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ABSTRACT 
 

Human tissues containing melanocytes secreting melanin pigments contributes a low-level protection of the skin and hair 

follicles against many factors, but in oral mucosa, the melanin levels and functions vary with a microbial environment which is 

an unknown mechanism and its role is still not fully understood, especially defense against the oral pathogens in the mucosa. 

This study addresses a possible role of melanin has a multifunctional activity to protect the gingiva during child to adult age by 

exploring, the mechanism of interaction with oral bacteria, fungus, biofilm-forming bacteria and inflammatory cox-2 proteins 

using in-silico analysis. Our results showed, human oral mucosa containing melanin act as a antagonist against DHPS 

containing  E.coli  and S.aureus (antibacterial), ScNMT in S.cerevisae (antifungal), quorum sensing P.aeruginosa containing 

LasA (antibiofilm property), except human COX-2 not showed an anti-inflammatory activity and the binding energies for 

melanin with DHPS of E.coli and S.aureus (-8.9 and -7.1 kcal/mol) respectively, melanin with ScNMT (-8.0 kcal/mol), 

P.aeruginosa (LasA) (-8.3 kcal/mol) and Cycloxygenase-2 with melanin (-10.3 kcal/mol). We explored the importance of oral 

mucosa containing melanin with broad-spectrum activity against oral pathogen with no anti-inflammatory activity based on the 

route of transmission, the oral pathogens select for their survival in the gingiva and tooth during the different stage ages of 

humans. 
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1. INTRODUCTION 

Oral infection is followed by the gingival inflammation is the sequential process of oral problems generally caused by the microbes 

in 1.0 to 5.0-year-old babies, but during these periods, feeding of mother milk which contains naturally enriched proteins, 

carbohydrates, and lipids along with immunoglobulin contributes defence for the baby gingiva to grow against any foreign antigens 

attack and it does not contain any artificial sweetener. In this stage baby who already developed gingiva was exposed to antigens, 

no pathogenesis of gingiva takes places. But during teeth development as mentioned in the above ages depending on the feeding 

environments, the microbes already in the oral mucous environment [1] combined with aerobic bacteria initiate the formation of the 

colony over the small growing teeth especially the first and second molar which are the best befitting place for microbes to establish 

their colony. Although the secretory antibody the IgA is present in the oral and mucous but due to the feeding situation of the baby, 

the levels were reduced and allows more microbes to accommodate in the oral environment very rapidly which is seen in the early 

ages of the babies. 

 

The oral dentine environment is filled with different types of microbes [2], especially the black plaques which are formed on the 

teeth are by P.gingivalis is a most pathogenic microbial species present with other families of microbes. As a result of this organism 

deposition on the teeth starts drilling in the vertical direction of teeth depends on the type of colony availability and reach the apical 

region of teeth through blood vessels which connected the teeth apex causes the inflammation [3]. This mechanism of inflammation 

is a sequential recruitment of cytokines and Ig proteins at the site of infection caused by the microbes [4]. To avoid this uncontrolled 

infection which results in damage to the gingiva and naturally, this gingiva were provided with few defense compounds. The oral 
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mucosa was provided with one protective pigment secreting cell known as Melanocytes, which synthesize a pigmented compound 

melanin which might have played a defensive role in human oral mucosa with limited activity at particular ages. 

 

Human melanin pigment 

 

Melanin is a heteropolymer of indole quinones called as 5,6-dihydroxyindole (Monomer) shown in figure 1. Its characteristic 

function as a photoprotective pigment and other function as free radical scavenger antioxidant and charge transporter regulator. 

Another important role of melanin is pigmentation of all livings, animals, and plants. Melanin forms stable free radicals and it acts 

as a model resource for the free radicals in ESR spectroscopy. Many types of melanin monomer exist in the body but depend on the 

places the monomer dominates and express in the skin both as eumelanin or pheomelanin and in eyes only eumelanin is present. 

The melanocytes in oral epithelium and coloration are depended on numbers, site distribution, type of melanins and masking by 

keratinized epithelium and hemoglobin level in the blood [5]. The markers of melanocytes in normal oral mucosa are not 

constitutively expressed but might have induced during function [6]. 

 

Melanins in the basal cells of gingival epithelium tend to neutralize the ROS induced by plaque mediated inflammation in the dental 

environment [7]. The melanin importance in gingiva noted that non-pigmented oral mucosa has more inflammation compared to 

the pigmented gingiva. Melanin produced by melanosomes contains β-N acetylglucosaminidase, β-galactosidase, and acid lipase 

kills the bacteria[8]. These melanin producing melanosomes function as antigen presenting cells and stimulates the T-cells and 

phagosomes swallow this bacteria[9]. 

 

 
 

Figure 1- Oral mucosa melanin 2D structure with different group attachment. 

 

Hypothesized multifunctional activity of melanin pigment from human oral mucosa  

 

Melanin pigment has been reported that it exhibits the immunogenic and anti-inflammatory activity [10] from the grapes and also 

protects microbes from UV radiation [11] defensive mechanism in plants and other animals against the fungal infection 

(Cryptococcus neoformans) the production of melanin itself has its own role of virulence against the humans. Based on the previous 

reports defences were noted only from plant and microorganism but there is no confirmed report available from human oral mucosa 

and therefore we proposed that melanin have antibacterial, antifungal, anti-biofilm and anti-inflammatory activity in figure 2 results 

in recovery of the  infected gingiva and if the melanin does not possess these activities the oral mucosa and teeth continuously get 

infected cause the teeth decay and this could be prevented only supplemented by the chemical treatment for protection from these 

microbes. 

