) 

were added into the wells, mixed well by pipetting up and down a few times and 

incubated at 37°C for 10 minutes [53, 54]. 10 μL of substrate, Ac-Lys-pNA for 

determination of Kgp activity was supplemented at 0.5 mM and the absorbance was 

read at λ = 405 nm using a microplate reader over a period of 15 minutes. Each sample 

was performed triplicates (n=3). The untreated bacterial culture was employed as a 
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negative control (= 100%). The graph of percentage of gingipain K activity against 

drug concentration was plotted using GraphPad Prism version 9.3.1 [55].  

 

3.3. Statistical analysis 

The results were presented the mean ± standard deviation (mean ± SD) of at least two 

independent experiments with n=3 replicates. Data were analysed by unpaired t-test 

via GraphPad Prism version 9.3.1. P < 0.05 was regarded as statistically significant (*) 

[55]. 
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CHAPTER 4

 

4. RESULTS AND DISCUSSION  

4.1. In silico modelling study  

The crystal structure of P. gingivalis gingipain K (PDB ID: 6I9A) with a resolution 

value of 1.20 Å [30] was used in the molecular docking study, as shown in Figure 3. 

In brief, the CD of Kgp is subdivided into CSD and NSD, whereby NSD consists of 

four β-sheets that are parallel to each other and CSD consists of six β-sheets with the 

innermost strand being anti-parallel with other strands. Both NSD and CSD have α-

helices on either side of the sheet. The active site of Kgp is located at the top of CSD 

as according to the study by Guevara et al. [30].  

 

All the 300 FDA-approved drugs (list of drug compounds in Appendix I) from ZINC 

15 database were docked into the active site of gingipain K and the binding poses and 

interactions of all the compounds were evaluated.  Based on the docking scores, the 

top ten compounds with comparatively high docking scores were selected for further 

illustration. A more negative docking score corresponds to stronger binding, of which 

the drug compound is more likely to bind tightly inside the binding cavity of the 

targeted protein [56]. These top ten compounds and their corresponding docking scores 

were listed in Table 1.  
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Figure 3. Ribbon representation of Lys-specific cysteine proteinase gingipain K in 
complex with KYT-36. [30] 

 

Table 1. Chemical structures and docking scores of top ten compounds, co-crystallised 
ligand and reference TLCK obtained from the molecular docking studies 

Compounds Chemical structure 
Docking score 

(kcal/mol) 

KYT-36 
(co-

crystallised 
ligand) 

 

-8.242 

TLCK 
(positive 
control) 

 

-5.493 

Fludarabine 

 

-7.75 

Phenylephrine 

 

-7.642 

KYT-36 
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Levetiracetam 

 

-7.466 

Midodrine 

 

-7.219 

Formoterol 

 

-6.938 

Lamivudine 

 

-6.890 

Olsalazine 

 

-6.755 

Benazepril -6.730 

Ketorolac -6.665 

Diltiazem -6.627 
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Table 2. The residues and types of interactions involved in binding of each compound 
in the active site of Kgp as well as their therapeutic uses [57] 

Compounds Therapeutic uses 

Residues involved 
in interaction 

between 
compound and 

gingipain K 

Types of 
interactions 

KYT-36 - 
Gly 445, Asn 475, 
Cys 477 and Trp 
513 

Hydrogen bond 

TLCK - 
Thr 442, Gly 445, 
Cys 477, Ser 511 
and Trp 513 

Hydrogen bond, 
halogen bond, π-
π stacking 

Fludarabine 
Chronic lymphocytic 
leukemia 

Gly 445, Asn 475 
and Ser 511 

Hydrogen bond 

Phenylephrine Hypotension  
Gly 445, Cys 477, 
Asn 475, Trp 513 
and Asp 516 

Hydrogen bond, 
salt bridge, pi-
cation 

Levetiracetam Seizure (epilepsy) 
Ser 511, Trp 513 
and His 575 

Hydrogen bond  

Midodrine Orthostatic hypothension 
Thr 442, Ala 443, 
Gly 445, Ser 511 
and Asp 516 

