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Abstract

Antimicrobial photodynamic therapy (@aPDT) is a promising approach to combat antibiotic resistance in endodontic
infections. It eliminates residual bacteria from the root canal space and reduces the need for antibiotics. To
enhance its effectiveness, an in silico and in vitro study was performed to investigate the potential of targeted
aPDT using natural photosensitizers, Kojic acid and Parietin. This approach aims to inhibit the biofilm formation

of Enterococcus faecalis, a frequent cause of endodontic infections, by targeting the Ace and Esp proteins. After
determining the physicochemical characteristics of Ace and Esp proteins and model quality assessment, the
molecular dynamic simulation was performed to recognize the structural variations. The stability and physical
movement of the protein-ligand complexes were evaluated. In silico molecular docking was conducted, followed
by ADME/Tox profiling, pharmacokinetics characteristics, and assessment of drug-likeness properties of the natural
photosensitizers. The study also investigated the changes in the expression of genes (esp and ace) involved in

E. faecalis biofilm formation. The results showed that both Kojic acid and Parietin complied with Lipinski’s rule

of five and exhibited drug-like properties. In silico analysis indicated stable complexes between Ace and Esp
proteins and the natural photosensitizers. The molecular docking studies demonstrated good binding affinity.
Additionally, the expression of the ace and esp genes was significantly downregulated in aPDT using Kojic acid and
Parietin with blue light compared to the control group. This investigation concluded that Kojic acid and Parietin
with drug-likeness could efficiently interact with Ace and Esp proteins with a strong binding affinity. Hence,
natural photosensitizers-mediated aPDT can be considered a promising adjunctive treatment against endodontic
infections.
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Introduction

Enterococcus faecalis is a common cause of endodontic
infections, which are infections of the dental pulp and the
surrounding tissues (Alghamdi and Shakir 2020). End-
odontic infections can be painful and can lead to serious
complications if not treated promptly (Segura-Egea and
Martin-Gonzélez 2020). Studies have shown the preva-
lence of E. faecalis in root canal-treated teeth with persis-
tent infections (Zoletti et al. 2011; Alghamdi and Shakir
2020). It is resistant to many commonly used antibiotics,
complicating treatment efforts. Additionally, E. faecalis
can survive in harsh conditions, such as the presence of
blood or pus, and can remain in the root canal system for
extended periods (Hollenbeck and Rice 2012).

The persistence of E. faecalis in the root canal system
is largely due to its ability to form biofilms, which hinder
the penetration of disinfectants and antibiotics, making
it difficult to eradicate the bacteria (Alghamdi and Sha-
kir 2020). Biofilm formation is a complex process that
involves several genes, including the esp and ace genes
(Francisco et al. 2021). The esp gene, known as Entero-
coccal surface protein, is located on a pathogenicity
island and encodes a surface protein that mediates the
initial attachment of E. faecalis to host tissues and abiotic
surfaces. The Esp protein also contributes to bacterial
aggregation and biofilm formation (Toledo-Arana et al.
2001). Similarly, the ace gene, which stands for Aggrega-
tion substance, plays a role in biofilm formation by E. fae-
calis. The Ace protein is a surface protein that promotes
cell-to-cell aggregation, a crucial step in biofilm develop-
ment (Francisco et al. 2021).

To effectively treat endodontic infections caused by E.
faecalis, it is important to use a combination of mechani-
cal and chemical techniques. Mechanical techniques
focus on removing infected tissue from the root canal,
while chemical methods utilize antimicrobial agents to
eradicate the bacteria (Pereira et al. 2021). However, as
previously mentioned, E. faecalis exhibits resistance to
many commonly used antibiotics, making it challeng-
ing to eliminate the infection with chemical methods
alone (Hollenbeck and Rice 2012). Therefore, alternative
approaches, such as antimicrobial photodynamic ther-
apy (aPDT), have been explored to enhance the efficacy
of chemical treatments (Nunes et al. 2022). A significant
advantage of aPDT compared to traditional treatment
approaches is its capacity to penetrate deeply into the
root canal system, reaching areas that are difficult to
access with standard instruments (Plotino et al. 2019).
Moreover, aPDT has demonstrated a synergistic effect
when combined with conventional treatment methods,
potentially resulting in improved treatment outcomes
and shorter treatment durations (Martins Antunes de
Melo et al. 2021). aPDT is a promising approach to com-
bat microbial infections by employing a combination of
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a photosensitizer, light, and oxygen to generate reactive
oxygen species (ROS) that can effectively eliminate bacte-
ria, viruses, and fungi (Pourhajibagher et al. 2016). Tradi-
tionally, synthetic photosensitizers have been utilized in
aPDT; however, natural photosensitizers have emerged as
a potential alternative due to their biocompatibility, low
toxicity, and availability (Polat and Kang 2021).

Kojic acid, a natural metabolite derived from fungi,
exhibits antimicrobial properties against a various bacte-
ria and fungi (Zilles et al. 2022). While it can be activated
by ultraviolet A (UVA) light, its maximum absorption
occurs in the UVB range (Pourhajibagher et al. 2023a).
Due to the heightened cancer risk associated with UVA
light penetration, clinical applications of aPDT using
Kojic acid favor visible light sources (400-800 nm),
which can penetrate the target site effectively without
causing significant damage to surrounding healthy tis-
sues (Gholami et al. 2023; Pourhajibagher et al. 2023b).
Similarly, Parietin, a natural pigment found in lichens
and plants, shows broad-spectrum antimicrobial activity
(Basile et al. 2015; Comini et al. 2017; Mugas et al. 2021a)
and enhances the efficacy of aPDT by increasing ROS
production (Mugas et al. 2021a; Ayoub et al. 2022a, b).
Parietin’s absorption spectrum ranges from UVB to visi-
ble light, with peak absorption occurring around 430 nm,
making light sources within this wavelength range suit-
able for exciting Parietin in aPDT applications (Fernan-
dez-Marin et al. 2018).

