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1. Introduction
Endodontic Infections are inflammatory diseases ma-

jorly caused due to microbial invasion into the oral root 
canal system, which results in a significant impact on 
dental health due to their diverse and complex etiology 
leading to severe complications [1, 2]. Endodontic infec-
tion can be classified into two categories (i) Primary and 
(ii) Secondary infection with primary infection being 
caused when tooth pulp is infected and colonized by oral 
microbes, whereas secondary is mostly caused due to per-
sistent root canal infection following endodontic treatment 
or extension to introduction or retention during the initial 
treatment of primary [3]. Among the disparate microflora 
responsible for these infections Porphyromonas gingiva-
lis, a Gram-Negative anaerobe commonly associated with 
periodontal infections, is known to play a crucial role in 
aggravating the endodontic infection [4].

The P. gingivalis, unable to ferment carbohydrates, 
relies primarily on amino acid catabolism for energy pro-
duction. The key pathway for ATP generation involves 
phosphotransacetylase (Pta) and acetate kinase (Ack). Pta 
converts acetyl-CoA to acetyl phosphate (AcP), which 

Ack then converts to acetate, generating ATP through 
substrate-level phosphorylation. This Pta-Ack pathway is 
crucial for P. gingivalis energy metabolism, as evidenced 
by the co-transcription of pta and ack genes as an operon 
and the essential nature of Ack for bacterial survival. P. 
gingivalis also demonstrates metabolic flexibility, prefe-
rentially metabolizing glutamate/glutamine and aspartate/
asparagine, with the latter associated with increased ace-
tate production and ATP formation. Additionally, it can 
utilize non-proteinaceous substrates like pyruvate and 
lactate, especially in the presence of human serum. This 
metabolic adaptability likely contributes to P. gingivalis' 
pathogenicity and persistence in host tissues, underscoring 
the importance of understanding its energy production 
mechanisms for potential therapeutic interventions [5, 6]. 
Therefore, targeting Acetate Kinase (Ack) of P. gingiva-
lis could be promising approach for treating endodontic 
infection and potentially reduce the risk of associated sys-
temic conditions as Ack plays a crucial role in its survi-
val and energy metabolism. By inhibiting Ack, we could 
potentially disrupt P. gingivalis ability to generate energy, 
thereby limiting its growth and virulence. This approach is 
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particularly valuable because both pta and ack genes have 
been shown to be essential for P. gingivalis, making Ack an 
attractive drug target. Currently, there are no commercial-
ly available treatments specifically targeting acetate kinase 
in P. gingivalis. However, research is ongoing to identify 
potential inhibitors. In this article, we tried to explore the 
potential for looking for novel inhibitors using Pharmaco-
phore hypothesis and identify the potential scaffold, which 
could lead to the development of new therapeutic agents. 

2. Materials and Methods
2.1. Binding site analysis and protein structure prepa-
ration

The Crystal structure of P. gingivalis Acetate Kinase 
was retrieved from Protein Data Bank PDB ID: 6IOY 
(https://www.rcsb.org/structure/6IOY). The Structure was 
prepared using Schrodinger’s Protein Preparation Wizard. 
Structural inconsistencies and Hydrogen bonds were opti-
mized, Bond orders and formal charges were added for he-
tero groups and hydrogen atoms were added to all atoms in 
the system. The protein molecule was optimized at neutral 
pH. Structure minimization was performed using OPLS4 
force field by converging heavy atoms to RMSD of 0.3 Å. 
The active site was predicted using SiteMap module of 
Schrodinger and ranked on the basis of SiteScore and Dru-
gability Score.

2.2. Apo receptor-based E-pharmacophore model ge-
neration

The receptor-based E-Pharmacophore model was gene-
rated using the predicted active site residues of Acetate Ki-
nase. Apo E-pharmacophore was generated by optimizing 
the energies onto the atoms. Phase provides a standard set 
of six pharmacophore features, hydrogen bond acceptor 
(A), hydrogen bond donor (D), hydrophobic group (H), 
negatively ionizable region (N), positively ionizable re-
gion (P) and aromatic ring (R). Pharmacophore sites were 
generated from the Receptor Cavity with Phase [7]. 

2.3. Database screening 
The generated E-pharmacophores were taken for 

Shape-based similarity screening using Schrodinger’s 
Phase Suite. The Screening was carried out using flexible 
search against Zinc Lead-Like database containing 
>18,00,000 Lead-Like molecules. Conformers were gene-
rated to all tautomers which matched 4 out of 7 pharma-
cophore features with distance matching tolerance of 3.0 
[8]. Receptor-based excluded volumes were integrated to 
refine the screening process, which helps in reducing false 
positives. Hits obtained from shape screening based on the 
e-pharmacophore models were exported as a library.

