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The pharmacological effects of limonene, especially their derivatives, are currently at the forefront

of research for drug development and discovery as well and structure-based drug design using huge
chemical libraries are already widespread in the early stages of therapeutic and drug development.
Here, various limonene derivatives are studied computationally for their potential utilization

against the capsid protein of Herpes Simplex Virus-1. Firstly, limonene derivatives were designed by
structural modification followed by conducting a molecular docking experiment against the capsid
protein of Herpes Simplex Virus-1. In this research, the obtained molecular docking score exhibited
better efficiency against the capsid protein of Herpes Simplex Virus-1 and hence we conducted
further in silico investigation including molecular dynamic simulation, quantum calculation, and
ADMET analysis. Molecular docking experiment has documented that Ligands 02 and 03 had much
better binding affinities (- 7.4 kcal/mol and - 7.1 kcal/mol) to capsid protein of Herpes Simplex Virus-1
than Standard Acyclovir (- 6.5 kcal/mol). Upon further investigation, the binding affinities of primary
limonene were observed to be slightly poor. But including the various functional groups also increases
the affinities and capacity to prevent viral infection of the capsid protein of Herpes Simplex Virus-1.
Then, the molecular dynamic simulation confirmed that the mentioned ligands might be stable during
the formation of drug-protein complexes. Finally, the analysis of ADMET was essential in establishing
them as safe and human-useable prospective chemicals. According to the present findings, limonene
derivatives might be a promising candidate against the capsid protein of Herpes Simplex Virus-1
which ultimately inhibits Herpes Simplex Virus-induced encephalitis that causes interventions in brain
inflammation. Our findings suggested further experimental screening to determine their practical
value and utility.
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Infectious diseases affecting the central nervous system (CNS) has developed a significant challenge to human
health, often resulting in severe neurological complications and long-term cognitive impairments'. Among these
diseases, herpes simplex virus-induced encephalitis (HSVE) is one of the most life thretening problem due to
its capacity to induce substantial brain inflammation and damage. HSVE is primarily caused by herpes simplex
virus type 1 (HSV-1) and herpes simplex virus type 2 (HSV-2)**. The most common cause of sporadic viral
encephalitis is herpes simplex virus encephalitis (HSE) Despite of targeted antiviral therapy; it is still difficult to
fight against HSV-1. There is evidence suggesting that chronic neuroinflammation plays a role in the development
of HSV-1, even though the innate immune system is crucial for controlling HSV-1 within the brain*. Herpetic
stromal keratitis (HSK), an immunoinflammatory condition resulting from herpes simplex virus (HSV) eye
infection, can cause visual impairment. T cells are responsible for regulating this condition, and they can be
reduced in size through the use of anti-inflammatory medications and treatments that modify the ratio of affected
cells’. HSV-1 and HSV-2 infections continue to be a significant global health concern despite the availability of
antiviral treatments. The increasing prevalence of drug resistance in immunocompromised patients raises seri-
ous concerns and emphasizes the urgent need for the rapid development of new, effective treatment options®.

Over 60% of people in the United States and 90% of people worldwide are infected with the neurotropic
HSV-1. HSV-1, the leading infectious cause of encephalitis and corneal blindness, causes various biochemical
and physical symptoms including cold sores and encephalitis”®. While HSV-1 infection is widespread, there is
currently limited vaccination or treatment available for it. Nucleoside analogs, which inhibit viral genome replica-
tion, constitute more than 75% of HSV-1 antiviral medications. Antivirals are effective in shortening the duration
and frequency of outbreaks but only work against active infections; they have no impact on latent infections,
which can be reactivated. The main limitations of current therapeutic approaches include the requirement for an
active infection, high dosages, and the emergence of antiviral resistance. The emergence of antiviral resistance, a
challenge in managing HSV-1 and other viral diseases, is significantly facilitated by targeting a shared mechanism
of action. Most HSV-1 antivirals exhibit limited absorption, necessitating a high dose frequency of up to three
to five times daily to maintain therapeutic levels. An exception is Valacyclovir, a pro-drug of Acyclovir, which
has a better absorption profile than its parent medication and allows for a reduced dose frequency. Acyclovir, a
synthetic nucleoside analog, is the cornerstone of HSV-1 infection treatment. It targets viral DNA polymerase and
prevents viral replication due to its affinity for viral thymidine kinase®!°. The blood-brain barrier (BBB), consist-
ing of endothelium tightly connected with glial limitans lining the CNS parenchyma, prevents pathogens from
entering the CNS during infection''. In contrast to rabies, the breakdown of the BBB is a significant pathogenic
mechanism in the development of HSE'?. The lysis infection of neurons and glial cells, along with neuroinflam-
matory processes, leads to brain injury"’. The initial release of cytokines such as type I IFN, IL-6, IL-1p, IFN-y,
and TNF results in BBB rupture when neurons and glia recognize HSV-1 through the action of toll-like receptors
(TLRs)™. The HSV-1 infection triggers an increased inflammatory response by attracting immune cells to the
brain parenchyma, resulting in more neuronal damage. In the mouse brainstem, perivascular infiltrates near
HSV-infected cells contain CD4 + or CD8 + T cells and macrophages!'®. HSV-related diseases have proven chal-
lenging to prevent and treat over the years, necessitating the development of new vaccines, or drugs. The high
infection rate of HSV makes it incurable and difficult to prevent, resulting in millions of cases worldwide'®. The
research community and scientists face a challenging task in searching for potential drug candidates. However,
new drug development takes five to ten years, outpacing a single molecule, and costs an estimated $800 million
to bring to market!”. Thus, more innovative strategies are needed to find effective antiviral drugs and lower the
probability of clinical trial failure. To decrease this cost burden, resource, personnel, time, and reagent waste,
pharmaceutical companies have focused on computer-aided drug design (CADD) in recent years'®-2°. Using
computer-aided methods makes it possible to screen molecules virtually for various pharmacological activi-
ties, saving time and money compared to more conventional methodological techniques. Therefore, this novel
technology has been used in this study to identify an effective drug targeting HSVE through Computational
Drug Design Approach.

The main objective of this study to combat HSV-1 by targeting the capsid protein, the protective surface that
encapsulates the virus’s genetic material*"?2. Through meticulous molecular design, our modifications are strate-
gically crafted to infiltrate the intricate structure of the capsid protein. This approach offers enhanced selectivity
and efficacy, promising hope in the ongoing HSV-1 battle and potentially paving the way for targeted antiviral
therapeutics. The capsid protein of HSV-1 is crucial in encapsulating the viral genome, protecting it during
transmission and entry into host cells, making it a key target for virus replication and spread. Genetic engineering
allows for modifications to prevent key interactions, improving treatment selectivity and efficacy while mini-
mizing protein structure and function disruption. This comprehensive approach underscores the significance
of targeting the capsid protein and elucidates the therapeutic strategy’s promise.