The effectiveness of aPDT can be influenced by various
factors (Carrera et al. 2016; do Prado-Silva et al. 2022).
Therefore, identifying the specific target site(s) within
the bacterial cell that is most susceptible to ROS-induced
damage can enhance the efficiency of aPDT, potentially
leading to the development of more effective and tar-
geted antimicrobial treatments. Previous investigations
have revealed that in silico analysis—utilizing computa-
tional methods and algorithms to explore biological sys-
tems—is an integral part of drug discovery, allowing for
the identification of target sites for the development of
candidate drugs (Ekins et al. 2007; Agamah et al. 2020;
Shaker et al. 2021; Pourhajibagher and Bahador 2024). In
this study, we began by following a comprehensive work-
flow to identify the potential of Kojic acid and Parietin
against Ace and Esp proteins in E. faecalis through vari-
ous computational methods (Fig. 1). We then investigated
the minimum inhibitory concentration (MIC) of Kojic
acid and Parietin and subsequently evaluated the changes
in the expression of the esp and ace genes involved in E.
faecalis biofilm formation following treatment with the
aPDT process.
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Fig. 1 Flowchart depicting the workflow of virtual screening
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Materials and methods

Protein preparation

The National Center for Biotechnology Information
(NCBI) database (https://www.ncbi.nlm.nih.gov/) was
utilized to retrieve the sequences of the Esp and Ace pro-
teins, identified by accession numbers AEG79633 and
WP_271104706, respectively. The amino acid sequences
of these proteins were subjected to the Protein-Basic
Local Alignment Search Tool (BLASTP) (http://blast.
ncbi.nlm.nih.gov/Blast) to find an appropriate template.
To predict the secondary structures of Esp and Ace,
the Self-Optimized Prediction Method with Alignment
(SOPMA) server (https://npsa-prabi.ibcp.fr/cgi-bin/
npsa_automat.pl?page=/NPSA/npsa_sopma.html)  was
employed. Furthermore, the three-dimensional struc-
tures of Esp and Ace, with PDB IDs 60RI and 2Z1P
respectively, were achieved from the RCSB Protein Data
Bank.

Analysis of physicochemical properties

The physicochemical properties of the selected proteins,
including molecular weight, amino acid composition,
total number of positive and negative residues, theoreti-
cal pl, instability index (II), aliphatic index (AI), extinc-
tion coefficient, and grand average of hydropathicity
(GRAVY) value were obtained using the ProtParam tool
(https://web.expasy.org/protparam/) on the ExPASy
server. Additionally, PSORTb v3.0.2 (https://www.psort.
org/psortb/), SignalP v6.0 (https://services.healthtech.
dtu.dk/services/SignalP-6.0/), and Immunomedicine
group (http://imed.med.ucm.es/Tools/antigenic.pl) were
used to analyze the sub-cellular localization, signal pep-
tides, and antigenicity of Ace and Esp proteins.

Model quality assessment

The quality of modeled structures was validated by
ProSA  (https://prosa.services.came.sbg.ac.at), PRO-
CHECK, ERRAT, and Verify3D modules of the SAVES
server (https://saves.mbi.ucla.edu/). The SWISS-MODEL
Structure Assessment tool (https://swissmodel.expasy.
org/assess) and QMEAN tool (https://swissmodel.expasy.
org/qmean/) were collaboratively utilized to estimate the
QMEAN Z-score and global quality of the models.

Protein-protein interaction (PPI) analysis

A protein network database (https://string-db.org/) was
used to determine possible PPIs and present them under
a network topology, highlighting the functional charac-
teristics of the Esp and Ace proteins.

Ligands preparation
The structures of the natural compounds (Kojic acid
[(C¢HgO,] and Parietin [C,H,,0;]) were retrieved from
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the PubChem Compound Database (http://pubchem.
ncbinlm.nih.gov).

Molecular docking

Molecular docking approach was employed to investigate
the molecular interaction between selected compounds,
Kojic acid and Parietin, and the proteins with PDB IDs
2Z1P and 60RI. The protein-ligand docking simulation
was performed using AutoDock4.2 software package. The
partial charges of the ligand atoms were calculated using
the Gasteiger-Marsili procedure implemented in the
AutoDock tools package. Missing hydrogen atoms were
added to the proteins, and after determining the Kolman
united atom charges, non-polar hydrogens were merged
with their corresponding carbons using Autodock tools.
For the flexible-ligand docking studies, the Lamarck-
ian Genetic Algorithm (LGA) was utilized to search for
the global optimum binding positions, using the default
parameters of the AutoDock 4.2 program.

Prior to the docking simulations, the ligands were opti-
mized for conformation using Avogadro software. For the
receptors, water molecules, small ligands, and heteroat-
oms were removed, and their structures were then energy
minimized. Finally, 200 independent docking runs were
carried out for each ligand-protein complex. The result-
ing docking poses were analyzed usiung Discovery Studio
Visualizer software, which generated two-dimensional
and three-dimensional diagrams of the docked protein-
ligand structures.

Molecular dynamics simulation

The molecular dynamics simulation study of natural pho-
tosensitizers and Esp and Ace docked complex was per-
formed by iMODS (https://imods.igfr.csic.es/).

Prediction of ADME/Tox profiling by computational
analysis

The drug-likeness of Kojic acid and Parietin was assessed
using the method established by Lipinski et al. (2004).
The in silico ADME/Tox profiles of these natural com-
pounds, which include absorption, distribution, metabo-
lism, excretion, and toxicity, was determined using the
pkCSM-pharmacokinetics tool (http://structure.bioc.
cam.ac.uk/pkesm) and SwissADME tool (http://www.
swissadme.ch/). Moreover, the toxicological character-
istics of Kojic acid and Parietin such as LDg, values in
mg/kg, toxicity class, hepatotoxicity, immunotoxicity,
cytotoxicity, mitochondrial toxicity, nephrotoxicity, and
mutagenicity were revealed using ProTox-II (https://tox-
new.charite.de/protox_II/).