 

 
 

Figure- 2 Hypothetical schematic flow diagram with a sequential killing mechanism by melanin in gingiva and lack of 

these activities causes the next results in progression of diseases such as gingival bleeding and teeth loss/deterioration 

 

Oral mucosa is basement cement materials which hold the teeth for lifelong for mastication of complex food materials and if the 

gingiva is not protected from the microbial infection results in damage or inflammation which directly affects the teeth organization.  

Below figure 3 showed healthy gingiva and if they damaged by many factors showed disorganization of teeth finally leads to life-

threatening diseases. 
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Figure- 3 Photograph (adopted from google image) of the different morphology of human oral mucosa in normal and 

disease caused by infections with bacteria and fungus. 

 

We have selected few pathogens in this study which are present in oral mucosa and teeth since these pathogens are involved in oral 

diseases are by the bacterial species, fungal species and biofilm forming bacteria followed by Cox-2 proteins are analyzed for their 

role are briefed below. 

 

Antibacterial activity of melanin 

 

Dihydropteroate synthase (DHPS) is a well known antibacterial drug target protein, that produces a bacteriostatic effect, preventing 

the growth and multiplication of bacteria cells. DHPS is an important folate biosynthetic pathway in bacteria. Tetrahydrofolate 

required for single carbon unit transfer in purine and pyrimidines [12]. DHPS catalyzes the transfer para-aminobenzoic (pABA) 

and 6-hydroxymethyl-7,8-dihydropterin-pyrophosphate (H2PtPP) to form 6-hydroxymethyl-7,8-dihydropteroate for cell proliferation 

[13].  

 

Antifungal activity of melanin pigments 

NMT Myristoyl-CoA: protein N-Myristoyltransferase which catalyzes the transfer of myristate from myristoyl-CoA to the N-

terminal amino acid Glycine for signaling mechanism and protein movement. NMT has been purified and characterized its structure 

from Candida albicans [14], Saccharomyces cerevisiae. The importance of NMT for the parasites C.albicans is for their 

establishment in the human environment. The NMT from fungal and human share the same sequence similarity at myristoyl-CoA 

(MYA) binding site with different substrate specificities. These specific details are important for the targeting NMT substrate 

binding site by different antifungal drugs [15]. 

 

The antibiofilm activity of melanin 

 

Biofilm is formed in the mouth is by a group of microorganism attached to the surfaces which are compatible to retain the fluid on 

the teeth and the secreted substances are polymeric in nature. Many pathogenic bacteria use the biofilm process as one mode of 

progression of disease on the host and protect itself from the host immunogen and external chemotherapies [16]. A study from 

biofilm groups showed that more use of implant materials known to increase the stimulation of biofilm formations [17]. The biofilm 

formed by S.aureus composed of polysaccharides [18]. 

Many bacteria especially Pseudomonas aeruginosa compared to other organism is very effective in biofilm forming capability in 

favorable condition. This organism is known to cause disease in human such as skin, lung, urinary tract infections which are a red 

flag to the life exceeding path. These organism causing biofilms were treated with antibiotics but then it becomes antibiotic 

resistance which is a major task for the microbiologist to solve this problem. 

 

Anti-inflammatory activity of melanin 

 

Cyclooxygenase (COX) is also known as prostaglandin endoperoxide synthases (PGHS) are the enzymes involved in the synthesis 

of prostaglandins activated due to infection by microbes and injury to the tissues results in prostaglandins mediated inflammation. 

In figure 4 shows the structure and active domains of cyclooxygenase -2 and their regulatory units where substrates bind. These 

inflammatory marker enzymes were two isoforms, cyclooxygenases-1 (COX-1) and (COX-2) and the former enzyme involved in 

biological mechanisms such as induction of pain, blood cell closing mechanism and safeguards the stomach [19] and COX-2 is 

induced at the site of inflammation and synthesis of prostaglandins which is the mediator of inflammatory mechanism [20]. The 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are the best-known drugs against the inflammation by inhibition of COX-2 [21], 

but these drugs exhibit other side effects related to GI tracts. Other drugs like rofecoxib, valdecoxib, and celecoxib are also having 

side effects but currently Celecoxib only COX-2 inhibitor are in use till other good anti-inflammatory drugs with no side effects 

have to be discovered. Also reported that prodigiosin and cyclo-prodigiosins, a secondary metabolite from Serratia, Pseudomonas, 

and Streptomycin plays a role in anti-inflammatory activity against the COX-2 [22]. 
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Figure- 4 Schematic picture of human Cyclooxygenase-2 (Inducible) 587 amino acids adopted and modified from 

Reference [23] (A) Modelled structures with active sites present in Cyclooxygenase-2 (COX-2) (B) 

Pathogenic bacteria interaction with/without melanin synthesis pathway enzyme 

Very few functions of melanin known to exist in oral mucosa and we raised a question, any relationship between melanin levels 

reduction with increase group of bacteria/fungus population. We wanted to analyze the bacteria/fungal mediated inflammation in 

gingiva and whether a direct link with melanin synthesis /inhibition, therefore, we docked bacteria specific protein interaction site 

with melanin synthesis key enzymes such as Tyrosinase-related protein-1(TYRP1), a tyrosinase like glycoenzymes. 