Material and methods

Geometry optimization and ligand preparation

Density Functional Theory (DFT) was utilized in DMol3’s Material Studio 08 to optimize molecules. The B3LYP
functional and DND basis with semi-core pseudo-potentials and DNP + basis set were utilized. These adjust-
ments were made with precision in mind, especially when managing electronegative atoms such as oxygen.
After geometric optimization, vibrational frequencies from DMol3 were used to identify important molecular
frontier orbitals (HOMO and LUMO)****. These orbitals were represented by diagrams, which are essential for
comprehending chemical reactivity and electron dispersion. The study sought to obtain profound understanding
of molecular behavior by computational tools, supporting additional analysis and interpretation*¢. Our study
focused on molecular frontier orbitals after geometric optimization, identifying the HOMO-LUMO. Using vibra-
tional frequencies taken from the DMol3 code in Material Studio 08, we carefully developed charts that displayed
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these important orbitals and their corresponding sizes. This detailed investigation not only revealed the complex
electron inside the molecule, but it also give important new information on its electrical structure and reactivity.

Lipinski rule and pharmacokinetics

The SwissADME online website was used to get the pharmacokinetics, drug-likeness score, and characteristics
(http://www.swissadme.ch/index.php)¥. This online repository contains all the information needed for develop-
ing new medicines. To describe the drug-likeness metrics of ligands, the following data were measured: topo-
logical polar surface area (TPSA) 2, molecular weight, hydrogen bond donors (HBD), hydrogen bond acceptors
(HBA), bond rotation numbers (NRB), and lipophilicity.

ADMET profile prediction

Absorption, distribution, metabolism, excretion, and toxicity are all referred to as ADMET. This parameter has
been regarded as the most important and potentially useful for drug discovery and development. The Swiss
ADME and pkCSM online tools at “http://biosig.unimelb.edu.au/pkesm/predictionsingle/adme1643650057.59”
have provided the ADMET measurements®. Although this web tool reports on between 60 and 70 characteristics.
The BBB, water solubility, total clearance, maximum tolerance rate, hepatotoxicity, oral rat acute toxicity (LD50),
oral rat chronic toxicity, skin sensitization, etc., are just a few of the potential factors that we have concentrated on.

Target structure preparation and molecular docking analysis

The capsid protein of HSV-1 (PDB ID: INO7) was downloaded from data bank (PDB) (http://www.rcsb.org)®.
Following that, the water molecules found in the protein, heteroatoms, and other materials were effectively
removed, and the prepared protein using the discovery studio application. Finally, this prepared protein was
saved in PDB format. Next, the PyRx application was utilized to conduct molecular docking analysis using the
AutoDock vina functionalities, allowing for the determination of the binding affinity to each ligand. When
conducting molecular docking experiments, the protein was entered as a macromolecule, while the ligand was
entered as a ligand. After reloading the ligand, the optimization process focused on maximizing energy and
grid surface area. This involved adjusting the center and dimensions of the grid***'. Once the docking experi-
ment was done, the dock molecules were picked up and uploaded into the Pymol software version PyMolV2.3
(https://pymol.org/2/) and generated a complex for molecular dynamic simulation®?**. Then, the ligand-protein
docking complex’s active side and non-covalent contacts were identified using Discovery Studio visualization
and ChimeraX at the endpoint.

Molecular dynamic simulation

The molecular dynamics simulations were conducted using the Assisted Model Building with Energy Refinement
(AMBER) 14 force field and Yet Another Scientific Artificial Reality Application (YASARA) dynamics program®.
The hydrogen bond network was cleaned up and optimized along with the docked complexes. The General
AMBER Force Field (GAFF) was used to create the ligands’ topology files, and AM1BCC charges were assigned.
The TIP3P solvation model with periodic boundary conditions was used to generate a cubic simulation cell®®. The
simulation parameters were set to 0.9% NaCl, 310 K, and pH 7.4 to produce a neutral system?. With an 8.0 cutoff
radius, the particle mesh Ewald (PME) approach was used to calculate the long-range electrostatic interactions.
The simulation was run with a 2.0 fs time step. Using the steepest gradient algorithm and simulated annealing
techniques (5000 cycles), the primary energy minimization was carried out. The simulated trajectories were used
to analyze a number of characteristics, including RMSD, Rg, SASA, hydrogen bonds, RMSE, and MMPBSA bind-
ing free energy. Every 100 ps, during the simulation’s 100 ns runtime, a snapshot of the trajectory was taken®”.

Result analysis

Structural activity relationship (SAR) studies

The structure—-activity relationship (SAR) enables desired effects during the development of the new drug, such as
identifying new drug candidates and enhancing their desirable functionalities. This method is gaining popularity
day by day to design specific drug molecules against certain diseases. Limonene has already been reported as
broad-spectrum antimicrobial properties. So, the natural limonene is modified by adding different functional
groups such as benzene, COOH, NO,, CH,-OH, and CH,-O-CHj to get better efficiency. After modification
of the structure of limonene, it is observed that the efficiencies and pharmacokinetics are improved against
HSV-1 targeted protein. Besides, the mentioned functional group strongly impacts aqueous solubility, ADMET,
and binding affinities. So, it is clearly understood that the structural activity relationship plays a vital in finding
new bioactive molecules. The main objective is to determine how different functional groups impact the drug
properties of limonene. The modified structures are given in Fig. 1.

Pharmacokinetics and drug likeness

The evaluation of the possibility of a specific biochemical to be utilized as an oral medication relating to bio-
availability and physicochemical properties is known as pharmacological drug-likeness, determined by the
SwissADME web tool>?’. This is a crucial investigation since it is believed that nine out of ten targeted drugs
do not reach the final stages due to their adverse effects, which results in vast amounts of wasted expenses, time,
and human resources®. This issue arises because there is a lack of proper identification of the suitable physi-
ochemical features of medication. The Lipinski rule is the fundamental and novel strategy to reduce the chance
of failing, also called drug likeness*. This investigation mentioned that all the ligands have a potential bioavail-
ability score (0.55-0.85), whereas only ligand 04 has a maximum bioavailability score of 0.85 due to carboxylic
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Figure 1. Chemical structure of limonene and its derivatives.

group attachment. Besides, the number of rotatable bonds, hydrogen bond acceptor, and hydrogen bond donor
ranges are 01-04 for all ligands where the molecular weight is about 136.23 Dalton-257.33 Dalton. Finally, all
the drugs accepted druglikeness parameters such as Lipinski rule for all ligands. Therefore, it is reasonable to
conclude that the ligands might be used without risk. The conclusive findings of the pharmacokinetics and drug-
likeness analyses are shown in Table 1.

Molecular docking against capsid protein of Herpes Simplex Virus-1

The molecular docking has been conducted to determine the binding affinity when drug protein make complex
each other. The generated pharmacological data of binding affinity was determined using molecular docking
computations. In these simulations, bioactive components of the ligands interact with a peptide from capsid
protein of HSV-1. The protein-ligand interaction is essential in development, especially in in silico and virtually
screening drug development*®*.