Determination of MIC doses of Kojic acid and Parietin
Stock solutions of both natural compounds were pre-
pared, and their MIC values were determined according
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to the Clinical and Laboratory Standards Institute (CLSI)
guideline (2015). Serial dilutions were made in Mueller
Hinton broth medium (Merck, Germany) on the round-
bottom 96-well microplate. The dilution ranges of Kojic
acid and Parietin (both purchased from Sigma-Aldrich,
Germany: 99% purity) were 0.5-256 mg/mL. After that,
100 pL of E. faecalis ATCC 29,212 suspension, adjusted
to a final concentration of 1.5x10°® CFU/mL, was added
to each dilution. The microtiter plate was then incubated
for 24 h at 37 °C, and the MIC was defined as the low-
est concentration of the compound that inhibited visible
microbial growth.

RNA extraction and quantitative real-time polymerase
chain reaction (qRT-PCR)

Immediately following the treatment of E. faecalis with
sub-MIC doses of Kojic acid and Parietin, combined with
a continuous blue laser (ASHA, Iran) at a wavelength of
450+5 nm and an output intensity of 150 mW/cm? for
one min, the total RNAs were extracted by the super
RNA extraction Kit (AnaCell, Iran). After removing any
remaining genomic DNA using RNase-free DNase I
treatment, total RNA (150 ng) was reverse transcribed
into a 10 uL ¢cDNA reaction volume using the RevertAid
First Strand cDNA Synthesis Kit (AnaCell, Iran), follow-
ing the manufacturer’s instructions. Specific primers for
the esp, ace, and 16s rRNA genes (used as an internal
control for standardizing qRT-PCR data) were designed
as follows: ace-F TCGTCCGTTACACTTCGACA, ace-R
TCCACATTTTGATTGCCGCT, esp-F GGTGATGG
AAACCCTGACGA, esp-R AGTTGCGCTTTGTGAT
CTGT, 16s rRNA-F GTCGAACGCTTCTTTCCTCC,
and 16s rRNA-R AGCGCCTTTCACTCTTATGC, using
Primer3 software; version 4.0 (http://primer3.ut.ee/).
qRT-PCR was conducted with a LightCycler® 96 System
(Roche Diagnostics, Indianapolis, IN) following cycling
parameters: one cycle of denaturation at 95 °C for 5 min,
followed by 40 cycles of 15 s at 95 °C, 10 s at 60 °C, and
20 s at 72 °C. Gene expression was quantified relative to
controls using the comparative CT method (Schmittgen
and Livak 2008).

Statistical analysis

Data analysis was conducted using SPSS version 25.0
(IBM, New York, NY, USA) through one-way analysis of
variance (ANOVA). A significance level of P<0.05 was
established to determine statistical significance in all
analyses.

Results

Retrieval of Esp and Ace proteins

A similarity search using BLASTP against target pro-
teins in E. faecalis revealed that the Ace and Esp were
similar to the protein structures with PDB IDs: 2Z1P and
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60RI, respectively. The alignment between Ace and 2Z1P
yielded a total score of 671, with 49% query cover and
95.54% identity. Similarly, the alignment between Esp and
60RI showed a query cover of 19%, identity of 100%, and
a total score of 124.

Prediction of secondary structure

The secondary structure of protein chains was analyzed
by SOPMA. For the target protein Ace, the designed sec-
ondary structure revealed that random coils comprised
50.15%, followed by alpha helices at 24.63%, extended
strands at 20.77%, and beta-turns at 4.45%. The second-
ary structure composition of Esp protein contained
48.48, 27.27, 15.49, and 8.75% of random coils, extended
strands, alpha helices, and beta-turn, respectively. These
results indicate that both Ace and Esp proteins predomi-
nantly exhibit a coiling structure.

Three-dimension structure and validation

The three-dimensional structures of Ace and Esp pro-
teins were were obtained from the RCSB PDB (Fig. 2).
As shown in Fig. 2a, Esp has a resolution of 1.40 A and
consists of one chain and one calcium ion (Ca*), while
Ace has a resolution of 2.50 A and contains only one
chain (Fig. 2b). The interaction of Ca*? with surrounding
amino acids is shown in Fig. 2c. Additionally, the mod-
eled ribbon structure and surface view of Ace and Esp
proteins are shown in supplementary Figure S1.

The structural quality of the modeled proteins was
assessed using a Ramachandran plot, which revealed that
84.1% of the total residues (211) of predicted model eval-
uation of the Ace protein (PDB 2Z1P) were in favoured
regions (A, B, L), while predicted model evaluation of the
Esp protein (PDB 60RI) showed 87% (295) of residues
in favoured regions. As seen in the image a of Figs. 3A
and B and 12.1% (41) and 15.1% (38) of the residues of
60RI and 2Z1P, respectively were found in the addi-
tional allowed regions (a, b, 1, p); 0.6% (2) and 0.3% (1)
residues of 60RI were in the generously allowed (~a, ~b,
~l, ~p) and disallowed regions (XX), respectively, while
there were 0% residues of 2Z1P in the disallowed regions
and only 0.8% (2) of residues in the generously allowed
regions, thus confirming that both predicted models are
of high-quality.

ProSA-web predicted the Z-scores of — 5.98 and —6.97
for the Ace and Esp proteins, respectively, suggesting
good overall model quality (Images b and c of Fig. 3A and
B). Moreover, the structures passed in the validation anal-
ysis by Verify3D showed that 89.01 and 99.48% of the res-
idues of predicted model evaluation of the Ace and Esp
proteins, respectively have a 3D-1D score >0.1 on aver-
age and at least 80% of the amino acids had scored>=0.1
in the 3D/1D profile. ERRAT predicted the quality score
of the Ase model as 88.6719, while for the Esp model, the
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Fig. 2 Three-dimensional structure of proteins: (a) Ace (PDB ID: 2Z1P), (b) Esp (PDB ID: 60RlI), (c) Interaction of Calcium ion (Ca*?) with surrounding amino

acid residues of Esp protein

predicted overall quality factor was 94.6381 (Image d of
Fig. 3A and B). Additionally, the global scores for Ace and
Esp proteins were 0.88+0.05 and 0.94+0.05, respectively,
reflecting the reliability of the predicted structures. These
findings confirm that the constructed models are of high
quality and suitable for predicting active sites and for
docking ligands such as Kojic acid and Parietin with Ase
and Esp proteins of E. faecalis.