Biofilm on the surface of the tooth slowly degrades the enamel and degeneration of oral mucosa, results in life-threatening dental 

diseases such as Periodontitis and other relevant diseases. The Porphyromonas gingivalis a gram-negative bacterium causes 

Gingivitis and Periodontitis [24] a chronic inflammatory disease results in the gingival inflammation and tooth loss. This microbe 

also linked to rheumatoid arthritis, pancreatic cancer, and cardiovascular diseases[24]. Other causes of this organism are respiratory 

diseases, diabetes, osteoporosis and preterm low birth weight.P.gingivalis secretes cysteine peptidases are lysine (Kgp) arginine 

gingipains A & B (Rgp A and B) participates in dental tissue destruction and suppress the immunity. These pathogenic black 

pigmented bacteria depend on its two fimbriae Mfa1 and Fim A involved in attachment to biofilm on the tooth and it is salivary 

proteins for its protection from the host. 

Mfa4 is one of the accessory protein of Mfa1 fimbriae which consists of well-defined 2β-strands and the mature protein generated 

at N-terminal cleavage by gingipains consists of arginine and lysine-specific proteases. After cleavage of this protein from 

P.gingivalis progress for the attachment over the dental biofilms generated by other microbes. This Mfa4 along with other fimbriae 

proteins Mfa1, 3 and 5 like to forms polymerization generated from the P.gingivalis finally attached to the host dental sources results 

in the severe pathogenesis of tooth and gingiva.  

Tyrosinase‐related protein 1 (TYRP1) and tyrosinase-related gene in humans were conserved copper binding domains, glycosylation 

sites, and the amino acid residues tryptophan and cysteine are shared with Tyrosinase enzyme structure. A controversial study 

reported that instead of copper, Zinc metal is present at the active site of this enzyme which behaves like redox enzyme. This enzyme 

localized less in number over the membrane of melanosomes. TYRP-1 has a multi-catalytic function as tyrosinase hydroxylase, 3,4 

dihydroxy phenylalanine oxidase, DOPAchrome tautomerase, 5,6-dihydroxyindole oxidase activity. 

 

2. HYPOTHESIS 
 

We have raised a question that if gingiva were augmented with melanin pigments even at adult age, the gingiva must be strongly 

protected from bleeding and teeth deterioration which was caused by cigarette smoking, alcoholism, other chewable material and in 

young ages by food habits but it does not happen. So, whether the melanin pigment function is limited and therefore it is not induced 

(melanin) to overcome the accumulation of more microbial colonies in the gingiva with the additional activities of humans. 

 

If these oral environments are not forced by external variables then how the gingiva and teeth were affected or protected by melanin 

alone. To explore this defense mechanism of melanin, we used in silico analysis for docking melanin with bacterial protein and 

fungal protein which causes the virulence and also docked melanin with COX-2 protein for anti-inflammatory activity, followed by 

this docking interaction of melanin with biofilm-forming bacterial proteins and explore the protective mechanism by the melanin. 

Melanin is a pigmented compound present in the gingiva is needed to be analyzed for the drug likeliness for its action on microbes 

and the mechanism of action. 

In this study we investigated the mechanism and role of melanin in oral mucosa are whether: 1) function as antibacterial 2) antifungal 

3) antibiofilm and 4) anti-inflammatory activity under normal and oral disease condition. If all these activities are not affected by 
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oral pathogens but only the levels of melanin in the gingiva is reduced which causes the oral gum diseases then we need to analyze 

the interaction and inhibition of melanin synthetic pathway enzymes oral mucosal pathogens. 

 

3. METHODS 
 

Software and program  

 

The Ligand (Melanin) structures were copied from PubChem database and PyMOL (DeLano Scientific LLC, USA) were used to 

visualize the interaction of Ligand (Melanin) with receptor structure and docking results. The different Ligand and receptors pdbqt 

files and determination of grid box size were carried out using AutoDock Tools version 1.5.6. The predicted binding affinity 

(kcal/mol), is calculated based on the scoring by using AutoDock4[25]. A more negative binding affinity indicates stronger binding. 

The interaction of Ligand (melanin) with all selected protein models was identified by their amino acid contacts using Lig Plot+[26]. 

Porphyromonas gingivalis with superposition of human tyrosinase-related Protein 1 (TYRP1) were manually fitted using Chimera 

software[27]. 

 

Molecular Properties and Drug likeness 

 

The Melanin pigment with the best binding energies with the bacterial protein, fungal proteins, inflammatory proteins and biofilm 

forming bacterial proteins were analyzed for their drug-likeness and molecular properties by using Molsoft Drug-Likeness and 

molecular property prediction server (http://molsoft.com/mprop/). The drug-likeness and the molecular properties, bioactivity score 

for Melanin were carried out using molinspiration server[28]. The Ligand(Melanin) should obey Lipinski’s Rule 5 to be a likely 

drug action[29]. The rule explains the molecular properties of drug’s pharmacokinetics in the human body, including the drug like 

absorption, distribution, metabolism, and excretion of these compounds. But in our study, we predicted melanin behave drug-

likeness but not other properties described by the Lipinski’s rule 5. 