In our investigation, the initial docking score was — 5.6 kcal/mol against capsid protein of HSV-1. But, with
the addition of a functional group or side chain, the docking score has gradually increased and crossed the FDA-
approved standard Acyclovir score.

The predicted score has displayed in Table 2 for better understanding. In details description, the molecular
docking score ranges for capsid protein of HSV-1, and they all are showing the better binding impact than the
standard Acyclovir. So, they could be regarded as better compounds than the standards. It is noted that when
we have modified the primary structures of limonene, the binding affinity was obtained better effectiveness in
comparison with the primary structures of limonene, and it is said that the functional groups play significant

Topological polar surface LG
Ligand no. | Molecular weigh Number of rotatable bonds | Hydrogen bond acceptor | Hydrogen bond donor | area A2 Lipinski | violation
01 136.23 01 00 00 0.00 Yes 0
02 21233 03 00 00 0.00 Yes 0
03 256.34 04 02 01 37.30 Yes 0
04 257.33 04 02 00 45.82 Yes 0
05 242.36 04 01 01 20.23 Yes 0
06 256.38 05 01 00 9.23 Yes 0

Table 1. Data of Lipinski rule, pharmacokinetics, and drug-likeness.
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01 -5.6
02 -74
03 =71
04 -6.7
05 -6.9
06 -6.5
Standard acyclovir | - 6.5

Table 2. Binding affinity against gram-positive and gram-negative bacteria.

roles to be effectiveness, and potentiality of binding affinity. Hence, overall, the finding reported that ligands 02
and 03 are the most active molecules, and due to the addition of Benzene ring and -COOH functional group.

Protein-ligand interaction, molecular docking poses, and active site analysis

The most significant point to note when developing a novel drug is how a weak or covalent bonds between a
ligand and a protein is configured. This investigation approximates the binding affinity or energy of various
substances with the proteins of the pathogens. Measurements of the bond distance, active side, and protein
ligand interaction aided researchers better understand how the chemical and the protein interact with each
other. According to the graphical representation, the protein-ligand complex was actively generated by the
ligand and protein, which appeared to form pockets and display various active amino acid residues. With the
help of Biovia Discovery Studio version 2021*, this entire interaction was formed based on the highest docking
score, and given in Fig. 2. The docking pocket represents how a drug binds with ligands and in which position
of protein they are engaged.

Frontier molecular orbitals and quantum calculation
In broad terms, chemical descriptors are essential to any organic or physiologically active drug-like compound.
The Highest Occupied Molecular Orbital (HOMO) orbital is the one that might function as an electron donor

Ligand protein complex 02

Active amino acid residue

‘Q Ligand protein complex 03

A729

]

3

; -
4

Active amino acid residue

&

£

Ligand protein complex 05

Figure 2. Protein-ligand interaction diagram and active site analysis. The Pink colour represent Pi-alkyl bonds,
and the deep green colour hydrongen bonds.
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due to being the highest energy orbital that encompasses electrons. On the other hand, the Lowest Unoccupied
Molecular Orbital (LUMO) orbital is the one that might function as an electrophile because it is the lowest
energy orbital that has space to receive electron*>**. The magnitudes of eLUMO, eHOMO, and the energy gap
differentiation (Ae), hardness (1), and softness (S) of the six molecules 01-06 are displayed in Table 3. These data
estimates were computed using the B3LYP functional.

Comparing the molecular frontier orbital properties of six drugs (01 to 06) against accepted standard ranges
provides insights into their reactivity and pharmacological potential. The negative values of both LUMO and
HOMO across all drugs indicate their ability to accept and donate electrons, respectively, for drug interaction.
The relatively small energy gaps suggest moderate to high reactivity. Furthermore, hardness values ranging from
3.566 to 3.8605 imply moderate stability, while softness values between 0.2590 and 0.2804 indicate moderate
reactivity. Overall, these findings contribute to understanding the pharmacological characteristics and reactivity
profiles of the drugs, facilitating their development and optimization.

We find consistent trends that reflect the electrical characteristics of the six medications when we compare
their HOMO and LUMO values. The range of values for the HOMO is — 7.402 to — 8.397, and the range for the
LUMO is — 0.090 to — 0.704. These negative values imply that all medications have electron-donating (HOMO)
and electron-accepting (LUMO) properties, which are advantageous for molecular interactions. Furthermore,
there is moderate to high reactivity indicated by the relatively modest energy gaps between HOMO and LUMO,
which range from 7.132 to 7.721 (Table 3). All medications have constant negative values for HOMO and LUMO,
indicating their ability to donate and take electrons, which is essential for pharmacological interactions and
reactivity*+*.

Therefore, these compounds may have potential as drug candidates. Additionally, the softness values range
from 0.2590 to 0.2804; generally, drugs with lower softness values decompose more quickly.

On the other hand, one of the essential characteristics of a material is its hardness, which reflects its resilience.
A higher hardness value indicates greater strength and stability of the compound. The information in Table 3
reveals that hardness is often correlated to the energy gap. Ligand 05 shows the lowest hardness value, suggest-
ing that this material has slightly inferior stability and softness, which means it may decompose more rapidly
than others. Supplementary Fig. S1 has shown the Frontier Molecular Orbitals (HOMO and LUMO) diagram.

Molecular of electrostatic potential (MEP) charge distribution map

Molecular Electrostatic Potential (MEP) is a valuable tool for integrating various physicochemical features of
drug molecules, such as dipole moment, electronegativity, and partial charges. It provides insights into the elec-
trophilic and nucleophilic regions of compounds. By analyzing the distribution of potential energy formed by the
molecule’s electrons and nuclei, MEP serves as a static dispersion of potential and aids in defining and predicting
the functional behavior of a compound. Electrostatic potentials have played a significant role in investigating
diverse phenomena in biological, physical, and related fields.

Figure 6 illustrates the dynamically calculated MEP values for compounds (01-06) of limonene deriva-
tives, which were predicted using the DFT method. In this representation, the red color indicates the lowest
electrostatic potential energy intensity, representing the most significant negative area and the location most
susceptible to electrophilic attacks. Conversely, the blue zone in the MEP signifies the maximum value of the
potential electrical charge, indicating both the maximal positive region and a place favorable for nucleophilic
substitution. The white color represents no potential or zero potential, as demonstrated in Supplementary Fig. S2.

Overall, the red and blue zones on all the molecules are identical, suggesting that these chemicals are almost
equally prone to electrophilic reactions and nucleophilic attacks. However, a crucial finding indicates that their
red regions are considerably more significant than their blue regions, highlighting their higher propensity for
electrophilic reactions".