Physiochemical profiling of Esp and Ace proteins

The molecular profile analysis revealed 297 and 674
amino acids in Esp and Ace proteins, respectively. A
comprehensive examination of these proteins, based on
physicochemical characteristics, is detailed in Table 1.
According to the data, the grand average of hydropath-
icity (GRAVY) index was —0.648 for Esp and —0.661 for
Ace, indicating that both proteins are hydrophilic, a find-
ing further supported by Kyte and Doolittle hydropathy
plot (Figure S2). The predicted antigenic peptide tool
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revealed that Esp contains 11 antigenic determinants,
while Ace has 25, with average antigenic propensities of
1.0003 and 1.0048, respectively (Figure S3 and Table S1).
Sub-cellular localization of the prokaryotic domain pre-
dicted that Ace is associated with the cell wall, whereas
Esp is classified as cytoplasmic. Additionally, analysis

of proteins by SignalP suggested that 0.0962, 0.008, and
0.006 sequences of Ace signal peptide belonged to the
Sec/SPI, Tat/SPI, and Sec/SPII pathways, respectively
(Figure S4a). In contrast, Esp’s signal peptide sequences
were found to be 0.009, 0.009, and 0.001 for the Sec/
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Table 1 Molecular and physiochemical properties of Ace and
Esp proteins

Molecularand Ace Esp
physiochemi-

cal profiling

Molecular 74184.55 32763.25
weight

Theoretical pl 438 437
Total number 117 61

of negatively
charged resi-
dues (Asp+Glu)

Total number 49 33

of positively

charged resi-

dues (Arg+Lys)

Atomic Carbon 3233 Carbon 1456

composition Hydrogen 5105  Hydrogen 2265
Nitrogen 843 Nitrogen 361
Oxygen 1134 Oxygen 492
Sulfur 8 Sulfur 2

Formula C3233H5105N543011345 CraseHaa6sN36104925;

Total number of 10,323 4576

atoms

Extinction coef- 27,390 24410

ficients in H,O

(280 nm)
Estimated 30 h (mammalian reticulo- 5.5 h (mammalian
half-life: cytes, in vitro). reticulocytes, in vitro).

The N-terminal
of the sequence
considered is M

>20 h (yeast, in vivo).
> 10 h (Escherichia coli, in
Vvivo)

3 min (yeast, in vivo).
2 min (Escherichia coli,
in vivo)

(Met)

Instability index 4643 26.98
(n

Aliphaticindex  72.26 73.16
Grand average  -0.661 -0.648
of hydropathic-

ity (GRAVY)

SPI, Tat/SPI, and Sec/SPII pathways, respectively (Figure
S4b).

Prediction of PPI

The PPI network analysis conducted using the STRING
database showed that our target proteins of interest have
interactions with other proteins. Some of these pro-
teins have experimentally known functions, while others
remain functionally uncharacterized (Figure S5 and Table
S2). In the PPI network for Ace there were 11 nodes, 55
edges, an average node degree of 10, a local clustering
coefficient of 1, and a PPI enrichment P-value of 1.24e-
14. In contrast, the PPI network for Esp comprised 11
nodes and 32 edges, with an average node degree of 5.82,
a local clustering coefficient of 0.888, and a PPI enrich-
ment P-value of 4.29e-06.
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Molecular docking

The docking results were analysed and ranked based on
their dock score values. Figure 4 illustrates the molecu-
lar interactions between Kojic acid and Parietin with the
proteins 2Z1P and 60RI. Table 2 presents the estimated
free binding energy values (AGbind) of the docked posi-
tions, intermolecular energy, electrostatic energy, total
internal energy, torsional energy, and inhibition con-
stant (Ki) of these ligands/inhibitors for the respective
proteins.

The molecular docking analysis demonstrated that the
proteins 2Z1P and 60RI exhibited the strongest bind-
ing affinity for the Parietin ligand, resulting in the lowest
inhibition constant (Ki) values of 9.05 and 3.18, respec-
tively. Conversely, Kojic acid displayed weaker interac-
tion compared to Parietin, leading to a higher inhibition
constant for this ligand. Notably, the interaction between
Kojic acid and 60RI showcased more favorable binding
energy and inhibition constant. Table 2 further corrobo-
rates that both Kojic acid and Parietin exhibited superior
binding affinity towards the 60RI protein. The docking
analysis highlighted the occurrence of the best bound
conformation in the case of 60RI-Parietin interaction,
with a binding energy of-7.83 Kcal/mol and an inhibi-
tion constant (Ki) of 3.18 uM. It reinforces the conclusion
that both ligands have a greater binding affinity for 60RI
compared to 2Z1P, which is essential for understanding
their potential roles in therapeutic applications.

Molecular dynamics simulation

The normal mode analysis (NMA) of Ace and Esp was
illustrated in image a of Fig. 5A and B. The main-chain
deformability, shown in image b, represents regions in
the protein with high deformability. Esp exhibited more
significant deformability, with numerous peaks around a
deformability index of 1.0, compared to Ace. The B-fac-
tor calculated by NMA and shown in image c, suggests
the flexibility of proteins based on atomic displacement
parameters. Image d represents the eigenvalue of the
proteins, which are related to the energy required to
deform the structure. Easier deformation occurs when
the eigenvalue is lower. Our findings demonstrated that
Ace and Esp generated eigenvalues of 1.558461e-04 and
4.887245e-04, respectively. The variance plots illustrated
in the image e demonstrate cumulative variances in green
colour while individual variances are in violet colour. The
covariance matrix between the pairs of residues, shown
in image f of Fig. 5A and B, indicates their correlations.
Red coloration indicates good correlation between resi-
dues, white coloration depicts no correlation, and blue
indicates anticorrelations. Moreover, the elastic network
model in image g suggests the connection between atom
pairs and springs. Each dot in the graph is colored based
on the stiffness where the dark grey dots indicate the
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Fig. 4 Two-dimensional diagram of docked protein-ligand complexes. (a) 2Z1P-Kojic acid, (b) 2Z1P-Parietin, (c) 60RI-Kojic acid, and (d) 60RI-Parietin