Hydrogen bond, 
salt bridge 

Formoterol 
Asthma and chronic 
obstructive pulmonary 
disease 

Ala 443, His 444, 
Gly 445, Trp 513 
and His 575 

Hydrogen bond, 
π-π stacking 

Lamivudine 
HIV and hepatitis B 
infection 

Gly 445 and Cys 
477 

Hydrogen bond 

Olsalazine 
Ulcerative colitis and 
inflammatory bowel 
disease  

Trp 391, Ala 443 
and Gly 445 and 
Cys 477 

Hydrogen bond  

Benazepril Hypertension  
His 444, Cys 477, 
Ser 511, Trp 513 
and Tyr 512 

Hydrogen bond, 
π-π stacking, pi-
cation 

Ketorolac 

Moderate to severe pain, 
such as rheumatoid 
arthritis, osteoarthritis, 
ankylosing spondylitis, 
menstrual disorders, and 
headaches 

Gly 445, Cys 477 
and Trp 513

Hydrogen bond 

Diltiazem 
Hypertension and control 
angina 

Gly 445, Asp 516, 
Trp 513 and His 
 444 
 

Hydrogen bond, 
π-π stacking, pi-
cation, salt 
bridge 

Cys: cysteine; Gly: glysine; Ala: alanine; Asp: aspartic acid; Ser: serine; Trp: 
tryptophan; Asn: asparagine; His: histidine; Tyr: tyrosine; Thr: threonine; π-π stacking: 
pi-pi stacking; residues highlighted in bold font: previously reported as important 
residues in binding interaction and recognition. 
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All of the top ten compounds were found to bind in the active site of the gingipain K 

(Figure 4). Their binding interactions with adjacent residues were analyzed and 

summarized in Table 2. These compounds were observed to show binding interactions, 

primarily the hydrogen bonding, π-π stacking, salt bridge and pi-cation interactions 

with residues in vicinity. The common residues involved in the binding interactions 

were Trp 391, Thr 442, Ala 443, His 444, Gly 445, Asn 475, Cys 477, Ser 511, Tyr 

512, Trp 513, Asp 516 and His 575. The presence of functional groups in the ligands, 

such as carbonyl group, amines, amido group and hydroxyl groups contributed to the 

hydrogen bonding interaction, while π-π stacking interactions were contributed by the 

presence of aromatic rings. Besides, the presence of amines also contributed to the 

formation of salt bridges and pi-cation interactions. All of these interactions were 

considered important towards the binding of ligands within the binding pocket of 

gingipain K. These findings were consistent with that of Guevara et al. and de Diego 

et al., which had previously reported that KYT-36 interacted with adjacent residues 

through hydrophobic interactions, pseudo-covalent bonding, hydrogen bonding and 

salt bridge [30, 33]. Residues such as Trp 391, His 444, Gly 445, Cys 477, Tyr 512, 

Trp 513 and His 575 were shown to play the important roles in ligand binding and 

recognition [30, 33].  

 

  



24

4.1.1. Binding interactions between the compounds and Kgp

KYT-36, a co-crystallized ligand was observed to form hydrogen bonding with Gly 

445 (1.88 Å; 1.86 Å), Cys 477 (2.79 Å), Asn 475 (1.98 Å) and Trp 513 (2.66 Å). Five 

hydrogen bonding were made by KYT-36 with the adjacent residues via the carbonyl 

group (-C=O), amino group (NH2) and amido (-NH) group present in the ligands 

(Figure 4). In details, the oxygen atom of carbonyl group present in the ligand 

interacted with the hydrogen atom from the side chain of residues, namely Trp 513 

(2.66 Å), Gly 445 (1.88 Å) and Cys 477 (2.79 Å). Besides, the oxygen atom of 

carbonyl group on the backbone of adjacent residue, Gly 445 (1.86 Å) also interacted 

with the hydrogen atom of the amido group in the ligand. The amino group of the 

ligand also engaged with the oxygen atom present on the backbone of Asn 475 (1.98 

Å). 
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Figure 4. Binding interaction between KYT-36 and the adjacent residues, (A) 3D 
ligand binding interaction diagram (ball and stick: ligand; yellow line: hydrogen 
bonding) (B) 2D ligand interaction diagram (purple line: hydrogen bonding). 

 

  

(A) 

(B) 
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Nα-tosyl-l-lysine chloromethyl ketone hydrochloride (TLCK) is a known gingipain K 

inhibitor, which was later used as a positive control in the gingipain K enzymatic assay. 

It was shown to interact with adjacent residues, such as Ser 511 (2.19 Å), Thr 442 

(1.90 Å), Cys 477 (2.43 Å), Gly 445 (2.62 Å) to form hydrogen bonding (Figure 5). 