ADMET data investigation

When it comes to drug development, using techniques such as in silico pharmacokinetics and ADMET analysis
is essential. These approaches facilitate determine the chemical and physical characteristics of compounds, ensur-
ing the process more efficient and cost-effective*®*’. Using computational tools like SwissADME and pkCSM, we
executed ADMET analysis on limonene derivatives (Ligand 01-06)*. This investigation is essential to evaluate
pharmacokinetics properties such as absorption, distribution, metabolism, excretion, and toxicity. These factors
have significance to maintaining the efficacy and effectiveness of potential oral medications. The investigation
addressed a wide range of factors related to the behavior of these substances. This included their solubility in

Drugno. |A=-LUMO |I=-HOMO |Energy=I-A | Hardness | Softness
01 -0.704 -8.397 7.693 3.846 0.2600
02 -0.363 —-7.537 7.174 3.587 0.2788
03 -0.206 - 7.608 7.402 3.701 0.2702
04 —-0.090 -7.811 7.721 3.8605 0.2590
05 -0.270 —7.402 7.132 3.566 0.2804
06 -0.076 —7.688 7.612 3.806 0.2627

Table 3. Data of chemical descriptors.
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water, how easily they can pass through Caco-2 cells, their absorption rates in the gastrointestinal tract, and any
potential interactions with metabolic enzymes and transporters.

When it comes to absorption, understanding the water solubility (Log S) values may provide us useful infor-
mation about how well compounds may disintegrate in water. This is essential because it affects how well they
are absorbed in the gastrointestinal tract*’. Based on the results of this study, it can be observed that Ligands 02
and 06 have Log S values indicating moderately solubility. On the other hand, the other compounds show better
soluble characteristics which implies a promising potential for absorption. The solubility is ranges are considered
by the Log S scale: insoluble < — 10 poorly < — 6, moderately < — 4 soluble < — 2 very < 0 < highly**->2.

It is important to note that positive Caco-2 permeability values indicate efficient absorption across intestinal
epithelial cells. This further supports the compounds’ suitability for oral administration through assuring their
beneficial passage through the intestinal barrier®*.

In addition, the results indicate positive findings regarding distribution, metabolism, and excretion (Table 4).
It is worth mentioning that the compounds exhibit remarkable rates of GI absorption, with Ligands 03, 04, and
05 achieving full absorption (100%). Furthermore, the molecules’ potential to cross the blood-brain barrier
highlights their possible therapeutic benefits, with the exception of Ligand 02. When it comes to metabolic
considerations, there are interesting interactions with CYP450 enzymes. It’s fascinating to observe how different
compounds can exhibit inhibition of CYP450 1A2 while not affecting 2C9. This data is essential for predicting
possible drug-drug interactions and providing guidance for dosage adjustments.

In addition, analyzing the overall clearance rates offers valuable information about how quickly the com-
pounds are eliminated from the body. The clearance ranges are consistently favorable, suggesting efficient elimina-
tion. It is important to mention that Ligand 04 might be excreted through the kidneys using the OCT2 substrate
pathway. This indicates the importance of monitoring patients with impaired renal function. In general, conduct-
ing thorough ADMET evaluations is essential for understanding the safety and pharmacokinetic properties of
limonene derivatives. These theoretical ADMET finding might be helpful to the researcher for the subsequent
stages of preclinical and clinical development, with a particular emphasis on improving efficacy and safety.

Aquatic and non-aquatic toxicity

Table 5 lists the aquatic and non-aquatic toxicities, which are essential for determining whether drugs or other
substances are tolerable in the environment before and after use?>. When directly indicated, none of the chemicals
exhibit hepatotoxicity or toxicity to AMES., indicating that they will not be carcinogenic to humans or laboratory
animals or induce liver toxicity. The vast majority of drugs, except for compounds 04 and 05, caused by AMES.
The finding has been reported that the max. tolerated dose ranges from 0.309 mg/kg/day to 0. 770 mg/kg/day, oral
rat acute toxicity (LD50) range from 1.747 mol/kg to 2.482 mol/kg. Finally, the oral rat chronic toxicity range is
about 1.037 mg/kg/day to 4.689 mg/kg/day for all compounds. Therefore, it might be concluded that they do not
threaten humans or the environment, and further experimental studies need to be established as safe medication.

Absorption Distribution Metabolism Excretion
Caco-2 Intestinal

Water solubility | ppermeability absorption VDss (human) | B.B.B CYP450 1A2 CYP450 2C9 Total clearance | Renal OCT2
S/N. Log$S (10-6 cm/s) (human) % (log L/kg) permeability inhibi Inhibi (ml/min/kg) substrate
01 —-3.568 1.403 95.898 0.396 Yes No No 0.214 No
02 —-5.546 1.560 95.125 0.92 No Yes No 0.187 No
03 —2.252 1.719 100 - 1411 Yes No No 0.643 No
04 —2.683 1.312 100 - 1.602 Yes No No —-0.003 Yes
05 - 2.656 1.263 100 0.039 Yes No No —-17.034 No
06 -5.502 1.527 95.883 0.906 Yes Yes No 0.314 No

Table 4. Summary of calculation of ADME results for selected Limonene derivatives.
Max. tolerated dose (human) mg/ Oral rat acute toxicity (LD50) (mol/ | Oral rat chronic toxicity (mg/kg/

S/N. AMES toxicity kg/day kg) day) Hepatotoxicity
01 No 0.770 1.88 2.368 No
02 No 0.526 1.747 1.343 No
03 No 0.490 2117 2.085 No
04 Yes 0.309 2.482 4.689 No
05 Yes 0.347 2.482 2.244 No
06 No 0.690 1.837 1.037 No

Table 5. Aquatic and non-aquatic toxicity value prediction.
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Molecular dynamic simulation result analysis
Root mean square deviation (RMSD), and radius of gyration (Rg) analysis
MD simulation was conducted to ensure the stability of drug-protein complex at 100 ns*>°°. In this work, we
quantitatively evaluated structural alterations, stability, and dynamics in biomolecular systems using RMSD
analysis, a critical tool in molecular dynamics simulations. In particular, we performed an RMSD study on
complexes (called complex_03 and complex_05) that were generated between the HSV-1 capsid protein and two
limonene derivatives. As shown in Fig. 3A, these profiles were compared to those of the regular Acyclovir. The
mean RMSD values that were acquired were 1.92 A for complex_03 and 2.04 A for complex_05. These results were
in close agreement with the conventional Acyclovir’s RMSD value of 1.99 A. We saw an early increase in RMSD
values for all complexes during the first few nanoseconds of the experiment. After this first spike, though, the
complexes showed a tendency to hold onto stability, while little fluctuations were noticed here and there over the
experiment. Like Fig. 3A illustrates, these variations often fell between 1.50 and 2.50 A. Despite the small varia-
tions between complexes, they did not significantly impact overall stability or cause significant structural changes.
Secondly, Rg analysis is a versatile tool in MD simulations that provides valuable information about the
structural dynamics and compactness of biomolecules. It aids in understanding conformational changes, stability,
interactions, and folding processes, making it an integral part of drug discovery focused on molecular dynam-
ics studies’. Initially, the radius of gyration (Rg) profiles for all three complexes exhibited an upward trend up
to 20 ns (ns). Subsequently, these profiles maintained a stable configuration from 20 to 65 ns. However, after a
slight downward movement between approximately 75 ns and 83 ns, an increase in Rg values was observed. Of
particular interest is the fact that all of the complexes displayed a similar pattern in their Rg profiles when com-
pared to the standard. The observed pattern in the Rg profiles suggests a common behavior across all complexes
and the standard. The initial upward movement in Rg indicates a phase of structural expansion or rearrange-
ment within the first 20 ns. The subsequent stable profile from 20 to 65 ns implies that the complexes reached a
relatively equilibrium-like state, characterized by minimal changes in their overall size and conformation. The
subsequent increase in Rg values after the slight downward movement between 75 and 83 ns could indicate a
phase of structural changes or unfolding. The consistent pattern among the complexes and the standard suggests
that there might be shared underlying factors influencing their dynamics (Fig. 3B).