Table 2 Docking results of Kojic acid and parietin docked into 2Z1P and 60RI proteins

Protein  Ligand Binding  Intermo- Electro-  Total Torsional Inhibition Active site residues
energy lecular static internal energy  constant
energy energy  energy (Ki) (uM)
271P Kojicacid -4.76 -5.66 -0.2 -0.78 0.89 323.74 LEU185, LYS317
Parietin -6.88 -7.78 -0.13 -133 0.89 9.05 GLY52, GLU53, MET54, TYR50, ASP184, LEU185,
VAL316, LYS317
60RI Kojicacid =597 -6.86 -0.13 -0.78 0.89 4241 SER62, GLY261,VAL263, ASN264, GLY443, TYR444
Parietin -7.83 -84 -0.07 -1.34 0.89 3.18 PHE83, ASN84, PRO85, THR234, LEU238, TYR245,

HIS260, VAL263, THR442

*The energy values are expressed in kcal/mol
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Table 3 Drug-likeness characteristics of Kojic acid and parietin

Drug-likeness properties Kojic acid Parietin
Formula C6H604 C16H1205
Molecular weight 142.11 g/mol 284.26 g/mol
Number of H-bond acceptor 4 5

Number of H-bond donor 2 2

Number of rotatable bonds 1 1

LogP 112 245

TPSA 7067 A2 83.83 A2
Lipinski’s rule of five violation Yes Yes
Bioavailability score 0.55 0.55

Table 4 Pharmacokinetic properties of Kojic acid and parietin

Standard parameters Kojic acid Parietin
Absorption

Water solubility (LogS) -0.228 -3.543

HIA (%) 91.39 99.21

GIA High High
Caco-2 permeability 0.5133 0.8258
Human oral bioavailability 0.5143 0.5857
Distribution

BBB 0.5250 0.8000

BPPB (%) 0327 1.039

P-gp inhibitior Non-inhibitor Non-inhibitor
P-gp substrate Non-substrate Non-substrate
Metabolism

CYP3A4 substrate X X

CYP2C9 substrate X X

CYP2D6 substrate X X

CYP3A4 inhibition X X

CYP2C9 inhibition X X

CYP2C19 inhibition X X

CYP2D6 inhibition X X

CYP1A2 inhibition X v

Toxicity

Class 3 5

LD50 550 mg/kg 5000 mg/kg
hERG Weak inhibitor Weak inhibitor
Hepatotoxicity Inactive Inactive
Carcinogenicity Active Inactive
Immunotoxicity Inactive Active
Mutagenicity Active Active
Respiratory toxicity Active Inactive
Cytotoxicity Inactive Inactive

Abbreviations: HIA: human intestinal absorption (%); GIA: gastrointestinal
absorption; Caco-2: colorectal carcinoma; BBB: blood-brain barrier; BPPB: blood
plasma protein binding; P-gp: P-glycoprotein; CYP: cytochrome; hERG: human
ether-a-go-go related gene channel inhibition

stiffer springs and lighter grey dots predict flexible ones.
The iMOD study of target proteins clearly demonstrates
that our proposed proteins are stable.

Evaluation of drug-likeness properties
The drug-likeness properties of Kojic acid and Parietin
were assessed by five different filters such as Lipinski,
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Ghose, Veber, Egan, and Muegge. Both natural com-
pounds adhered to Lipinski’s rule of five without any
violations (Table 3). At the same time, Kojic acid and
Parietin also were found to comply with Veber and Egan
rules, showing no violations for these criteria. Other
rules were also evaluated to determine the drug-likeness
of Kojic acid and Parietin. As the results show, Parietin
had no violation of Ghose and Muegge rules, while Kojic
acid did not fit with the guidelines of these rules.

Evaluation of ADME/Tox properties

Pharmacokinetic variables can be used to estimate
the absorption, distribution, metabolism, elimination
(ADME), and toxicity (ADME/Tox) of leading drug can-
didate molecules. Key ADME/Tox properties evaluated
included topological surface area (TPSA), the number of
rotatable bonds, water solubility (Log S), human intesti-
nal absorption (HIA), blood-brain barrier (BBB) perme-
ability, access to P-glycoprotein (P-gp) substrates, and
cytochrome enzymes (CYP) (Table 4). The ADME/Tox
profiling displayed that there were no absorption-related
side effects for any of the candidate compounds. Accord-
ing to the boiled-egg chart (Figure S6), Kojic acid and
Parietin were identified as non-P-gp substrates, mean-
ing they are not expelled from the cell by the P-gp carrier
protein. Additionally, these findings indicated that the
natural compounds do not possess BBB permeability.

MIC of natural photosensitizers

After 24 h of incubation, turbidity was noticed in the
test wells containing Kojic acid at concentrations rang-
ing from 0.5 to 32 pg/mL, indicating the growth of E.
faecalis. In contrast, no turbidity was detected at concen-
trations of 64, 128, and 256 ug/mL, demonstrating inhibi-
tion of bacterial growth. Considerable turbidity was also
observed in the wells containing Parietin at the concen-
trations of 0.5, 1, 2, 4, and 8 pg/mL, while there was no
turbidity at concentrations above 16 pg/mL. Therefore,
the MICs were determined to be 16 pug/mL for Parietin
and 64 pg/mL for Kojic acid against E. faecalis.