2.4. High throughput virtual screening 
 The hypothesis-based screen library was used for mo-

lecular docking using High Throughput Virtual Screen to 
propose novel inhibitors for Acetate Kinase using Glide. 
A receptor Grid of 10 x 10 x 10 Å was generated on bin-
ding site residues of Acetate Kinase. Ligands were pre-
pared and chemical correctness was achieved to expand 
protonation, stereochemical, ionization variations, energy 
minimization and tautomeric states at pH 7.0 ± 2.0 units 
using LigPrep and Epik [9]. The prepared library of Ace-
tate Kinase Inhibitor was than docked into the binding site

2.5. Molecular docking simulation
Desmond Module was used to execute the molecular 

dynamics calculation [10] for assessing the stability of 
Acetate kinase-lead docking complex. The docked com-
plex was immersed in the orthorhombic box of the simple 
point charge (SPC) solvent model. During the simulation 
process, the buffer box size calculation was employed, 
and the distance (Å) and angle (°) used were a = 10, b = 10, 
c = 10, and α = 90°, β = 90°, γ = 90°, respectively. The sol-
vated system was neutralized with counter ions at a phy-
siological NaCl salt concentration of 0.15 M. The OPLS4 
force field was used throughout the system preparation 
steps of the MD simulation [11]. A total of 1000 frames 
were produced throughout the MD simulation procedure, 
with the trajectory’s recording interval 250 ps. Using the 
NPT assembly class, the simulation was run for 250 ns at 
300 K in temperature and 1.013 bar of atmospheric pres-
sure. 

2.6. Statistical analysis
We employed various statistical analyses to evaluate 

the binding affinities and stability of the lead compounds 
targeting acetate kinase (Ack) from Porphyromonas gin-
givalis. The docking scores were analyzed using one-
way ANOVA to determine significant differences among 
the top compounds, with a significance threshold set at 
p<0.05p<0.05. Additionally, Root Mean Square Deviation 
(RMSD) values from molecular dynamics simulations 
were calculated to assess the stability of the protein-ligand 
complexes over a 250 ns period. The number of hydrogen 
bonds formed between the compounds and Ack was quan-
tified, and a Kruskal-Wallis test was applied to analyze 
differences in interaction strength. Finally, Pearson corre-
lation coefficients were used to evaluate the relationship 
between conservation scores of interacting residues and 
binding affinities, providing a comprehensive statistical 
framework for our findings.

3. Results
Structure-based pharmacophore modelling is perfor-

med on atomistic models of two different types (i) The 
Protein-Ligand Complex and (ii) Apo-Protein (macro-
molecules with no known ligands for binding site). Apo 
3D pharmacophore modeling is useful in necessitating 
de-novo approaches to pharmacophore placement within 
the active site, offering the potential for scaffold hopping 
and identification by utilizing the arrangement of abstract 
features that are not tied to any specific ligand structure 
[12]. Here, we employed Apo Feature-based 3D pharma-
cophore modeling for the identification of potential inhi-
bitors of Acetate Kinase of P. gingivalis. In feature-based 
methods, fragments are docked into the apo site using the 
Glide XP docking program [12, 13], and the energetically 
favorable fragments posed are then selected to construct 
pharmacophore hypothesis using Phase [14]. 

3.1. Generation of the E-pharmacophore model
An Energy-optimized pharmacophore hypothesis was 

developed using “Develop a Pharmacophore from Recep-
tor Cavity” option in the phase module using SiteMap 
generated Site (Figure 1A and Table 1). The hypothesis 
was set at a maximum feature-feature distance of 2.5 Å. 
Seven Pharmacophore sites were identified and the final 
hypothesis consisted of two aromatic rings (R19 and R20), 

https://www.rcsb.org/structure/6IOY
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form two hydrogen bonds, while Arg 241 formed three 
hydrogen bonds, and His 180 was found to form a single 
hydrogen bond interaction  (Figure 2B). The Second Hit 
ZINC000584898641 was found to bind at the active site 

three negatively ionizable regions (N13, N14 and N15), 
one hydrogen bond donor(D9) and one aromatic ring (A4) 
as shown in Figure 1B.