Specifically, the oxygen atom on the side chain of Ser 511 (2.19 Å) and the oxygen 

atom on the side chain of Thr 442 (1.90 Å) were engaged with the hydrogen atom of 

sulphonamide group and amine group of the ligand, respectively, whereas the 

hydrogen atoms on the backbone of Cys 477 (2.43 Å) and Gly 445 (2.62 Å) formed 

two hydrogen bonding with the oxygen atom of the carbonyl group in the ligand. Other 

than the hydrogen bonding interaction, the aromatic ring also engaged in π-π stacking 

interaction with adjacent Trp 513 while halogen group (chlorine atom) formed a 

halogen bonding with Gly 445 (2.58 Å).  
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Figure 5. Binding interaction between TLCK and the adjacent residues, (A) 3D ligand 
binding interaction diagram (ball and stick: ligand; yellow line: hydrogen bonding; 
blue line: π-π stacking; purple line: halogen bonding) (B) 2D ligand interaction 
diagram (purple line: hydrogen bonding; green line: π-π stacking; yellow line: halogen
bonding). 

  

(A) 

(B) 
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Fludarabine, as shown in Figure 6, made three hydrogen bonding interactions with the 

adjacent residues, Ser 511 (1.91 Å; 1.77 Å) and Asp 516 (1.93 Å) through its hydroxyl 

groups. Additionally, the adjacent residue Gly 445 (1.72 Å; 1.83 Å) also formed two 

hydrogen bonding interactions with the nitrogen atom on the imidazole ring and amino 

group present in the ligand. 

 

Figure 6. Binding interaction between fludarabine and the adjacent residues, (A) 3D 
ligand binding interaction diagram (ball and stick: ligand; yellow line: hydrogen 
bonding) (B) 2D ligand interaction diagram (purple line:  hydrogen bonding). 

  

(A) 

(B) 
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The compound, phenylephrine was found to form hydrogen bonding interactions with 

the adjacent residues, Cys 477 (2.67 Å), Gly 445 (2.00 Å) and Asp 516 (2.21 Å) 

through hydroxyl groups (Figure 7). Another two hydrogen bonding interactions were 

formed through interaction of the Asn 475 (1.78 Å) and Asp 516 (1.64 Å) with NH2
+ 

cation present in the ligand. On top of the hydrogen bonding interactions, NH2
+ cation 

also formed the salt bridge interaction and pi-cation interaction with Asp 516 (1.64 Å) 

and Trp 513 (4.49 Å), respectively.  

 

Figure 7. Binding interaction between phenylephrine and the adjacent residues, (A) 
3D ligand binding interaction diagram (ball and stick: ligand; yellow line: hydrogen 
bonding; pink line: salt bridge; green line: pi-cation) (B) 2D ligand interaction diagram 
(purple line: hydrogen bonding; red-blue line: salt bridge; red line: pi-cation). 

(A) 

(B) 
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Levetiracetam (Etiracetam), as shown in Figure 8, formed hydrogen bonding 

interactions with the adjacent residues, Ser 511 (1.80 Å), Trp 513 (2.03 Å) and His 

575 (2.0 Å). The amino group on the backbone of both residues, Trp 513 (2.03 Å) and 

His 575 (2.0 Å) formed hydrogen bonding with the carbonyl group present in the 

ligand. The amido (-NH2) group also engaged in a hydrogen bonding with Ser 511 

(1.80 Å) in proximity. 

 

Figure 8. Binding interaction between levetiracetam and the adjacent residues, (A) 3D 
ligand binding interaction diagram (ball and stick: ligand; yellow line: hydrogen 
bonding) (B) 2D ligand interaction diagram (purple line: hydrogen bonding). 

  

(A) 

(B) 
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For midodrine, it was observed that Ser 511 (1.80 Å) interacted with the hydroxyl 

group via hydrogen bonding interaction. Ala 443 (2.06 Å) and Gly 445 (2.25 Å) 

formed hydrogen bonding interactions with amido (-NH) group and oxygen atom of 

the methoxy group, respectively (Figure 9). Besides, Thr 442 (1.81 Å) and Asp 516 

(2.09 Å) were also found to form two hydrogen bonding interactions with ammonium 

cation (NH3
+) of the ligand. Apart from this, NH3

+ could also formed a salt bridge 

interaction with Asp 516 (3.01 Å).  