Effect of natural photosensitizers-mediated aPDT on gene
expression

In this study, qRT-PCR was employed to evaluate the
expression levels of the ace and esp genes in E. faecalis
following treatment with sub-MIC concentrations of
Kojic acid and Parietin, combined with laser light expo-
sure. The qRT-PCR results presented in Fig. 6 indicate
that the expression of the ace gene significantly decreased
by 3.75-fold and 5.32-fold, respectively, when treated
with sub-MIC concentrations of Kojic acid (32 pg/mL)
and Parietin (8 pg/mL) combined with one min of laser
light exposure, compared to the control group (untreated
E. faecalis; P<0.05). Similarly, the expression of the esp
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Fig. 6 Effect of natural photosensitizers-mediated aPDT on gene expression of ace and esp. *Significantly different from the control group (no treatment),

P<0.05

gene was downregulated by 4.44-fold and 6.06-fold,
respectively, following treatment with aPDT using sub-
MIC concentrations of Kojic acid and Parietin, relative to
the control group (Fig. 6). As shown in Fig. 6, the sub-
MIC treatment groups did not show any significant effect
on the expression of ace and esp genes (P>0.05). Addi-
tionally, the levels of ace and esp were downregulated by
0.61- and 0.68-folds, respectively after exposure to laser
light onle, with no significant difference compared to the
control group (P>0.05).

Discussion

Studies have shown that E. faecalis can lead to persistent
infections and reinfections in root canals, often resulting
in treatment failures (Zoletti et al. 2006; Ali et al. 2020;
Voit et al. 2022; Carlesi et al. 2023). Biofilm formation
is a significant virulence factor for E. faecalis, enabling
the bacterium to colonize various surfaces and resist
antimicrobial treatments (Alghamdi and Shakir 2020).
The esp and ace genes play important roles in the initial
attachment and aggregation of E. faecalis cells, which are
critical steps in biofilm formation (Francisco et al. 2001;
Francisco et al. 2021).

Recently, targeted aPDT has emerged as a promising
adjuvant treatment for combating microbial biofilms
(Ribeiro et al. 2022). For effective targeted aPDT, select-
ing an appropriate photosensitizer is crucial. A clinically
effective photosensitizer should possess a certain degree
of hydrophilicity to prevent accumulation and should
specifically bind to target regions on microbial cells. This

specificity enhances internalization at the target site and
minimizes unwanted off-target effects (Ghorbani et al.
2018).

In this in silico study, Kojic acid and Parietin are pro-
posed as natural photosensitizers that interact with Ace
and Esp proteins, which are essential for the formation
and development of E. faecalis biofilms. In silico analy-
sis, utilizing computational methods and algorithms to
investigate biological systems, can be instrumental in
identifying target sites on microbial proteins.

Predicting the secondary and three-dimensional struc-
tures of the target proteins is crucial for future analysis.
In this study, random coils were identified as the opti-
mum scaffolded structure in the designed secondary
structures of Ace (50.15%) and Esp (48.48%) proteins.
The modeled three-dimensional tertiary structure of
the target proteins showed high quality, as assessed by
various methods including Ramachandran Plot analysis,
Verify3D, ERRAT, and ProSA-web servers. Furthermore,
molecular dynamics simulations were conducted to ver-
ify the stability of the Ace and Esp structures, and the
results indicated that the modeled structures of both pro-
teins were stable, making them reliable targets for Kojic
acid and Parietin.

The signal peptide pathway in bacteria is an essential
process for transport of proteins across the cell mem-
brane, allowing for their proper function and survival
(Schneewind and Missiakas 2014). In Gram-positive bac-
teria like E. faecalis, there are two primary pathways for
protein transport across the cell membrane: the secretion
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(Sec) pathway and twin-arginine translocation (Tat) path-
way (van Wely et al. 2001; Tseng et al. 2009). Both path-
ways are responsible for the transport of proteins that
contain a signal peptide, a short amino acid sequence
that directs the protein to the appropriate pathway. The
Sec pathway is the most commonly used pathway for
protein transport in bacteria, responsible for the trans-
location of unfolded proteins across the membrane. This
pathway involves the SecA ATPase, which binds to the
protein’s signal peptide and facilitates its transfer across
the cytoplasmic membrane. The translocation process
requires the presence of a protein channel known as the
SecYEG complex, which forms a pore in the membrane.
The SecYEG complex is composed of three subunits:
SecY, SecE, and SecG, which work in concert to translo-
cate the protein through the membrane (Beckwith 2013;
Tsirigotaki et al. 2017).

In contrast, the Tat pathway is responsible for trans-
porting folded proteins that are too large to be moved
by the Sec pathway. This pathway involves the proteins
TatA, TatB, and TatC, which form a protein channel that
allows the transport of folded proteins across the mem-
brane (Goosens et al. 2014; Frain et al. 2019). The Tat
pathway is energized by the proton motive force across
the membrane (Goosens et al. 2014). In E. faecalis, the
signal peptide pathways for both Sec and Tat are similar
to those in other bacteria. The signal peptide is recog-
nized by the appropriate pathway, directing the protein
to either the Sec or Tat system. Once the protein is trans-
located across the membrane, it can either be folded and
functional or undergo further modified by other cellular
machinery. In this study, SignalP was used to analyze the
protein sequences and predict the pathway used for their
transport across the cell membrane. The results indicated
that a greater proportion of Ace signal peptides are asso-
ciated with the Sec/SPI pathway compared to the Tat/SPI
and Sec/SPII pathways. In contrast, Esp signal peptides
were found across all three pathways, but at a lower fre-
quency. These findings provide insight into the sub-cel-
lular localization and transport mechanisms of Ace and
Esp within the bacterial cell, revealing that Ace is located
in the cell wall while Esp is found in the cytoplasm.

In this study, the structure-based method using
AutoDock4.2 software package was used to predict the
active sites of Ace and Esp proteins. The active site of
a protein is a critical region where chemical reactions
occur. It is typically a small, specific region of the pro-
tein that interacts with other molecules, such as sub-
strates, cofactors, or inhibitors (Brooks et al. 1985; Bray
et al. 2009; Barnsley and Ondrechen 2022; Weinstein
et al. 2023). Predicting the location and properties of
the active site is important for understanding the func-
tion of a protein, designing inhibitors or drugs, and pre-
dicting the effect of mutations or variations on protein
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function (Sankararaman et al. 2010). Active site predic-
tion involves identifying and characterizing the key resi-
dues that contribute to the active site, as well as the shape
and electrostatic properties of the site (Barnsley and
Ondrechen 2022).