 

Preparation of the receptors and ligand structure  

 

The 3D structure of Melanin complexed with baicalein in P. aeruginosa. LasA (PDB: 3IT7), DHPS-sulfanilamide complex 

(PDB:1AJ0), DHPS-6-hydroxymethylpterin diphosphate complex for S. aureus (PDB:1AD4). Myristoyl-CoA: protein n-

myristoyltransferase bound to myristoyl-CoA and peptide analogs (PDB: 2NMT) was prepared for molecular docking by removing 

all water ions and saved as a PDB file for the docking experiment. 

 

4. RESULT 
 

Drug Likeness of Melanin Pigment  

 

All drugs should obey the primary principles of ADMET and has to pass through drug-likeness criteria such as Lipinski’s rule of 

five. However, melanin being a natural pigment present in the human cells, it need not follow the criteria designed for synthetic 

chemical drugs. But still, the ADMET properties of melanin pigment were studied using online tool Swiss ADME [30]. This tool 

calculates the bioavailability of the molecules by considering lipophilicity, size, polarity, solubility, flexibility, and saturation.  

The results of ADMET analysis is shown in figure 5 and table 1. Melanin pigment’s physiochemical properties were all in the range 

of an acceptable drug-like molecule. 

 

 
                                                    

                                      Figure-5 ADMET properties of melanin using Swiss ADME tool. 
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Table- 1 Lipinski’s properties of the melanin pigment compound 

 

Compound  
Pubchem 

CID  

Molecular weight 

(<500 Da)  
Log P (<5)  

H-bond acceptor 

(<10)  

H-bond 

donor (5)  

MELANIN  6325610 318.288 g/mol  -1.2 6 2 

  

Antibacterial Activity of Melanin Pigment  

 

The sulphanilamide in DHPS of E.coli containing binding site packed between of Arg220 of the main chain and two side chain Lys221 

and another side chain of Arg63 amino acid residue and NH2 of sulphanilamide hydrogen bonded to carbonyl group from Ser219. 

Hydrophobic residue interaction is between the sulphanilamide are Thr62, Phen190, Arg220 and Lys221 90. In S.aureus the amino acids 

interacted with hydroxymethylpterin pyrophosphate are polar an hydrophobic, where pterin interaction with the polar group were 

Asp167, Asn103, Lys203 and Asp84 and hydrophobic interactions with pterin Ile9, Asn11, Arg52, Asp84, Asn103, Met128, Asp167, Phe172, 

Lys203, Arg239 and His241 91. 

 

Docking results of melanin with DHPS of E.coli and S.aureus is represented in figure 6 and table 2. Melanin demonstrated a free 

binding energy of -8.9 Kcal/mol and -7.1 Kcal/mol with DHPS of E.coli and S.aureus respectively. The conformational position of 

the melanin shown in figure 6 shows that the melanin pigment is binding to the active site of the protein and thus, could strongly 

prevent the enzymatic action of DHPS in folic acid synthesis. The Ligplot+ analysis shows that melanin interacts with Gln142,Gln149 

and Ser222 (Polar Interactions) and with Pro64,Asn144,Pro145,Glu150,Gly189,Phe190,Gly191and Ser561 (hydrophobic interactions) residues 

of DHPS in E.coli.  

 

Compared to the amino acid interaction with known inhibitor compound (Methoxy Amino Chalcone Derivatives) to DHPS, the 

melanin also exhibits similar amino acids interactions with DHPS. But in contrast, the analog compound which mimics the 

sulphanilamide to DHPS of S.aureus especially the amino acids (Data not listed here) not matching the amino acid interaction of 

melanin with DHPS of S.aureus.  

The hydrogen interaction of S.aureus with melanin are Asp254 and hydrophobic interaction was Lys3,Ile6,Gly40,Ala247 and Lys251. 

Even though the amino acids in the S.aureus to melanin not interacted but interacted very near active site and therefore melanin 

might play a mild to the moderate role as antibacterial activity, whereas the melanin with E.coli suggested to be strong interaction 

and act as good antibacterial activity. 

 

 
 

Figure- 6 Docking conformations of the Melanin with DHPS, (A) E.coli; (B) S.aureus. Ligplot+ analysis of DHPS and 

melanin interaction, (C) E.coli (D) S.aureus 

 

Table -2 Docking interaction results of melanin with DHPS of E.coli and S.aureus 

 

Ligand Microbes 

Docked 

energy 

(kcal/mol) 

Hydrogen bond 

interaction of DHPS 

with melanin 

Hydrophobic interaction of DHPS with 

melanin 

Melanin E.coli -8.9 
Gln142,Gln149 and 

Ser222 

Pro64,Asn144,Pro145,Glu150,Gly189,Phe190,Gly191and 

Ser561 

Melanin S.aureus -7.1 Asp254 Lys3,Ile6,Gly40,Ala247and Lys251 
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Antifungal Activity of Melanin Pigments 

 

Structurally the ScNMT viewed at the N-terminal region an -helix with a loop forms clouds around the substrate binding site where 

the MYA binds. The MYA binding site has the stabilising interactions were N- of Gln29 is hydrogen bonded with 2' hydroxy group 

of ADP ribose, N- of His38 is hydrogen bonded with 3' phosphate group of oxygen atom of ADP and N- of same histidine residue 

interacted with O- of Glu11 and  followed by Phe27 forms - interactions with adenine of ADP. Also, the interaction stabilizes 

Ab loop with MYA is the main chain of  S.cerevise contains the Lys26 is hydrogen bond with O-an atom of Glu105 and followed 

by O-an atom of Ser25 hydrogen bond with the main chain contain amide group of Glu 105 this serine also interacted with the 

carbonyl group of Tyr103. These interactions were signified by the strong interaction of substrate within the active site of S.cerevisae. 