 

Figure 9. Binding interaction between midodrine and the adjacent residues, (A) 3D 
ligand binding interaction diagram (ball and stick: ligand; yellow line: hydrogen 
bonding; pink line: salt bridge) (B) 2D ligand interaction diagram (purple line:
hydrogen bonding; red-blue line: salt bridge). 

 

(A) 

(B) 
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In formoterol, as illustrated in Figure 10, five hydrogen bonding interactions were 

formed with the nearby residues, Trp 513 (1.95 Å), His 444 (2.57 Å), Ala 443 (2.23 

Å; 2.15 Å) and Gly 445 (2.16 Å) through hydroxyl group and amido (-NH) group of 

the ligand. Besides, His 575 also formed π-π stacking with the aromatic ring present

in the ligand. 

 

Figure 10. Binding interaction between formoterol and the adjacent residues, (A) 3D 
ligand binding interaction diagram (ball and stick: ligand; yellow line: hydrogen 
bonding; blue: π-π stacking) (B) 2D ligand interaction diagram (purple line: hydrogen 
bonding; green: π-π stacking). 

  

(A) 

(B) 
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Lamivudine (Epivir) was found to form three hydrogen bonding interaction with 

residues, Thr 442 (2.04 Å), Gly 445 (2.16 Å) and Cys 477 (1.79 Å) (Figure 11). The 

amino groups on the backbone of Gly 445 (2.16 Å) and Cys 477 (1.79 Å) acted as 

hydrogen bond donor and formed hydrogen bonding interactions with the hydrogen 

bond acceptor, the oxygen atom of carbonyl group in the ligand, whereas Thr 442 (2.04 

Å) formed a hydrogen bonding interaction with the hydroxyl group in the ligand.   

 

Figure 11. Binding interaction between lamivudine and the adjacent residues, (A) 3D 
ligand binding interaction diagram (ball and stick: ligand; yellow line: hydrogen 
bonding) (B) 2D ligand interaction diagram (purple line: hydrogen bonding). 

 

(A) 

(B) 
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Based on Figure 12, olsalazine formed hydrogen bonding interactions with the 

adjacent residues, namely Gly 445 (2.28 Å), Cys 477 (1.99 Å) and Ala 443 (1.61 Å) 

via hydroxyl group of the ligand. The Gly 445 (2.07 Å) also formed hydrogen bonding 

with the carboxylate group of the ligand. Besides, Trp 391 (1.69 Å) engaged in a 

hydrogen bonding with the oxygen atom of the carbonyl group in the ligand.  

 

Figure 12. Binding interaction between olsalazine and the adjacent residues, (A) 3D 
ligand binding interaction diagram (ball and stick: ligand; yellow line: hydrogen 
bonding) (B) 2D ligand interaction diagram (purple line: hydrogen bonding). 

  

(A) 

(B) 
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For benazepril, there were two hydrogen bonding interactions formed with the 

surrounding residue, Cys 477 (2.32 Å) and Trp 513 (1.98 Å) via oxygen atom of the 

two carbonyl groups (Figure 13). The NH2
+ cation formed another hydrogen bonding 

interaction with Ser 511 (1.81 Å). Apart from that, the aromatic ring of the ligand 

formed π-π stacking with His 444 (4.97 Å), while the same NH2
+ cation engaged in 

the pi-cation interaction with the adjacent residue, Tyr 512. 

Figure 13. Binding interaction between benazepril and the adjacent residues, (A) 3D 
ligand binding interaction diagram (ball and stick: ligand; yellow line: hydrogen 
bonding; blue line: π-π stacking; green line: pi-cation) (B) 2D ligand interaction 
diagram (purple line: hydrogen bonding; green line: π-π stacking, red line: pi-cation). 

(A) 

(B) 
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There were three hydrogen bonding interactions found in the compound, ketorolac 

with the neighbouring residues, such as Gly 445 (2.19 Å), Cys 477 (1.77 Å) and Trp 

513 (1.92 Å) (Figure 14). All the residues interacted with oxygen atom of the carbonyl 

group in the ligand.  

Figure 14. Binding interaction between ketorolac and the adjacent residues, (A) 3D 
ligand binding interaction diagram (ball and stick: ligand; yellow line: hydrogen 
bonding) (B) 2D ligand interaction diagram (purple line: hydrogen bonding). 