Solvent accessible surface area (SASA) analysis

The SASA analysis serves to quantify the fraction of a molecule’s external surface that remains exposed and open
for attachment with surrounding solvent molecules. This investigation is particularly significant in understanding
protein stability and folding dynamics'.

During our study, the SASA profiles of both complex_03 and complex_05 exhibited a consistent level of stabil-
ity, marked by minor fluctuations. Interestingly, this stability closely resembled the SASA profile of the standard
Acyclovir (Fig. 4). This observation indicates that the surface accessibility of solvent molecules to complexes com-
plex_03 and complex_05 remained relatively unchanged, with only slight variations throughout the simulation.
Remarkably, this pattern of stability mirrored the behaviour seen in the SASA profile of the standard Acyclovir.
In essence, the SASA profiles suggest that the external surfaces of all three entities complex_03, complex_05,
and Acyclovir interacted with the surrounding solvent molecules in a comparable manner. This consistent trend
may imply a shared mode of surface interaction, possibly linked to similar structural characteristics or dynamic
behaviours among the molecules. This aims to assess the level of surface accessibility to solvent molecules for
each compound. We compared the SASA values of limonene derivatives complexes and Acyclovir to identify
any significant differences in their behavior during the simulated period.
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Figure 3. Two key metrics: (A) Root Mean Square Deviation (RMSD), and (B) Radius of Gyration (Rg).
These analyses were carried out on complexes formed by limonene derivatives, specifically complex_03 and
complex_05, in comparison to the standard compound Acyclovir. In our visual representations, complex_03
is denoted by a pink color, complex_05 by black, and Acyclovir by green. By investigating the RMSD and Rg
values, we aimed to discern any significant differences or similarities between the behavior of the limonene
derivatives complexes and the standard Acyclovir throughout the duration of the molecular dynamics.
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Figure 4. Solvent accessible surface area (SASA).

Hydrogen bonds analysis

Hydrogen bond analysis is an essential component of molecular dynamics (MD) simulation studies due to the
significant role that hydrogen bonds play in shaping the structure, dynamics, and interactions of biomolecules.
Based on our discoveries, we observed that the hydrogen bond patterns for all three complexes initially showed
an upward trend up to 15 ns. This finding implies that during the initial phase of the simulation, hydrogen bonds
were actively forming, potentially indicating structural adjustments or interactions among the components.
Subsequently, complex_03 and complex_05 maintained stable hydrogen bond profiles that were notably similar
throughout the entire 100 ns simulation period. This stability closely resembled the hydrogen bond profile of the
standard Acyclovir. However, it’s worth noting that the standard Acyclovir exhibited slightly higher hydrogen
bond values compared to the other two complexes throughout the simulation (Fig. 5). The subsequent stability in
hydrogen bond profiles for complex_03 and complex_05 suggests that these complexes stable into configurations
where their hydrogen bonding patterns remained relatively constant over time. Furthermore, the similarity in
hydrogen bond profiles between complex_03, complex_05, and Acyclovir underscores a potential commonality
in their structural behaviors or interactions.

Root-mean-square fluctuation (RMSF) analysis

In this study we used RMSF to investigate the flexibility and dynamic behavior of each of the atoms or residues
within a biomolecular system, it is also utilized to identify specific residues that contribute to these fluctuations.
The two-limonene derivatives complex_03 and complex_05 showed an excellent level of similar pattern RMSF
profile with standard Acyclovir. However, some residue fluctuated more than 4 A such as Arg34, Leu4l, Leu58,
Asp62, Pro63, Gly215, Pro349, Ala418, Asn419, Thr420, Ala421, and His542 (Fig. 6). The combined similarity
in RMSF profiles along with the notable flexible behavior of specific residues provides valuable insights into
the dynamic behavior of the complexes. Despite the overall similarity in RMSF profiles, certain residues within
these complexes demonstrated a higher degree of flexibility or mobility during the simulation. The residues
mentioned, such as Arg34, Leu4l, and others, could potentially be part of flexible loops, active site regions, or
points of interaction within the complexes. The increased flexibility in these residues might have functional
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Figure 5. The hydrogen bonds within complexes formed by limonene derivatives complex_03 and complex_05,
comparing them to the standard Acyclovir. This analysis aimed to elucidate the hydrogen bonding patterns and
dynamics within each complex.
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Figure 6. The analysis of Root-mean-square fluctuation (RMSF). The RMSF analysis enabled us to investigate
the flexibility and dynamics of the protein-ligand complexes. We analyzed the differences in binding stability
and dynamics between the limonene derivatives complexes and Acyclovir by comparing their RMSF profiles.

implications, such as facilitating binding events, accommodating conformational changes, or participating in
molecular recognition processes.

MMPBSA binding energy

The MMPBSA binding energy is a quantitative measure of the net energy change that occurs when a pro-
tein-ligand complex is formed compared to the individual unbound components. In our investigation, we utilized
Molecular Mechanics/Poisson-Boltzmann Surface Area (MMPBSA) calculations to investigate the binding free
energy associated with protein-ligand interactions. These MMPBSA binding free energies were computed for all
complexes over a 100 ns simulation period, as depicted in Fig. 7. Our study revealed that the average MMPBSA
binding energies for the three complexes complex_03, complex_05, and standard Acyclovir were calculated
as — 22.94, 91.35, and — 178.81 kJ/mol, respectively. Throughout the study of the 100 ns simulation period,
the MMPBSA binding energy profiles for the three complexes exhibited distinct patterns of stability. Notably,
despite this variation in profiles, the complexes’ binding energies remained relatively constant over time. These
findings imply that complex_05 exhibited a relatively weaker binding interaction compared to complex_03 and
standard Acyclovir. Acyclovir, the standard reference, exhibited the strongest binding interaction, indicated by
a significant negative MMPBSA binding energy.