 

The peptide binding site of S.cerevisae accommodates the non-peptidic inhibitor compound 1 and 2 connected with hydrophobic 

interactions which are the similar manner of binding pattern of MYA substrates in the active site of S.cerevisae. These inhibitor 

does not induce a conformational change of this proteins after its binding. The benzene ring of the compound 1 interacts with the 

aromatic side chain of Phe234, and thiazolidine interacts with Phe111, Phe113,Phe334, and Tyr349. The nitrophenol group interacts with 

the carboxylate group of the C-terminal Leu455 and the thioester carbonyl group of substrate MYA. 

In ScNMT structure, the Ab loop (falls in peptide binding site with amino acid residues Val 104 -Gly 110) forms closed confirmation 

when MYA and compound 1 of peptidic inhibitor interact at this binding site (SC-58272) in figure 7. 

 

 
                              

Figure 7- Superposition of Saccharomyces with Melanin pigment. Melanin docked with saccharomyces alone (A) 

MYRITAL COA and inhibitor docked with same Saccharomyces (B) Superposition of both the docked proteins with 

inhibitor and melanin (C). Docking pose of Saccharomyces with Melanin pigment. MyrsitylCoA (Green) Melanin (Red) 

peptide inhibitor (Yellow) and interacting amino acids (D) 

 

In a comparison of our melanin pigment with above MYA and compound I position at the peptide binding site contains amino acid 

residue Glu105 and Phe111 same as the inhibitor I. Similarly, the structural conformation of ScNMT shrinks inward when melanin 

binding at the active site as compared to peptidic inhibitor alone in ScNMT as shown in the figure 7B. The green colored sheet in 

figure 7A showed melanin binding with NMT and purple color helical sheet in figure 7B showed inhibitor binding, followed by this 

superposition NMT each other in figure 7C, confirmation looks interesting that melanin made stronger interaction with hydrogen 

bonds results in shrink of its helix compared to inhibitor 1 alone figure 7D. 

 

The interaction of melanin with ScNMT compared with peptidic inhibitor interaction with ScNMT using Ligplot plus as shown in 

figure 8. Overall the amino acids residues in (ScNMT) interacted were Val104, Glu105, Phe111, Gly207 and Ile208 with melanin showed 

that strong hydrogen bonding as compared to the MYA peptidic inhibitor compound 1 showed a major aromatic amino acids at the 

position of  Tyr103, Phe 111,Phe113,Phe 234,Phe 334, and Asp417 with moderate hydrogen bonding indicates that compared to inhibitor 

melanin play a good role as antifungal agent present in oral mucosa. Melanin might have other antifungal activity with other fungus 

but a limitation in this study made possible with one organism. The binding energy for the melanin pigments with ScNMT is -8.0 

kcal/mol in Table 3. 

 

This part of insilco analysis concluded that melanin pigment in oral mucosa plays a role as very good antifungal activity against the 

S.cerevisae (ScNMT) pathogen these might have other unknown biological function and this further need to study extensively. 

Apart from melanin presence in the gingiva, other organs like the heart is also a major place for melanin unknown functions and if 

we carefully study the role of melanin in the heart it helps to solve the cardio related problems.  
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Figure- 8 The comparative interaction between a ligand (Melanin) (A) and Proteins (ScNMT) (B) binding amino acid 

residues by Ligplot plus 

 Table- 3 Docking interaction results of melanin with scNMT of fungal proteins 

 

Compound Protein Dock score energy values in kcal/mol 
Hydrogen bonds connected to amino acids 

residue in COX-2 

Melanin ScNMT -8 Val104, Glu105, Phe111, Gly207 and Ile208  

 

Antibiofilm Activity of Melanin      

 

The active site of P.aeruginosa contains the zinc metal ions for catalysis of the specific substrates and after docking of melanin with 

P.aeruginosa showed that aminoacids interaction are His 23,Asp 36 and His 122 as shown in figure 9A and B and this active site 

binding  have been confirmed by the other studies have shown in figure 9C that P.aeruginosa contains the active site aminoacids  

His 23, Asp 36, His 81,His 120, His 122 and Tyr 151 in table 4 indicates that our melanin situated exactly the same position at the catalytic 

site for inhibition of P.aeriginosa which forms a biofilm. So, melanin acts a good antibiofilm forming pigments in oral mucosa, but 

when the number of melanin is less then these microbes starts forming biofilm over the tooth and infects the gingiva. The binding 

energy for the melanin pigments showed lower energy which is good for these proteins needs to interact and the amino acids possess 

the interactions were His23, Asp36, His 122  is -8.3 kcal/mol shown in table 4. 