  

(A) 

(B) 
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The compound, diltiazem was found to form one hydrogen bonding interaction with 

the adjacent residue Gly 445 (2.03 Å) through a carbonyl group (Figure 15). In 

addition, the ligand also formed pi-cation and salt bridge interactions with the 

surrounding residues, Trp 513 and Asp 516 via its NH+ cation. One of the aromatic 

rings in the ligand contributed to the formation of π-π stacking with His 444.  

 

Figure 15. Binding interaction between diltiazem and the adjacent residues, (A) 3D 
ligand binding interaction diagram (ball and stick: ligand; yellow line: hydrogen 
bonding; green line: pi-cation; pink line: salt bridge) (B) 2D ligand interaction diagram 
(purple line: hydrogen bonding; red-blue line: salt bridge; red line: pi-cation). 

  

(A) 

(B) 
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4.2. Biological evaluation  

4.2.1. Cultivation and growth characteristics of P. gingivalis  

P. gingivalis is an obligate anaerobe with optimum growth condition of 37°C and has 

distinctive odour due to the abundance of volatile fatty acid produced during the 

growth [54, 58]. It grew visible colonies after 7 days of incubation, as shown in Figure 

16 (A) and (B). On TSA plates, P. gingivalis formed colonies 0.5 – 3 mm in diameter 

with circular, convex, smooth surface, protuberant and lustrous, as demonstrated in the 

study reported by Hudspeth et al. [59].  

 

 

Figure 16. (A) Tryptic soy agar (TSA) plate streaked with P. gingivalis after 7 days 
of incubation. (B) P. gingivalis colonies on TSA plate. 

 

The bacteria culture was also streaked on the blood agar plates. It formed black-

pigmented line on blood agar plate after 7 days of anaerobic incubation (Figure 17). 

This is phenomenon is due to the oxidation heme (present in the media) to form hemin 

and accumulated on the cell surface [21]. Hemin, [Fe(III)‐protoporphyrin IX‐Cl] is 

an essential nutrient for the growth of P. gingivalis and thus derived them from the 

host organism [60]. P. gingivalis secreted gingipains, which are essential for the 

(A) (B) 
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formation of black hemi-pigment, µ-oxo-bisheme {[Fe(III)PPIX]2 O}. The black 

pigment is obtained from haemoglobin and accumulated on the cell surface of bacterial, 

forming distinctive black colonies when cultivated on blood agar plate [61]. 

 

  

Figure 17. Blood agar plate streaked with P. gingivalis after 7 days of incubation. 

 

The characterisation of P. gingivalis was examined by gram staining. Through a series 

of staining and decolourisation steps, the bacteria were distinguished by their reddish-

pink colour, which indicated Gram negative bacteria. Besides, the morphology of P. 

gingivalis was observed under light microscope (Magnification: 1000×), it appeared 

as non-motile, coccobacillus, diplococci shaped bacterium surrounded with a capsule 

(Figure 18). Results from this work corroborated with other researchers who reported 

similar observations [61]. The identity of this bacteria was further validated by a FYP 

student from TARUC through DNA sequencing of P. gingivalis 16s rRNA.    
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Figure 18. Gram staining of P. gingivalis under 1000× microscope. 

 

4.2.2. Gingipain K enzymatic assay 

The top ten compounds with relatively high docking scores were later subjected to 

gingipain K assay to determine their inhibitory activity against the gingipain K. In this 

assay, the substrate Ac-Lys-ρNa was cleaved by Kgp at amino acid residues preceding 

the lysine, hence, it was indicated the presence of the gingipain K activity [54]. 

According to the previous studies, the compounds were screened at 50 µM [54, 62]. 

Hence, TLCK and the top ten compounds (fludarabine, phenylephrine, levetiracetam, 

midodrine, formoterol, lamivudine, olsalazine, benazepril, ketorolac and diltiazem) 

were also screened at the same concentration in the present study. TLCK is available 

commercially. It is a commonly used positive control in gingipain K enzymatic assay 

and has demonstrated efficient inhibitory activities against this enzyme [54, 61]. The 

IC50 point was required to be in the middle of the sigmoidal curve. When the 

compounds screened at 50 µM, it gave a brief idea on the concentration range to 

determine the IC50. With that, the concentration range was planned out accordingly to 

ensure that the IC50 falls in the middle of the curve.  