Discussion

The four layers that make up the HSV-1 particle include an inner core that families the viral DNA, a protein shell
known as the capsid, a multiprotein layer known as the tegument, and an envelope made of viral glycoproteins
that are generated from cellular membranes. The most widely recognized theory explaining HSV-1 postulates
that capsids are formed in the nucleus, integrate viral DNA, fuse with the outer nuclear membrane to lose the
first envelope, and then emerge into the cytoplasm nude®-*. The Herpesviridae family is associated with various
diseases such as infectious mononucleosis, nasopharyngeal cancer, Kaposi’s sarcoma, and herpes lesions of the
genitalia and lips?'. All three herpesvirus subfamilies—a-, B-, and y-herpesviruses—have nine known human
herpesviruses. These viruses are categorized based on biological characteristics, such as variations in tissue
tropism. The a-herpesvirus subfamily of viruses includes varicella-zoster virus (which causes chickenpox and
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Figure 7. The analysis of MMPBSA analysis binding energy at 100 ns molecular dynamics simulations periods.
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shingles), herpes simplex virus type 1 (HSV-1, causes cold sores), and type 2 (HSV-2, causes genital herpes).
These viruses can cause lifelong latent infections in the peripheral nervous systems of their hosts.

The study of HSV-1 structure-activity correlations is an essential for developing advanced antiviral drugs
that specifically target the virus. Through comprehension of the ways in which specific structural characteristics
influence the effectiveness and specificity of existing antiviral medications, scientists can develop novel molecules
that possess enhanced potency and reduced off-target effects. Multi-targeted medicines can be developed as a
result of investigating the connections between molecular structures and antiviral activity, which may uncover
synergy between various therapeutic targets or pathways involved in the virus’s replication cycle. By utiliz-
ing structure-activity insights to optimize pharmacokinetic features, these molecules can further boost their
potential for therapeutic use, and possible to optimize pharmacokinetic features, the molecules in question can
further improve their potential for therapeutic use in vivo®*¢!. These discoveries also provide new molecular
targets and pathways for preventing HSV-1 proliferation, opening the door for new antiviral treatments. All
things considered, utilizing the structure-activity knowledge gained from HSV-1 research should transform the
development and refinement of next-generation antiviral drugs, providing a more effective means of combating
HSV-1 infections.

One well-known cyclic monoterpene is limonene. This hydrocarbon is an olefin (C,(H,¢), and it exists in two
optical forms. (++)-One of the most significant and widely used terpenes in the flavor and fragrance industry is
limonene. Limonene (both optical forms) is present in over 300 plant essential oils derived from a wide range of
species, such as fir, orange, lemon, and mint®2. One of the most common smells used in cosmetic formulations,
limonene is a monoterpene that is mostly found in cleaning and food products. Limonene has the therapeutic
effects such as anti-inflammatory, antioxidant, antinociceptive, anticancer, antidiabetic, antiviral, and gastro-
protective properties®. Essential oils are complex combinations of constituents from multiple functional group
groups. The system can differentiate between monoterpenes, phenylpropanes, and other constituents based on
their structural composition. The study tested the antiviral properties of monoterpene compounds, limonene
and B-pinene, in essential oils against HSV-1 in vitro. Both limonene and beta-pinenene completely eliminated
viral infectivity. Monoterpenes have been identified as having an antiviral action mechanism, but they only show
moderate activity when administered to host cells before or after HSV entry. Both monoterpenes demonstrated
strong anti-HSV-1 efficacy upon direct attachment with free virus particles. The viral infection was reduced inac-
tive by the dose-dependent interactions between the two studied medications and HSV-154. The main objective
of our study was to identify how structural modification, and different function group can affect the binding
affinity, and pharmacological effectiveness against capsid protein of HSV-1. Our study found that addition of
different functional group can improve the binding affinity compare to the primary compounds. Now, according
to the literature finding, and our in silico study both can be compared, and concluded that Limonene can actively
inhibit the capsid protein of HSV-1, and fulfil the main objective the investigation.

Conclusion

This research has amplified and integrated limonene derivatives as an innovative antiviral drugs using computer-
aided methodologies and performed different computational approaches against capsid protein of HSV-1. After a
comprehensive investigation, it is reported that the maximum binding affinity score for capsid protein of HSV-1
has been displayed — 7.4 kcal/mol and — 7.1 kcal/mol. Besides, the drug-likeness of all compounds is entirely
accepted. Therefore, the drug development and implementation process may be guided by anticipating the in
silico modeling of ADMET features for safe medicine.

Additionally, it obtained an improved ADMET profile for all drugs with low toxicity and greater to moder-
ate solubility; most of the medication can cross the BBB and may be metabolized by CYP450 1A2 inhibitor.
The chemical descriptors HOMO-LUMO reported that the energy gap for ligands 01-06 is around 7.174-7.693,
while the softness value is between 0.2590 and 0.2804. Finally, molecular dynamic modeling has demonstrated
that they are stable drugs in many conditions and ought to demonstrate improved stability once they enter the
biological system. Therefore, it may be inferred that researcher searching for antiviral medications against for
capsid protein of HSV-1 are capable of developing innovative drug.

Data availability

All data are available in this manuscript.

Received: 24 January 2024; Accepted: 12 April 2024
Published online: 29 April 2024

References

1. Swanson, P. A. II. & McGavern, D. B. Viral diseases of the central nervous system. Curr. Opin. Virol. 11, 44-54 (2015).

2. Arduino, P. G. & Porter, S. R. Herpes Simplex Virus Type 1 infection: Overview on relevant clinico-pathological features. J. Oral
Pathol. Med. 37, 107-121 (2008).

3. Rozenberg, E, Deback, C. & Agut, H. Herpes simplex encephalitis: From virus to therapy. Infect. Disord. Drug Targets 11, 235-250
(2011).

4. Hayes, C. K. et al. ASC-dependent inflammasomes contribute to immunopathology and mortality in herpes simplex encephalitis.
PLoS Pathog. 17, 1009285 (2021).

5. Berber, E. & Rouse, B. T. Controlling herpes simplex virus-induced immunoinflammatory lesions using metabolic therapy: A
comparison of 2-deoxy-d-glucose with metformin. J. Virol. 96, €00688-¢722 (2022).

6. Krawczyk, A. et al. Overcoming drug-resistant herpes simplex virus (HSV) infection by a humanized antibody. Proc. Natl. Acad.
Sci. 110, 6760-6765 (2013).

7. Looker, K. J. et al. Global and regional estimates of prevalent and incident herpes simplex virus type 1 infections in 2012. PLoS
ONE 10, 0140765 (2015).

Scientific Reports |

(2024) 14:9828 | https://doi.org/10.1038/s41598-024-59577-4 nature portfolio



www.nature.com/scientificreports/

10.

11.
12.

13.

14.

15.

16.

17.
18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

. Griffiths, S.J. et al. A systematic analysis of host factors reveals a Med23-interferon-A regulatory axis against herpes simplex virus

type 1 replication. PLoS Pathog. 9, 1003514 (2013).

. Greco, A, Diaz, ], Thouvenot, D. & Morfin, F. Novel targets for the development of anti-herpes compounds. Infect. Disord. Drug

Targets 7, 11-18 (2007).

Luganini, A. ef al. Inhibition of herpes simplex virus type 1 and type 2 infections by peptide-derivatized dendrimers. Antimicrob.
Agents Chemother. 55, 3231-3239 (2011).