Due to the lack of any known inhibitors of Acetate Ki-
nase, the developed pharmacophore model could not be 
validated. However, considering the importance and need 
of searching for potential scaffold and inhibitor, we conti-
nued the study and used the model for further Screening of 
Zinc Lead-Like molecules. 

3.2. PHASE screen
Phase screen was carried out on receptor-based phar-

macophore to screen for the possible Acetate Kinase Inhi-
bitor of P. gingivalis. The Screen was carried out on 4 out 
of 7 hypotheses, allowing only compounds that matched 4 
out of 7 pharmacophoric sites. The screen identified total 
of 5401 molecules out of 18,00,000 screened molecules. 

3.3. High throughput virtual screen
High throughput Virtual Screening was performed on 

the screen-identified molecule using Schrodinger Virtual 
Screen Workflow. The Screen was performed using three 
steps. (i) Docking with Glide HTVS, (ii) Dock with Glide 
SP and (iii) Dock with Glide XP. The Docking was perfor-
med Flexibly in all the steps. During the initial two steps, 
only 1% of the best molecules were kept while retaining 
the only best Scoring state (Table 1). In the third step, we 
just kept the top 3 of the best compounds for further analy-
sis due to computational restrictions (Table 2). These Com-
pounds were further processed with Prime MM-GBSA to 
further refine and Calculate the Free Binding Energy.

At the Active site of ZINC001306857494 was found 
to bind with acetate kinase with Binding Free energy of 
-41.66Kcal/mol. It was found to be stabilized by 6 H-
bond interactions. The amino acid Leu 119 was found to 

Fig. 1. (A) Predicated active site of AckPg (B) Developed Apo-Pha-
ramcophore-based hypothesis at the binding site of AckPg.

Active Site DScore SiteScore Volume Residues

Site 1 0.906 0.899 262.052 162,164,174,229,230,231,232,233,234,242,243,244,245,247,250,265,268,269,
501,693,716

Title docking_score Title docking_score Title docking_score
ZINC001147693083 -7.12984 ZINC000677868386 -6.56726 ZINC000011693088 -6.28338
ZINC001306857494 -7.08364 ZINC001275545409 -6.53424 ZINC001276559095 -6.28292
ZINC001212665287 -7.03932 ZINC001274926025 -6.49244 ZINC000091486755 -6.25304
ZINC000021704371 -6.82549 ZINC001270176986 -6.47804 ZINC001365237288 -6.2363
ZINC001176265302 -6.80745 ZINC001168921162 -6.46168 ZINC001364165635 -6.22916
ZINC001168919875 -6.79909 ZINC001167358939 -6.43273 ZINC001165685926 -6.19703
ZINC000820385512 -6.79156 ZINC001275265738 -6.43187 ZINC001455983478 -6.19156
ZINC001168924431 -6.78293 ZINC001269702772 -6.41429 ZINC001275820411 -6.18949
ZINC000566941774 -6.78054 ZINC001219741917 -6.3989 ZINC001245927008 -6.18606
ZINC001152382881 -6.70345 ZINC001278238954 -6.38131 ZINC000002150471 -6.18598
ZINC001219741765 -6.66529 ZINC001320624126 -6.37262 ZINC001147689514 -6.17766
ZINC000354178254 -6.60908 ZINC001195541723 -6.34532 ZINC000000712182 -6.16846
ZINC001274849975 -6.60241 ZINC001196209405 -6.34034 ZINC001301192276 -6.16811
ZINC001270138920 -6.6019 ZINC000584898641 -6.33266 ZINC001261759057 -6.1599
ZINC001269346922 -6.59106 ZINC001163017803 -6.322
ZINC001474282880 -6.58825 ZINC001434449974 -6.32124
ZINC001336896811 -6.57902 ZINC001157934379 -6.30037

Table 1. Top lead-like molecules from HTVS Screening.

Molecule Docking Score dG Bind 
(Kcal/mol)

ZINC001306857494 -7.334 -41.66
ZINC001274926025 -7.227 -40.16
ZINC000584898641 -7.107 -41.44

Table 2. The Top 3 Screened lead like molecules through HTVS 
Screening.
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with binding free energy of -41.44 Kcal/mol. The mole-
cule was found to form 3 H-bond interactions. Amino acid 
residue Lue 119, Arg241 and His 180 were found to form 
single H-bond interaction. Similarly, ZINC001274926025 
was found to be bound with binding Free energy of 
-40.16Kcal/mol, in addition to H bond Interaction with 
Leu119. The compound formed an H bond interaction 
with His123 and Arg 91.