Diplococci 

Surrounded 
with capsule 
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Based on the results of gingipain K enzymatic assay, nine drug compounds (except 

ketorolac) was observed to have reduction of gingipain K activity at 50 µM (Figure 

19). Among these nine compounds, 50 µM of olsalazine was observed to exert the 

highest reduction of gingipain K activity by 32.43% as compared to the negative 

control (untreated bacteria). Hence, olsalazine was subsequently selected for 

determination of its IC50 value.  
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Figure 19. Gingipain K activities of TLCK and top ten compounds at 50 µM (positive 
control: TLCK; negative control: untreated bacteria). All data represented the mean ± 
SD from 3 independent experiments with n=3 replicates. Compounds labelled with 
asterisk within the bar graph are significantly different based on the unpaired T-test (P 
< 0.05). 

 

The IC50 value determination for olsalazine and TLCK were plotted and shown in 

Figure 20. Based on the results, the positive control, TLCK recorded an IC50 value of 
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105.70 ± 22.36 µM. On the other hand, olsalazine was shown to attain an IC50 value 

of 93.44 ± 1.89 µM (Table 3), which showed stronger inhibitory action as compared 

to TLCK.  

 

Table 3. IC50 values of gingipain K inhibitory activity for TLCK and olsalazine 

Compound IC50 of gingipain K inhibitory activity (µM) * 
TLCK 

(positive control) 
105.70 ± 22.36 

Olsalazine 93.44 ± 1.89 
*Data in mean ± SD from >2 independent experiments with n=3 replicates 
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Figure 20. Sigmoidal graphs of TLCK and olsalazine with their respective IC50 
values.  
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TLCK has been previously reported as a potential inhibitor to inhibit the Kgp activity. 

The sulfonyl and amino groups of TLCK were found to be important functional groups 

for gingipain K inhibitory activity by forming the hydrogen bonding interactions with 

the surrounding residues [34]. This is consistent with the molecular docking results 

that indicated the interaction of both sulfonyl and amino groups of TLCK through 

hydrogen bonding with surrounding residues of gingipain K binding pocket. Moreover, 

the carbonyl group and aromatic ring of the ligand also play their roles in engaging 

with the nearby residues. These structural features are deemed crucial for the gingipain 

K inhibitory activity of TLCK (Figure 21). As for the olsalazine, the hydroxyl and 

carboxylate groups were postulated to be important for the binding and inhibitory 

activity against gingipain K (Figure 21) upon the molecular docking and biological 

evaluations. From the docking study, olsalazine was found to be hydrogen bonded with 

nearby residues such as Gly 445, Cys 477 and Ala 443 through the hydroxyl group of 

the ligand. Gly 445 and Trp 391 were also engaged in hydrogen bonding with the 

carboxylate and carbonyl groups of the ligand, respectively. By comparing with other 

nine compounds, five hydrogen bonding interactions formed between the olsalazine 

with the important residues such as Trp 391, Gly 445 and Cys 477 were considered 

important towards the binding of ligands within the binding pocket of gingipain K, 

which could have led to the higher inhibitory activity as observed in olsalazine.  

 

As an FDA-approved drug, olsalazine is an anti-inflammatory (non-steroid) drug 

indicated for the treatment of inflammatory bowel disease and ulcerative colitis. 

Interestingly, recent research has linked inflammatory bowel disease to the 

development of neurodegenerative diseases through the gut-brain axis. Researchers 

have also reported that inflammatory bowel disease has the greatest impact on the 
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subsequent development of Alzheimer’s disease [62, 63]. Furthermore, non-steroid 

anti-inflammatory drug has also been shown to be promising in alleviating the risk of 

AD [64]. These findings have highlighted the additional benefit that olsalazine can 

confer towards the treatment of AD. Therefore, olsalazine is considered as a potential 

drug candidate for further development as alternative therapeutic agent for AD. 

 

Figure 21. Functional groups in (A) TLCK, positive control and (B) olsalazine that 
are deemed essential for gingipain K inhibitory activity. 