 

 
 

                           

Figure 9- Docking pose of interaction between quorum sensing regulator and twitching motility associated protein LasA 

from P. aeruginosa with Melanin pigment(A). Ligplot image showing protein (P.aeruginosa) ligand (Melanin) 

interactions(B). The active site of LasA from Pseudomonas aeruginosa (3IT5, 3IT7) related protein (C) Reference [31] 

 

Table- 4 Binding affinities after docking of quorum sensing P.aeruginosa with melanin pigments. Negative scores indicate 

high binding affinity 

 

Compound Protein 
Autodock binding score 

 (kcal mol-1) 
Interacting side chain residues in proteins 

Melanin   LasA  -8.3 His 23,Asp 36,His 122 

 

Anti-Inflammatory Activity of Melanin 

 

Structurally, COX-2 has the adjacent active sites the peroxidase active site and cyclooxygenase active site in the catalytic domain. 

An epidermal growth factor (EGF) domain continuous with membrane anchoring domain. The active site of the COX-2 enzyme 

contains the amino acids in humans are Arg106, Tyr341, Tyr371, Val420, Arg499, Ser516, and Gly519 as shown in figure 10. The main 

heme binds to the amino acids position of peroxidase sites and followed by some 18 amino acids insertion at the C-terminal regions 

which overall gives the specialized function to cyclooxygenase-2. 
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Figure -10 Cyclooxygenase-2 (COX-2) (PDB ID: 6COX) enzyme in complex with Melanin but interacted one molecule of 

COX-2 (A) amino acids residues from COX-2 to melanin (B)Overall binding prediction of melanin at the entrance of 

COX-2 (C) 

 

Table -5 Dock scores of the Cyclooxygenase-2 (COX-2) enzyme in complex with 9 models of Melanin pigment. Here we 

showed one of the model contain Hydrogen bonds contacts with Cyclooxygenase-2 (COX-2) enzyme 

 

Compound Protein 
Dock score energy values in 

kcal/mol 

Hydrogen bonds connected to amino acids 

residue in COX-2 

Melanin-Model 1 Cox-2 -10.3 
Cys36, Asn39, Arg44, Gly45, Glu46, Cys47, Tyr130, 

Gly135, Pro153,Gln461, and Glu465  

 

Docking of melanin with inflammatory marker Cyclooxygenase-2 explore that melanin with minimum docking energy -10.3 

kcal/mol in table 5 interacted two domain sites; EGF domain site with amino acids residue Cys36, Asn39, Arg44, Gly45, Glu46, 

peroxidase domain site with amino acids Tyr130, Gly135, Pro153 and last in the same peroxidase site Gln461and Glu465 in figure 10 A  

and B. Based on the amino acid positions the schematic diagram is drawn suggested melanin interaction site at the entrance region 

of the COX-2 enzyme in figure 10C. These binding indicate melanin pigments are not inhibitors for the active site of COX-2 and 

were not specific for anti-inflammatory activity but other than this function it possesses the EGF regulatory function. Epidermal 

growth factor main function in wound repair wound fibroplasias, re-epithelialization, and neovascularization. EGF also stimulates 

fibronectin and collagen gene in the activated fibroblast and myofibroblast mediated matrix protein secretion for granulation of 

tissue growth. It induces the angiogenesis through its receptor. Melanin might have played a role in oral gum as sustain repair 

mechanism of the wounds developed by other factors. The controversial role of melanin interact at the binding of the human COX-

2 enzyme at the peroxidase domain site causes conversion of substrate to final inflammatory inducing products Prostaglandins, 

Prostacyclin and Thromboxane. 

 

Pathogenic bacteria interaction with/without melanin synthesis pathway enzyme 

 

The flow chart of melanin functions and proposed activity inhibition as shown in figure 11 is a hypothesis based on our result in 

this paper that melanin functions as multifunctional role except for no role on the inhibition of Cycloxygenase-2 then, the factors 

contribute this inflammation in oral mucosa are highlighted that melanin mediated causes are zero but other factors as bacteria binds 

the active site of melanin synthesis enzymes and also deficient in Tyrosinase enzymes result in less melanin synthesis causes the 

inflammation. 

 

 
 

Figure- 11 Schematic flow chart of human oral mucosa containing melanin its activity and melanin synthesis hypothesized 

to affect by microbes through inhibition of synthetic pathway enzymes by few hypothesized factors 
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Here we used the microbe-specific domain docked with key melanin synthetic enzyme hypothesized to cause inhibition which is 

resulted in decreased melanin synthesis in the oral gum and with the progression of time de-pigmentation occurs as we simulated 

the natural unknown mechanism in human oral mucosa shown in figure 12.  This mucosa texture is designed naturally to hold the 

tooth tightly for grinding of food material which is an important initial step to make complex materials into a simple form containing 

energy resource for every single cell to thrive.  

 

The above figure 12A is human dental and gingiva at 40 years of age showed that irregular arrangement of the tooth with the 

demineralized condition and frontal portion of gum appears pale coloration, continuation with that side view shown darkly 

pigmented gum indicates the melanin pigments were slowly disappeared with time. The bacterial colonies presence is shown in 

figure 12B which might be an indication of the bacterial influence of melanin reduction. 