Daneman, R. & Prat, A. The blood-brain barrier. Cold Spring Harb. Perspect. Biol. 7, 2020412 (2015).

Liu, H,, Qiu, K., He, Q,, Lei, Q. & Lu, W. Mechanisms of blood-brain barrier disruption in herpes simplex encephalitis. J. Neuroim-
mune Pharmacol. 14, 157-172 (2019).

Lundberg, P. et al. The immune response to herpes simplex virus type 1 infection in susceptible mice is a major cause of central
nervous system pathology resulting in fatal encephalitis. J. Virol. 82, 7078-7088 (2008).

Mancini, M. & Vidal, S. M. Insights into the pathogenesis of herpes simplex encephalitis from mouse models. Mamm. Genome
29, 425-445 (2018).

Chan, W., Javanovic, T. & Lukic, M. Infiltration of immune T cells in the brain of mice with herpes simplex virus-induced encepha-
litis. J. Neuroimmunol. 23, 195-201 (1989).

Wijesinghe, V. N. et al. Current vaccine approaches and emerging strategies against herpes simplex virus (HSV). Expert Rev. Vac-
cines 20, 1077-1096 (2021).

Rahman, M. M. et al. Use of computer in drug design and drug discovery: A review. Int. J. Pharma Life Sci. 1, 12955 (2012).
Nascimento, I. J. D. S., de Aquino, T. M. & da Silva-Junior, E. E. The new era of drug discovery: The power of computer-aided drug
design (CADD). Lett. Drug Des. Discov. 19, 951-955 (2022).

Kumar, A., Rajendran, V., Sethumadhavan, R. & Purohit, R. Evidence of colorectal cancer-associated mutation in MCAK: A
computational report. Cell Biochem. Biophys. 67, 837-851 (2013).

Kumar, A. et al. Computational SNP analysis: Current approaches and future prospects. Cell Biochem. Biophys. 68, 233-239 (2014).
Dai, X. & Zhou, Z. H. Structure of the herpes simplex virus 1 capsid with associated tegument protein complexes. Science 360,
7298 (2018).

Baines, J. D. Herpes simplex virus capsid assembly and DNA packaging: A present and future antiviral drug target. Trends Microbiol.
19, 606-613 (2011).

Rahman, M. A., Matin, M. M., Kumer, A., Chakma, U. & Rahman, M. J. Modified D-glucofuranoses as new black fungus protease
inhibitors: Computational screening, docking, dynamics, and QSAR study. Trends Microbiol. 10, 195-209 (2022).

Delley, B. Ground-state enthalpies: Evaluation of electronic structure approaches with emphasis on the density functional method.
J. Phys. Chem. A 110, 13632-13639 (2006).

Kumer, A. et al. Investigation of the new inhibitors by sulfadiazine and modified derivatives of a-D-glucopyranoside for white
spot syndrome virus disease of shrimp by in silico: Quantum calculations, molecular docking, ADMET and molecular dynamics
study. Molecules 27, 3694 (2022).

Bleken, F. et al. Thermochemistry of organic reactions in microporous oxides by atomistic simulations: Benchmarking against
periodic B3LYP. J. Phys. Chem. A 114, 7391-7397 (2010).

Daina, A., Michielin, O. & Zoete, V. ]. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal
chemistry friendliness of small molecules. Sci. Rep. 7, 1-13 (2017).

Pires, D. E., Blundell, T. L. & Ascher, D. B. pkCSM: Predicting small-molecule pharmacokinetic and toxicity properties using
graph-based signatures. J. Med. Chem. 58, 4066-4072 (2015).

Bowman, B. R., Baker, M. L., Rixon, E. J., Chiu, W. & Quiocho, E A. Structure of the herpesvirus major capsid protein. EMBO J.
22, 757-765 (2003).

Kondapuram, S. K., Sarvagalla, S. & Coumar, M. S. Docking-based virtual screening using PyRx tool: Autophagy target Vps34 as
a case study. in Molecular Docking for Computer-Aided Drug Design, 463-477 (Elsevier, 2021).

Chigurupati, S. et al. Molecular docking of phenolic compounds and screening of antioxidant and antidiabetic potential of Moringa
oleifera ethanolic leaves extract from Qassim region, Saudi Arabia. Saudi J. Biol. Sci. 29, 854-859 (2022).

Yuan, S., Chan, H. S. & Hu, Z. Using PYMOL as a platform for computational drug design. Wiley Interdiscipl. Rev. Comput. Mol.
Sci. 7,e1298 (2017).

Sharma, J., Bhardwaj, V. K., Das, P. & Purohit, R. Identification of naturally originated molecules as y-aminobutyric acid receptor
antagonist. J. Biomol. Struct. Dyn. 39, 911-922 (2021).

Hu, X. et al. Molecular dynamics simulation of the interaction of food proteins with small molecules. Food Chem. 1, 134824 (2022).
Grover, A., Shandilya, A., Punetha, A., Bisaria, V. S. & Sundar, D. Inhibition of the NEMO/IKK association complex formation,
a novel mechanism associated with the NF-kB activation suppression by Withania somnifera’s key metabolite withaferin A. BMC
Genom. 1, 1-11 (2010).

Jagusiak, A., Chlopas, K., Zemanek, G., Wolski, P. & Panczyk, T. Controlled release of doxorubicin from the drug delivery for-
mulation composed of single-walled carbon nanotubes and congo red: A molecular dynamics study and dynamic light scattering
analysis. Pharmaceutics 12, 622 (2020).

Dasmahapatra, U. et al. In-silico molecular modelling, MM/GBSA binding free energy and molecular dynamics simulation study
of novel pyrido fused imidazo [4, 5-c] quinolines as potential anti-tumor agents. Front. Chem. 10, 991369 (2022).

Athar, M., Sona, A. N., Bekono, B. D. & Ntie-Kang, F. J. Fundamental physical and chemical concepts behind “drug-likeness” and
“natural product-likeness. Phys. Sci. Rev. 4, 101 (2019).

Protti, I. E et al. Do drug-likeness rules apply to oral prodrugs?. ChemMedChem 16, 1446-1456 (2021).

Caldwell, G. W. In silico tools used for compound selection during target-based drug discovery and development. Expert Opinion
on Drug Discovery 10(8), 901-923 (2015).

Reddy, A. S., Pati, S. P, Kumar, P. P, Pradeep, H. N., & Sastry, G. N. Virtual screening in drug discovery-a computational perspec-
tive. Current Protein and Peptide Science 8(4), 329-351 (2007).

Ts, X. & Joe, I. H. FT-IR, Raman and DFT study of 2-amino-5-fluorobenzoic acid and its biological activity with other halogen
(Cl, Br) substitution. Spectrochim. Acta A 79, 332-337 (2011).

Almutairi, M. S., Soumya, S., Al-Wabli, R. L, Joe, I. H. & Attia, M. I. Density functional theory calculations, vibration spectral
analysis and molecular docking of the antimicrobial agent 6-(1, 3-benzodioxol-5-ylmethyl)-5-ethyl-2-{[2-(morpholin-4-yl) ethyl]
sulfanyl} pyrimidin-4 (3H)-one. Open Chem. 16, 653-666 (2018).