 

Nonetheless, due to time constraint, only 300 FDA-approved drugs were evaluated in 

the present in silico and in vitro studies. However, the structural features gathered from 

the current set of compounds have indeed provided useful information which can 

further corroborate the findings from the virtual and biological screening of remaining 

FDA-approved drugs in the future study.  
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CHAPTER 5 

CONCLUSION AND FUTURE WORK 

 

In summary, all the 300 FDA-approved drugs were successfully docked into the active 

site of the P. gingivalis gingipain K protein. The binding interactions of the top ten 

compounds with relatively high docking scores were investigated. The primary 

binding interactions observed are hydrogen bonding, π-π stacking, salt bridge and pi-

cation interaction between the ligands and the surrounding residues, namely Gly 445, 

Cys 477, Trp 513, Ala 443, Asp 516, Ser 511, Asn 475, Thr 442, Trp 391, Tyr 512, 

His 444 and His 575. The presence of functional groups in the tested ligands, such as 

carbonyl group, amino groups, amido groups, hydroxyl groups as well as aromatic 

rings were found important for the binding between the ligands and gingipain K. In 

the gingipain K inhibition assay, olsalazine was identified as the top hit compound 

among the ten compounds with comparable inhibitory activity against the gingipain K 

as that of positive control, TLCK. It is therefore regarded as a promising compound 

that warrants further investigation to be developed as a therapeutic agent for the 

treatment of AD.  

 

In continuation of the current work, additional FDA-approved drugs shall be 

investigated for their gingipain K inhibitory activity through in silico and biological 

evaluation in the future study to identify other potential hits as gingipain K inhibitors. 

Besides, the identified hit compounds can also be structurally modified to further 

improve their inhibition against the gingipain K. For example, additional hydroxyl 
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group or amino group can be incorporated into the structure to enhance the formation 

of hydrogen bonding with residues in the binding pocket of gingipain K.  
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APPENDIX

 

Appendix I. List of 300 FDA-approved drug compounds retrieved form ZINC 15 
database  

Drug Compounds Chemical Structures 

Accolate 

 

Acetadote  

 

Acetazolamide 

 

Acetretin 

 

Acrivastine 

 

Acyclovir 

 

Aczone 

 

Ade 
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Alaway 

 

Albenza 

 

Albutoin 

 

Alfentanil 

 

Alprazolam 

 

Altol 

 

Amidate 

 

Amiodarone 

 



54

Amoxapine 

 

Amoxicillin 

 

Amphetamine 
 

Apomorphine  

 

Arac 

 

Arava 

 

Arimidex 

 

Asprin 
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Atacand 

 

Ativan 

 

Axid 

 

Azelastine 

 

Azidothymidine 

 

Baclofen 

 

Benazepril 

 

Bendroflumethiazide 
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Benoxaprofen 

 

Betaxolol 

 

Bisacodyl 

 

Bisoprolol 

 

Brompheniramine 

 

Bumetanide 

 

Bunolol 

 

Bupivacaine 

 

Bupropion 
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Buspirone  

 

Butabarbital  

 

Butalbital 

 

Butorphanol  

 

Caffine  

 

Cantil 

 

Carbachol 
 

Carbinoxamine 

 

Carmustine  

 

Carnitor  
 



58

Carteolol 

 

Casodex 

 

Cefaclor  

 

Cefadroxil 

 

Cefazolin 

 

Cefotetan  

 

Cefoxitin 
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Celebrex 

Celontin  

 

Cephalexin  

 

Cesamet 

 

Cevimeline 

 

Chlophedianol 

 

Chloramphenicol 

 

Chloroguanide 

 

Chlorothiazide  
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Chloropropamide 

 

Chlorpromazine  

 

Ciprofloxacin  

 

Citalopram  

 

Citrate 

 

Clavulanate 

 

Clemastine 

 

Clidinium  
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Clioquinol  

 

Clomifeno 

 

Clomipramine  

 

Clopidogrel 

 

Coreg 

 

Corgard 

 

Cromolyn  

 

Cyclophosphamide  

 
Cysteamine   
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Dantrolene 

 

Daranide 

 

Demadex 

 

Demser 

 

Desipramine 

 

Dexbrompheniramine 

 

Diazepam 

 

Diazoxide 
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Diclofenac 

 

Dicyclomine 

 

Diethylpropion 

 

Difenoxin 

 

Diflunisal 

 

Dilevalol 

 

Diltiazem 

 

Dimercaptosuccinic 
acid 

 

Diphenhydramine 
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Diskets 

 

Dobutamine 

 

Dorzolamide 

 

Dostinex 

 

Doxazosin 

 

Doxepin 

 

Doxylamine 

 

Dxm 
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Effexor  

 

Ephedrine 

 

Epivir  

 

Esmolol 

 

Estazolam  

 

Ethotoin 

 

Etiracetam 

 

Evoxac 

 

Felbatol 

 

Femara 
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Fenoprofen 
 

Fentanyl 

 

Flavoxate 

 

Flecainide 

 