 

 
 

Figure- 12 Human oral mucosa in side view with melanin pigment (Dark colored) and less melanin pigment (Light 

colored) (A), front view of Gum with Dark and Light melanin pigmentation of the Gingiva along with bacterial deposit in 

the form of Plaques (Yellow circle) (B) 

 

Tyrosine related protein 1 one of the glycoenzymes in human melanocytes present in the skin, hair and other tissues and also 

important for melanin pigment production and catalyze the oxidation of 5,6-dihydroxyindole-2-carboxylic acid. The crystallography 

characterization of this protein revealed that it contains 4 domains of which the second domain has a subdomain which composed 

of cysteines rich (26-127) followed by Tyrosinase like subdomain (128-478) continued with four-helix connected by the loop at 

α3,α4,α8, and α9. The transmembrane domain position (471-501) and at the c-terminal end the Cytosolic domain which is position 

at 502-532 shown in the  figure 13. Three long insertions noted one of Tyrosinase like sub-domain at the amino acids position 155-

182,199-204 and 291-300. These positions are located away from the active site of TYPR1linked to cysteine sub-domains. All these 

sub-domains are held by disulfide bonds present at C258-261 and 290-303 amino acids position. The active site of the enzyme 

TYRP1is important for substrate binding for the final product synthesis is melanin and the specific substrate was tyrosine which is 

bound to the following amino acids of TYPR1 position at the H192,S194,H215,H224,Y362,R374,H377,H381,T391 and H404. TYRP1 interactions 

at amino acids position to Mfa4 protein from P.gingivalis shown in (Figure 13) clearly showed that participate only in two 

subdomains of TYRP1 away from the active sites.  

 

 
                                

Figure- 13 TYRP1 has four different characteristic domains the signal peptide, cysteine-rich subdomain, tyrosinase like 

subdomain and transmembrane domain and last cytosolic domain present at the c-terminal. The active site where the 

substrate binds to the amino acids positions were highlighted in red colored numbers 
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Binding analysis of TYRP1 with Mfa4 protein depends on the Mfa4 nature and amino acids residues present are Glu 34,Ile 35,Ser 
36,Ile 37,Arg 38, Ser 38,Arg 97,Asn 96,Thr 69,Tyr51,Asp 40,Arg 170,ser 32,Asp 41,Phe 42, Ile 33, Thr 43 and 45,Val 49,Arg 31,Tyr 51, Arg 73, 

Asn 30,Glu 47 and Lys 44 in (Figure 14). Mostly these amino acids were polar groups participates in hydrogen bonding which is 

confirmed in the Ligplot plus but very few or no hydrophobic residues in contact with these proteins with TYRP1 were noticed in 

figure 14. 

The aminoacid residues present in TYRP1 are Leu 102,Lys 99,Leu 172,Val 100,Asp 173,Val175,Asn 174,Arg 297,Gly 237,Leu 177,Leu 312,Arg 
211,Arg 314,Asn 324, Arg53,Gln 55,Asn 54,Try 326,Asn 324,Gln 106,His 325, Glu 52,Lys 328,Tyr 329,Glu330 and Glu 332 . Both the interacted 

protein aminoacids were away from the active site present in the TYRP-1.  

 

Figure- 14 A schematic organization of different position of amino acids from TYRP1 interacted with domains of Mfa4 

from P.gingivalis bacteria where side sheets were the ß-sheets of respective proteins interact with each other 

 

 
 

Figure- 15 Human Tyrosinase-related protein 1 (TYRP1) is circled in black docked with 10 model of fimbrial 

protein(Mfa4) from Porphyromonas gingivalis bacterium. All the models bound to the periphery of the human enzyme 

TYPR1 away from its active site 

The above docking picture is an interaction between pathogenic bacteria P.gingivalis with TYRP1 which involved in melanin 

synthesis. Docking of these proteins using cluster server was generated 10 models of interaction which was viewed in Pymol shown 

in figure 15, all the models of Mfa4 from P.gingivalis docked on the TYRP1 is by hydrogen bonding and there is no hydrophobic 

interaction and these models were not bound to the active site of TYRP1 where the substrate and metal ions binds to catalysed 

converted to specific product. 

All these 10 models bound at the periphery of the pigment-producing enzyme especially at the N-terminal region contains the 

cysteine-rich domain and Tyrosinase like domains indicated that these enzymes were not targeted by the P.gingivalis and these 

bacteria might have pathogenesis on gingiva and not have role in intracellular mechanism of inhibition on melanin synthesis 

protein(key enzyme).  
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Since Mfa4 protein did not have inhibition effect on the TYRP1, we have selected one model of Mfa4 docked with TYRP1 analyzed 

for conformational changes occurred in the protein. Conformational change of proteins was required for ligands attached to the 

active site of the enzyme for catalysis. Although the TYRP1 not inhibited by Mfa4 protein, we hypothesized any conformational 

changes occurs with this bacterial proteins by other than ligand binding, we therefore super positioned already docked protein 

complex of TYRP1 with Mfa4 which is overlayed with the TYRP1 alone. The result showed in figure 16 that superposition of both 

these proteins was exactly matched and no conformational transition might occur due to other factors. 