We further looked into the interaction of these com-
pounds using the ConSurf analysis to understand whether 
the docking interactions are aligned with evolutionarily 
conserved regions (Figure 2A). It was observed that all the 
interacting amino acid residues Leu 119, His180, Arg24, 
His 123, and Arg91 are highly conserved across the evo-
lution among all the Acetate Kinase proteins (Figure 2C). 
Thus, this suggests that the binding of these compounds 
occurs within structurally and functionally important re-
gions.

3.4. Molecular dynamic simulation
Molecular Dynamics is a crucial tool for studying the 

interaction between protein-ligand complexes and genera-
tion of accurate computer-aided drug design. In the current 
study, the top 3 poses from virtual screening were subjec-
ted to Molecular dynamic simulation of 250ns to unders-
tand the stability of protein-ligand complexes and provide 
keen insights into the binding modes and conformational 
changes of both ligand and protein. 

3.4.1. Analysis of RMSD value of proteins and ligands
The molecular dynamics (MD) simulation results were 

analyzed using Cα and ligand root mean square devia-
tion (RMSD) values, providing insights into conforma-
tional changes of the protein-ligand complexes relative 
to their initial structures. The protein RMSD trajectories 
for most complexes exhibited deviations ranging from 
1.5 Å to 3.5 Å, rarely exceeding 4 Å3. However, the 
ZINC001274926025 complex demonstrated a progressive 
increase in Cα RMSD throughout the simulation, indica-
ting significant instability. For the ZINC001306857494 
complex, the Cα RMSD increased during the initial 25 ns 
before reaching a plateau. A brief fluctuation around 98 ns 
resulted in an RMSD slightly exceeding 4 Å, after which 
the protein backbone maintained an average RMSD of ap-
proximately 3.5 Å for the remainder of the simulation. The 
ligand RMSD rapidly increased from 1 Å to 2.5 Å within 
the first 10 ns, subsequently fluctuating between 2.5 Å and 
4 Å throughout the simulation. This behavior suggests a 
stable protein-ligand complex capable of maintaining mo-
lecular interactions (Figure 3A).

In contrast, the ZINC000584898641-protein complex 
exhibited more complex dynamics. While the Cα RMSD 
remained below 3.5 Å throughout the simulation, the li-
gand RMSD displayed substantial fluctuations. Initially 
stable at around 2 Å for the first 50 ns, the ligand RMSD 
subsequently increased dramatically, exceeding 4 Å after 
50 ns and surpassing 7 Å beyond 75 ns. This significant 
shift in RMSD values can be attributed to conformational 
changes of the ligand within the binding site, ultimately 
resulting in its complete displacement (Figure 3B). These 
findings highlight that ZINC001306857494 is much more 
stable compared to its other 2 counterparts and may have 
the potential to inhibit the acetate kinase of P. gingivalis.

3.4.2. Analysis of RMSF
The RMSF analysis was performed to aim at the 

conformational changes of protein that occurred due to the 
binding of ligands during simulation, As RMSF of each 

Fig. 2. (A) Consurf analysis of Acetate Kinase of P gingivalis (B)
Top 3 Lead molecules binding at the active site of Ackpg (C) Consurf 
Analysis of top3 lead-like molecules and their interaction with Highly 
Conserved amino acid residues.

Fig. 3. (A) RMSD analysis of ZINC001306857494.The red shows the 
fluctuation of Ligand w.r.t the protein. Blue shows RMSD of C-alpha 
atoms of protein during the simulation. (B) Protein-Ligand RMSD of 
ZINC000584898641.
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system helps in understanding the stability and movement 
of each residue. A plot with increased fluctuations indi-
cates an unstable connection. Similarly, on the other hand, 
lower or reduced fluctuation suggests well-structured, 
stable and less distorted complex regions. The stability 
of the compounds with Acetate Kinase was confirmed by 
finding the interacting active site residues and showed no 
change overtime in the case of ZINC001306857494 (Fi-
gure 4A) and ZINC000584898641 (Figure 4B). However, 
in the case of ZINC001274926025 the RMSF values were 
found to be quite high suggesting unstable interactions.

3.4.3. Ligand protein contact analysis
The Ligand protein contact analysis during the si-

mulation provides valuable insights into the molecu-
lar interaction, interaction strength and key interactors. 
The Ligand protein contact analysis revealed that only 
ZINC001306857494 was able to maintain sustainable 
contacts throughout the simulation while maintaining the 
contact strength >30% with amino acid resides His123, 
His180, Leu122 and Ser265. In addition to H bond 
contacts, pi-pi stacking and pi-cation interaction were also 
observed with amino acid His123 and Arg 241 respecti-
vely (Figure 5A). In contrast, both ZINC000584898641 
and ZINC001274926025 were not able to maintain any 
significant contacts, suggesting ZINC001306857494 as 
only potential lead (Figure 5B and 5C).