Flucytosine 
 

Fludarabine 

 

Fluorodeoxyuridine 

 

Fluoxetine 

 

Flurazepam 

 

Focalin 

 

Formoterol 
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Fusaric acid 

 

Gabapentin 
 

Glumin 

 

Granisetron 

 

Gris-Peg 

 

Hepin 
 

Hmm_Altretamine 

 

Hydralazine 

 

Hydrazide 

 

Hydrochlorothiazide 

 

Hydroxyamphetamine 
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Hydroxychloroquine 

 

Ibuprofen 

 

Ilopan 

 

Imigran 

 

Iohexol 

 

Iopamidol 

 

Iopromide 

 

Iothalamic acid 
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Isocarboxazide 

 

Isoproterenol 

 

Isradipin 

 

Ketorolac 

 

Klonopin 

 

Labetalol 

 

Lactate 

 

Lamictal 

 

Lansoprazole 
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Lescol 

 

Leukeran 

 

Lomustine 

 

Lopid 

 

Loratadine 

 

Loxapine 

 

Mandelate 

 

Mannitol 

 

Mechlorethamine 
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Mefenamic 

 

Melphalan 

 

Mepivacaine 

 

Meprobamate 

 

Mestranol 

 

Metazolo 

 

Methacholine 
 

Methohexital 

 

Methotrexate 

 

Methyclothiazid 
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Methyldopa_Amd 

 

Methylphenidate 

 

Metoprolol 

 

Metronidazole 

 

Metyrapone 

 

Miconazole 

 

Midazolam 

 

Midodrine 

 

Milrinone 
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Modafinil 

 

Molindone 

 

Montelukast 

 

Myleran 

 

Mysoline 

 

Naloxone 

 

Naratriptan 

 

Nedocromil 

 

Nefazodone 
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Neostigmine 

 

Neptazane 

 

Nexiclon 

 

Niacinamide 

 

Niaspan 

 

Nisoldipine 

 

Nortriptyline 

 
Oleate 

 

Olsalazine 

 

Omeprazole 
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Orap 

 

Orphenadrine 

 

Oxana 

 

Oxybutynin 

 

Oxycodone 

 

Pantoprazole 

 

Pas 

 

Pentamidine 

 

Pentazocine 

 

Pentobarbital 
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Peramivir  

Pethidine 

Phendimetrazine 

 

Phenoxybenzamine 

 

Phentermine 
 

Phentolamine 

 

Phenylephrine 

 

Phenyltoloxamine 

 

Pilocarpine 
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Pindolol 

 

Pramipexole 

 

Prandin 

 

Primaquine 

 

Probenecid 

 

Procainamide 

 

Promethazine 

 

Propanolol 

 

Propantheline 
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Propoxyphene 

 

Propylhexedrine 

 

Protriptyline 

 

Pseudoephedrine 

 

Pyrantel 

 

Pyrazinamide 

 

Pyridostigmine 

 

Pyridoxine 

 

Pyrilamine 

 

Quinine 
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Raloxifene 

 

Restoril 

 

Retinol 

 

Retrovir 

 

Rimantadine 

 

Rivastigmine 

 

Rizatriptan 

 

Robaxin 

 

Romazicon 
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Rotoxamine 

 

Salbutamol 

 

Salicylamide 

 

Salmeterol 

 

Secobarbital 

 

Sertraline 

 

Skelaxin 

 

Sonata 

 

Sotalol 
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Sufentanil 

 

Sulbactam 

 

Sulfanilamide_AVC 

 

Sulindac 

 

Suxamethonium 

 

Tamsulosin 

 

Tazobactam 

 

Tegretol 

 

Telbivudine_LDT 
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Teldrin 

 

Terazosin 

 

Terbutaline 

 

Thalitone 

 

Thalomid 

 

Thiamine 

 

Thioridazine 

 

Ticlopidine 
 

Timolol 
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Tindamax 

 

Tiopronin 

 

Tolazamide 

 

Tolbutamide 

 

Toremifene 

 

Tramadol 

 

Tranylcypromine 

 

Trecator 

 

Triamteril 

 

Tridione 

 

Triethanolamine 
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Trimethobenzamide 

 

Trimipramine 

 

Trometamol 

 

Trosec 

 

Tussin 

 

Valacyclovir 

 

Valproic 
 

Vantin 

 

Zarontin 
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Ziprasidone 

 

Zyflo 
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