In the current study, the PPI network of Ace and Esp
proteins was assessed. PPIs provide a way to visualize
and study the complex interactions between proteins,
allowing researchers to gain insights into the functional
properties of individual proteins as well as the overall
function of the network (Rao et al. 2014; Sevimoglu and
Arga 2014). Furthermore, PPIs can be used to identify
potential drug targets for various diseases. By target-
ing proteins that are critical nodes in disease-associated
PPIs, researchers can potentially disrupt the function of
the network and treat the disease (Feng et al. 2017). In
this study, we identified critical nodes that play impor-
tant roles in maintaining the overall stability and function
of the network. There was a sum of 22 nodes in the PPI
network of Ace and Esp. These nodes are often proteins
with a high degree of connectivity, meaning they inter-
act with many other proteins in the network. Disrupting
these node proteins due to the aPDT can have a signifi-
cant impact on the overall function of the network.

Moreover, we evaluated the molecular dynamics simu-
lation of the Ace and Esp proteins. The importance of the
prediction of molecular dynamics simulation in proteins
is to provide insights into the structural and functional
properties of proteins (Sinha et al. 2022). I silico studies
that determine a protein’s deformability enable research-
ers to explore how conformational changes in the protein
can affect its function (Haspel et al. 2010). Many drugs,
including photosensitizers, operate by binding to spe-
cific protein targets and changing their conformation,
either by stabilizing or destabilizing their structures. As
the results of the current study showed, the Esp protein
exhibited the highest deformability, characterized by
numerous peaks. Furthermore, Esp displayed the high-
est number of eigenvalues, which can be used to predict
the protein’s normal modes of motion (4.887245e-04).
In contrast, the flexibility of various regions of the Ace
protein, as determined by its B-factor (also known as
the temperature factor), was more than the Esp pro-
tein. Other factors evaluated were the variance plot, the
elastic network model, and the covariance matrix. The
variance plot describes the distribution of fluctuations
in the protein’s structure and serves as a measure of the
protein’s flexibility (Lopez-Blanco et al. 2011; Ldpez-
Blanco et al. 2014). The elastic network model is a com-
putational method that allows for the investigation of the
collective motions and dynamics of a protein, which are
critical for its function (Fuglebakk et al. 2013). The cova-
riance matrix of a protein also provides valuable insights
into the protein’s functional dynamics (Lépez-Blanco et
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al. 2011). Proteins are dynamic molecules that undergo
conformational changes in order to perform their bio-
logical functions, and the covariance matrix can help
identify regions of the protein that are involved in these
dynamic processes (Fuglebakk et al. 2013). According to
the results of this study, the most cumulative variances
and a good correlation between residues with the flex-
ible springs were observed in Ace protein. Overall, the
findings showed that both proposed proteins have stable
structures and functional features.

There is currently a lack of information regarding the
implications of molecular dynamics simulations on
the stability and functional dynamics of proteins dur-
ing aPDT. However, further research using molecular
dynamics simulations has the potential to enhance our
understanding of protein stability during aPDT by pro-
viding detailed insights into the dynamic behavior of
proteins under conditions that mimic physiological and
therapeutic environments. Based on literature (Pikke-
maat et al. 2002; Salsbury 2010; Sinha et al. 2022), it is
expected that molecular dynamics simulations can allow
researchers to observe the time-dependent movements
of proteins, revealing how structural fluctuations can
affect stability. This is crucial during aPDT, as proteins
may encounter ROS that can induce conformational
changes. By analyzing the trajectories from molecular
dynamics simulations, researchers can identify flexible
regions within proteins that may be more susceptible
to destabilization or denaturation during aPDT. On the
other hand, molecular dynamics simulations can assess
how proteins respond to thermal stress and photosensi-
tizers used in aPDT. By simulating conditions that mimic
these stresses, researchers can evaluate the resilience of
proteins like Ace and Esp, determining their likelihood
of maintaining functional integrity during treatment.
Molecular dynamics simulations can provide insights
into how proteins interact with photosensitizers and
other therapeutic agents. Understanding these interac-
tions at an atomic level helps in predicting how aPDT
will affect protein function and stability, as the binding
of ligands can alter the conformational landscape of pro-
teins. The role of water molecules in stabilizing protein
structures is highlighted in molecular dynamics studies.
Water can mediate interactions between amino acids and
influence the overall stability of protein complexes. This
is particularly relevant in aPDT, where the generation of
reactive species can alter the hydration shell around pro-
teins, potentially impacting their stability and function.

Furthermore, we conducted molecular docking and
ADME/Tox analysis to assess the mechanism of action of
Kojic acid and Parietin as potential inhibitors of E. faeca-
lis biofilm formation during the aPDT process. Molecular
docking is used to study and predict the intermolecular
interactions between a small molecule (ligand) and a
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macromolecule (receptor) (Meng et al. 2011). According
to the findings, Parietin has significantly lower binding
energies (-6.88 and —7.83 Kcal/mol) compared to Kojic
acid (-4.76 and —5.97 Kcal/mol) for both Ace and Esp
proteins. Lower binding energies indicate stronger bind-
ing affinity between the ligand and the protein. Parietin
interacts with more active site residues (7 for Ace and
9 for Esp) compared to Kojic acid (2 for Ace and 6 for
Esp). A greater number of interactions with active site
residues can contribute to the stronger binding affin-
ity of Parietin. The inhibitory constants (Ki) for Parietin
are much lower than those for Kojic acid, indicating that
Parietin is a more potent inhibitor of both Ace and Esp
proteins. Lower Ki values suggest stronger inhibition at
lower concentrations. The differences in binding energies
and inhibitory constants between the two compounds
can be attributed to their structural differences. Parietin,
being a larger and more complex molecule, may form
more favorable interactions with the proteins, leading to
stronger binding and inhibition compared to the smaller
and simpler Kojic acid molecule. The lower binding ener-
gies, higher number of active site interactions, and lower
inhibitory constants suggest that Parietin has a stronger
binding affinity and inhibitory potency towards Ace and
Esp proteins compared to Kojic acid, based on the pro-
vided docking simulation data.