4. Discussion
Considering the role of P. gingivalis in endodontic in-

fections, the search for new drugs targeting the pathogen 
might help in the prevention, treatment and maintenance 
of oral hygiene. To date, there are only a few studies per-
formed to identify the drugs targeting P.gingivalis but none 
of them were designed to target Acetate Kinase [15, 16]. 
Kohler et.al in a preliminary computational study scree-
ned streptomeDB against the Acetate Kinase. However, in 
the current study, we attempted to screen a large database 
of Zinc Database -Lead-like molecules (>1800000) using 
the Apo pharmacophore hypothesis-based approach. In an 
attempt to identify a novel molecule or scaffold that can 
potentially inhibit the Acetate Kinase enzyme. 

In this study, the molecules from zinc database were re-
cruited to identify a novel molecule against the active site 
of AcK. Our analysis suggested that amino acid residues 
within the active site of P. gingivalis are highly conserved 
and the interaction of most lead molecules with amino acid 
Leu 119, His180, Arg241, His 123, Arg91. Considering 

Fig. 4. (A) RMSF analysis of ZINC001306857494.Green lines 
denote the ligand interacting residues (B) RMSF analysis of 
ZINC000584898641.

Fig. 5. (A) 2D interaction diagram of ZINC001306857494 showing 
strength of interaction during the simulation (B) Contact Timeline of 
ZINC001306857494 (C) Contact Timeline of ZINC000584898641.
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their higher extent of conservation these residues can be 
considered critical for drug designing. 

The physiochemical and pharmacodynamic properties 
were evaluated. The molecule was not found to violate any 
of the Lipiniskis rule of 5. it is well known that most orally 
available molecules follow the rule of five [17]. We found 
that the identified scaffold 1,3,4-oxadiazole, a five-mem-
bered, conjugated, planar, and stable heteroaromatic ring 
containing two nitrogen atoms at the 3 and 4 positions, 
and an oxygen atom at position 1 is well known for its role 
in anti-microbial activity and anti-inflammatory activities 
[18]. Apart from antimicrobial activity, these compounds 
have been studied for decades due to their promising bio-
logical activities such as anti-Covid, anti-fungal, anti-vi-
ral, anti-cancer, and anti-diabetic activity [19, 20].

1,3,4-Oxadiazole derivatives have emerged as promi-
sing kinase inhibitors, demonstrating significant potential 
in the treatment of various diseases, particularly cancer 
and neurodegenerative disorders. 3,4-Oxadiazole deri-
vatives have shown promise as inhibitors of GSK-3β, a 
kinase implicated in the abnormal hyperphosphorylation 
of tau protein associated with Alzheimer's disease [21]. 
Recent computational studies have explored 1,3,4-oxa-
diazole derivatives as potential inhibitors of VEGFR2, a 
key target in renal cancer treatment [22], suggesting the 
1,3,4-oxadiazole derivatives as promising candidates for 
the development of novel and effective kinase inhibitors.

 The current study is an in-silico analysis, which in-
herently presents several methodological limitations. 
While computational approaches provide valuable initial 
insights into potential drug candidates, they necessitate 
comprehensive validation through experimental methods. 
Specifically, wet-lab analyses, including detailed pharma-
cokinetics and pharmacodynamics assays, are crucial to 
definitively evaluate the draggability and potential thera-
peutic efficacy of the proposed compounds.

Our computational study has identified 
ZINC001306857494 as a potential inhibitor of P. gingi-
valis acetate kinase, a crucial enzyme for the pathogen's 
survival and energy metabolism. The compound's stabi-
lity in molecular dynamics simulations and its interactions 
with highly conserved residues in the Ack active site sug-
gests its potential as a lead for developing novel therapeu-
tics against endodontic infections. The 1,3,4-oxadiazole 
scaffold of ZINC001306857494 offers a promising star-
ting point for further optimization and drug development. 
While experimental validation is necessary, this study 
demonstrates the power of structure-based pharmaco-
phore modeling and virtual screening in identifying new 
drug candidates for challenging bacterial targets. Future 
research should focus on in vitro and in vivo studies to 
confirm the efficacy and safety of this compound, poten-
tially leading to new treatments for endodontic infections 
and associated systemic conditions.
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