 

 
                                 

Figure -16 Protein-Protein docking of Mfa4 from Porphyromonas gingivalis (Blue color)(A)with superposition of human 

tyrosinase-related Protein 1 (TYRP1) in melanogenesis (Green color) with undocked TYPR1 (PDB:5M8L) (Purple color) 

(B) binding by Hydrogen bonds 

 

Overview of the functional importance of melanin pigment from human oral mucosa 

 

From our study, we concluded that melanin pigment in oral mucosa is not a complete drug-likeness of interest due to many factors 

such as absorption, metabolism and solubility and nonmigratory pigment in the gingiva constitute exist. From our study, the 

following mechanism of activities carried out by the melanin in the beginning stage of humans (newborn) the gingiva are provided 

with less defense against the aerobic microbes will eat up the tissue. To protect the oral mucosa, nature has selectively kept a melanin 

pigment prevent any damage caused by microbes and other factors. During a newborn age, the mothers feed helps to protects the 

baby oral mucosa from the microbial attack along with minimal levels of melanin in gingiva protects the oral environments and acts 

as multifunctional activity such as antibacterial, antifungal, antibiofilm activity and also noted the direct role of inflammation on 

the gingiva. This showed the inflammations in the gingiva are not a direct effect but it passes through the teeth in the next stage of 

infection will be discussed below. 

 

At the newborn age the melanin from the gingiva which fights against the bacteria, fungus, without biofilm  inflammation in figure 

17 A,  during child age most possible environment for bacterial overrule the teeth along with teeth decay bacterial accumulation 

shown in figure 17 B in adult age the contaminated teeth and gingiva are continued with additional factors like cigarette smoking 

enhance the gingiva inflammation and decay of teeth in figure 17 C  and in old age the last stage of all the teeth loss as shown in 

figure 17D.  

 

In the second stage of human oral dental development, grown teeth was the target for the microbial colonies, starts eat the teeth by  

first generated a monolayer of biofilm with specific microbes and this microbe  work in co-ordinated manner by help of other 

microbes to accumulated on these teeth using the biofilm as basement and starts forming plaques which are initially not a problem, 

but as the bacterial colony keeps growing in teeth it makes utilize the teeth and penetrates the teeth like drilling the hard core cement 

basement in the building, finally reaches the teeth apex via the blood vessels which connects the teeth and gingiva. Since microbes 

have the capacity to pass the membrane and another tissue result in spreading of microbes through blood vessels to the gingiva will 

finally result in inflammation of gingiva which is a secondary part of infection leads to tearing of periodontium. The final outcome 

is teeth loosening, damage and finally falls out of alveolus in the oral cavity. 

 

In the third stage of human dental growth, during adulthood, the teeth grow normally but due to external factors like cigarette 

smoking and unfavorable chemical results in the microbial growth and initiates damage to the teeth and gingiva. Here the fully-

grown adult has the matured melanocytes with the multifunctional activity of melanin but does not exhibit this defense activity due 

to the above factors. We also noted that one interesting result is the melanin content in gingiva reduces in adult with increasing ages, 

and from our study we observed that melanin synthesis is not affected with bacterial interferences, but it might be due to deficiency 

of melanin synthesis pathway enzymes as noted in old ages and also showed in all other studies like in hair growth and skin 

pigmentation etc. 

 

The last stage of a human above 60 years in female and 70-80 years in male appears to be teeth lost, irregular oral mucosa 

organization which is a consequence of above effects of melanin and with defective melanin synthesis pathway in humans. 
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Figure 17- Overview of the functional role of melanin in human gingiva and pathogenesis with age. Newborn age (A)Child 

age (B) Adult age (C) and Old age (D) 

5. CONCLUSIONS  
 

In conclusion, melanin pigment in human oral mucosa plays an important role in providing the first line of defense in fighting 

against the oral pathogens. Melanin acts as an anti-biofilm agent and preventing the fixation of pathogens on to the oral mucosa. It 

also acts as an antibacterial and antifungal agent, to a limited extent. Similarly, melanin in the skin acts as one of the primary defense 

mechanisms to defend against the pathogens. Although it doesn’t function as effectively as an antibiotic drug, melanin still offers a 

preliminary antibacterial effect against bacterial and fungal pathogens that target oral mucosa. Also, our in-silico anti-inflammatory 

studies showed that melanin does not show any anti-inflammatory activity. Therefore, it is concluded that melanin contributes 

towards the primary defense mechanism against the bacterial attachment/fixation and plaque formation that is vital in the 

pathogenesis of oral environment by oral pathogens. 

 

It was also noted that the gingiva infected bacteria are minimal during infant stage of development, due to higher levels of melanin. 

However, due to the progression of aging, the melanin production in the body greatly decreases, resulting in whitening of oral 

mucosa and another site in scalp hair. Due to this reduction of melanin levels in the gingiva, our study suggests that gingiva infecting 

pathogens majorly infect adults rather than infants. However, tooth-decaying pathogens still remain on the teeth both in infants and 

adults, since, melanin in gingiva does not have direct contact with the pathogens and therefore the oral pathogen must pass through 

teeth, blood vessels and finally gingiva for their killing or progression of the oral infections depends on the levels of melanin present 

in gingiva which is directly correlated with ages of human beings.  
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