Mumit, M. A. et al. DFT studies on vibrational and electronic spectra, HOMO-LUMO, MEP, HOMA, NBO and molecular docking
analysis of benzyl-3-N-(2, 4, 5-trimethoxyphenylmethylene) hydrazinecarbodithioate. . Mol. Struct. 1220, 128715 (2020).
Ayalew, M. E. DFT studies on molecular structure, thermodynamics parameters, HOMO-LUMO and spectral analysis of phar-
maceuticals compound quinoline (Benzo [b] Pyridine). J. Biophys. Chem. 13, 29-42 (2022).

Lombardo, E. et al. In Silico absorption, distribution, metabolism, excretion, and pharmacokinetics (ADME-PK): Utility and best
practices. an industry perspective from the international consortium for innovation through quality in pharmaceutical develop-
ment: Miniperspective. J. Med. Chem. 60, 9097-9113 (2017).

Chandrasekaran, B., Abed, S. N., Al-Attraqchi, O., Kuche, K. & Tekade, R. K. Computer-aided prediction of pharmacokinetic
(ADMET) properties. in Dosage Form Design Parameters, 731-755 (Elsevier, 2018).

Scientific Reports |

(2024) 14:9828 | https://doi.org/10.1038/s41598-024-59577-4 nature portfolio



www.nature.com/scientificreports/

48. Azzam, K. A. SwissADME and pkCSM webservers predictors: An integrated online platform for accurate and comprehensive
predictions for in silico ADME/T properties of artemisinin and its derivatives. Compl. Use Miner. Resourc. 325, 14-21 (2023).

49. Avdeef, A. Absorption and Drug Development: Solubility, Permeability, and Charge State (Wiley, 2012).

50. Debnath, B. & Ganguly, S. J. Synthesis, biological evaluation, in silico docking, and virtual ADME studies of 2-[2-Oxo-3-(arylimino)
indolin-1-yl]-N-arylacetamides as potent anti-breast cancer agents. Monatsh. Chem. 147, 565-574 (2016).

51. Lipinski, C. A. Drug-like properties and the causes of poor solubility and poor permeability. J. Pharmacol. Toxicol. Methods 44,
235-249 (2000).

52. Lipinski, C. A., Lombardo, E, Dominy, B. W. & Feeney, P. J. ]. Experimental and computational approaches to estimate solubility
and permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 23, 3-25 (1997).

53. Jarg, T. et al. Demonstrating suitability of the Caco-2 cell model for BCS-based biowaiver according to the recent FDA and ICH
harmonised guidelines. J. Pharm. Pharmacol. 71, 1231-1242 (2019).

54. Cabrera-Pérez, M. A. et al. In silico assessment of ADME properties: Advances in Caco-2 cell monolayer permeability modeling.
Curr. Top. Med. Chem. 18, 2209-2229 (2018).

55. Kumar, A., Rajendran, V., Sethumadhavan, R. & Purohit, R. Molecular dynamic simulation reveals damaging impact of RAC1
F28L mutation in the switch I region. PLoS ONE 8, €77453 (2013).

56. Bera, K. et al. An in silico molecular dynamics simulation study on the inhibitors of SARS-CoV-2 proteases (3CLpro and PLpro)
to combat COVID-19. Mol. Simul. 47, 1168-1184 (2021).

57. Enquist, L. W,, Husak, P. J., Banfield, B. W. & Smith, G. A. Infection and spread of alphaherpesviruses in the nervous system. Adv.
Virus Res. 51, 237-347 (1998).

58. Mettenleiter, T. C., Klupp, B. G. & Granzow, H. Herpesvirus assembly: an update. Virus Res. 143, 222-234 (2009).

59. Johnson, D. C. & Baines, J. D. Herpesviruses remodel host membranes for virus egress. Nat. Rev. Microbiol. 9, 382-394 (2011).

60. Gianti, E. & Zauhar, R. J. Structure-activity relationships and drug design. in Remington, 129-153 (Elsevier, 2021).

61. Guha, R. On exploring structure-activity relationships. In Silico Models Drug Discov. 1, 81-94 (2013).

62. Jongedijk, E. et al. Biotechnological production of limonene in microorganisms. Appl. Microbiol. Biotechnol. 100, 2927-2938
(2016).

63. Vieira, A. J., Beserra, E. P, Souza, M., Totti, B. & Rozza, A. Limonene: Aroma of innovation in health and disease. Chem. Biol.
Interact. 283, 97-106 (2018).

64. Astani, A. & Schnitzler, P. Antiviral activity of monoterpenes beta-pinene and limonene against herpes simplex virus in vitro. Iran.
J. Microbiol. 6, 149 (2014).

Acknowledgements
The authors extend their appreciation to the Researchers Supporting Project number (RSP2024R457), King Saud
University, Riyadh, Saudi Arabia.

Author contributions

Conceptualization, original draft writing, reviewing, and editing: Md. Rezaul Islam, Md. Shafiqul Islam Sovon,
Ummy Amena, Miadur Rahman. Formal analysis, investigations, funding acquisition, reviewing, and editing:
Md. Eram Hosen, Ajoy Kumer, Mohammed Bourhia. Resources, data validation, data curation, and supervision:
Yousef A. Bin Jardan, Samir Ibenmoussa, Gezahign Fentahun Wondmie. All authors have agreed with the content
and all have given explicit consent to publish.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-59577-4.

Correspondence and requests for materials should be addressed to M.B. or G.EW.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024, corrected publication 2024

Scientific Reports |

(2024) 14:9828 | https://doi.org/10.1038/s41598-024-59577-4 nature portfolio


https://doi.org/10.1038/s41598-024-59577-4
https://doi.org/10.1038/s41598-024-59577-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ligand-based drug design against Herpes Simplex Virus-1 capsid protein by modification of limonene through in silico approaches
	Material and methods
	Geometry optimization and ligand preparation
	Lipinski rule and pharmacokinetics
	ADMET profile prediction
	Target structure preparation and molecular docking analysis
	Molecular dynamic simulation

	Result analysis
	Structural activity relationship (SAR) studies
	Pharmacokinetics and drug likeness
	Molecular docking against capsid protein of Herpes Simplex Virus-1
	Protein–ligand interaction, molecular docking poses, and active site analysis
	Frontier molecular orbitals and quantum calculation
	Molecular of electrostatic potential (MEP) charge distribution map
	ADMET data investigation
	Aquatic and non-aquatic toxicity
	Molecular dynamic simulation result analysis
	Root mean square deviation (RMSD), and radius of gyration (Rg) analysis
	Solvent accessible surface area (SASA) analysis
	Hydrogen bonds analysis
	Root-mean-square fluctuation (RMSF) analysis
	MMPBSA binding energy


	Discussion
	Conclusion
	References
	Acknowledgements