The ADME/Tox profiling of photosensitizers is deter-
mined to evaluate their pharmacokinetic properties.
ADME/Tox analysis revealed that both natural com-
pounds were soluble in water. The percentages of Kojic
acid and Parietin that would be absorbed through the
human intestine (HIA%) were predicted to be 91.39 and
99.21%, respectively. Both compounds lack blood-brain
barrier (BBB) permeability and exhibit high gastrointesti-
nal absorption without binding to blood plasma proteins.
These compounds, with human oral bioavailability, were
also predicted to be non-inhibitor and non-substrate of
P-gp. Except for CYP1A2, which was inhibited by Pari-
etin, all CYP3A4, CYP2C9, CYP2D6, CYP2C19, and
CYP1A2 were predicted to not be inhibited and metabo-
lized by Kojic acid and Parietin. The toxicity data showed
a toxicity class of 3 and 5 with LD50 values of 550 and
5000 mg/kg for Kojic acid and Parietin, respectively.
Kojic acid was found to be non-hepatotoxic, non-immu-
notoxic, and non-cytotoxic, while Parietin is non-hep-
atotoxic, non-carcinogenic, non-toxic to the respiratory
system, and non-cytotoxic.

The ADME/Tox analysis revealed that both Kojic acid
and Parietin have a molecular mass of less than 500 Da
(142.11 and 284.26 g/mol, respectively), adhering to the
Lipinski rule. The molecular weight of a drug is impor-
tant as it affects the absorption rate and amount in the
body. Furthermore, both photosensitizers have a suitable
hydrogen bond donor count of 2 and a hydrogen bond
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receptor count of less than 10, indicating strong binding
strength. They also exhibit high lipophilicity, defined as
the partition coefficient (logP), which is less than 3, indi-
cating good absorption. In drug development, lipophilic-
ity and molecular weight are often increased to improve
the affinity and selectivity of the therapeutic candidate.
The molar refractivity of both photosensitizers falls
within the acceptable range of 40 to 130 (33.13 for Kojic
acid and 75.25 for Parietin).

While in silico studies can provide valuable insights
into the behavior of biological systems, the results may
not always be accurate or reliable since they are based
on theoretical models and assumptions. Therefore, it is
essential to verify the predictions of in silico studies via
in vitro study followed by in vivo examination to con-
firm their validity and relevance to the actual biological
systems. When the results of in silico studies are exam-
ined in vitro, they can be compared to actual experi-
mental data, and any discrepancies or limitations can be
identified and addressed. This helps to refine the com-
putational models and algorithms used in silico studies,
improving their accuracy and reliability. Therefore, in
this study, we obtained the MICs of two natural photo-
sensitizers against E. faecalis and evaluated their effects
along with blue laser irradiation during targeted aPDT
on the expression of genes involved in E. faecalis biofilm
formation in vitro. As the results showed, the MICs of
Parietin and Kojic acid against E. faecalis were 16 ug/mL
and 64 pg/mL, respectively. Traditional antibiotics com-
monly used to treat E. faecalis infections include penicil-
lin (MICs 8-16 pg/mL), ampicillin (MICs 8-16 pg/mL),
amoxicillin (MICs 8-16 pg/mL), Ampicillin/sulbactam
(MICs<32/16 ug/mL), vancomycin (MICs 4-32 pg/
mL), and tigecycline (MIC<0.5 pg/mL). The emergence
of resistant strains, such as vancomycin-resistant entero-
cocci (VRE), has led to the need for alternative therapies
like combination regimens or newer antibiotics including
linezolid (MICs 2—-8 pg/mL) (CLSI guideline 2019). It is
evident that the MICs of Parietin and Kojic acid against
E. faecalis are higher than those of most traditional anti-
biotics used for this pathogen. However, it is important
to highlight that in aPDT, the activation of photosensitiz-
ers by light of a specific wavelength generates ROS. This
process significantly enhances the efficacy of the photo-
sensitizers, resulting in a reduction of their MICs against
microorganisms during aPDT.

In addition, the expression of ace and esp genes in E.
faecalis was significantly downregulated following treat-
ment with aPDT using sub-MIC concentrations of Kojic
acid and Parietin, combined with one min of blue laser
irradiation, compared to the control group. The qRT-
PCR results provide compelling evidence that both Kojic
acid and Parietin, particularly when combined with laser
light, significantly reduce the expression of the ace and
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esp genes in E. faecalis. This downregulation can have
implications for understanding the potential therapeutic
applications of these compounds, especially in contexts
where inhibition of these genes is desirable.

The use of natural photosensitizers, such as Kojic acid
and Parietin, during targeted aPDT offers several ben-
efits. They are biocompatible, have improved target-
ing capabilities, are less toxic, reduce resistance, and are
often readily available and cost-effective compared to
synthetic photosensitizers, making them an attractive
option for clinical use. Nevertheless, further research is
necessary to explore their full potential as natural photo-
sensitizers in aPDT.

This study found that Kojic acid and Parietin, with
drug-likeness properties, could effectively interact with
Ace and Esp proteins with strong binding affinities. Tar-
geted aPDT using these compounds could inhibit the bio-
film growth of E. faecalis by significant downregulation
of the expression of ace and esp genes. As a result, natu-
ral photosensitizers-mediated aPDT can be considered
a promising adjunctive treatment against endodontic
infections. It is necessary to validate the potential anti-
microbial activities of these natural compounds through
further in vitro and in vivo studies to confirm their effec-
tiveness and ensure their safety profiles for their use in
the clinical setting. It is also suggested that the molecu-
lar dynamics simulations on the stability and functional
dynamics of Ace and Esp proteins during aPDT assessed.
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