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Abstract

The growing threat of multidrug-resistant fungal and viral pathogens underscores the urgent need for
novel broad-spectrum therapeutics. In this study, we computationally evaluated the dual antimicrobial
potential of 2-phenylethanol (2 PE), a phenyl-substituted aromatic alcohol derived from Plumeria rubra,
against seven biologically essential targets using molecular docking, molecular dynamics (MD)
simulations, and ADMET profiling. Docking studies revealed high binding affinities of 2 PE across fungal
enzymes— Candida albicans N-myristoyltransferase, Aspergillus niger endoglucanase A, and Penicillium
chrysogenum Sec3p—Rho1p—and viral enzymes—SARS-CoV-2 main protease, HIV-1 reverse
transcriptase, HIV-1 protease, and hepatitis B virus capsid protein—with docking scores ranging from -
9.1 to - 14.4 kcal/mol. Key interactions included hydrogen bonding with catalytically critical residues
such as His41, Cys145, Arg187, and Ser111. MD simulations over 100 ns confirmed structural stability of
all complexes, with low RMSD (< 2.3 A), consistent ligand positioning, stable radius of gyration, and
persistent hydrogen bonding (> 80% occupancy). ADMET analysis indicated high intestinal absorption,
low toxicity, non-mutagenicity, and minimal environmental risk, reinforcing the bioavailability and safety
profile of 2 PE. The compound’s favorable physicochemical properties, natural origin, and target-specific
binding support its candidacy as a dual-action antiviral and antifungal agent. Although entirely in silico,
these findings provide a mechanistic rationale for further in vitro and in vivo evaluation, including
enzymatic inhibition assays, microbial growth studies, and structure—activity optimization. This study
establishes 2 PE as a promising lead molecule for next-generation broad-spectrum antimicrobial
development.

1. Introduction

Microbial infections remain a persistent and formidable challenge to global health, with viruses and fungi
representing two particularly resilient classes of pathogens [1, 2]. While bacterial infections have seen
major breakthroughs in treatment due to the advent and expansion of antibiotic therapies, the
management of viral and fungal diseases continues to face substantial limitations [3, 4]. Viral pathogens,
with their minimalistic structure and absolute dependence on host cellular machinery, are capable of
causing a wide array of illnesses—from self-limiting conditions to chronic and life-threatening diseases
[5]. Key to their replication and survival are essential viral enzymes such as proteases, which cleave large
polyproteins into functionally active components critical for viral propagation [6]. In contrast, fungi,
although historically less dominant as human pathogens, have emerged as significant clinical threats,
especially among immunocompromised populations [7, 8]. The rising incidence of invasive fungal
infections, coupled with the emergence of multidrug-resistant fungal strains, has further compounded
the therapeutic challenge, exacerbated by a limited antifungal pharmacopeia and suboptimal clinical
outcomes [9, 10].

The escalating problem of antimicrobial resistance, coupled with stagnation in the development of novel
antiviral and antifungal drugs, has galvanized the scientific community to explore alternative therapeutic
modalities [11, 12]. Among these, natural products derived from medicinal and aromatic plants (MAPSs)

Page 3/31



have garnered considerable attention due to their structural diversity and broad-spectrum bioactivity [13,
14]. One such plant, Frangipani or Temple tree (Plumeria rubra), has been traditionally valued for its
pharmacological properties and is known to produce several volatile organic compounds (VOCs),
including 2-phenylethanol (2 PE)—a phenyl-substituted aromatic alcohol widely used in the food,
cosmetic, and fragrance industries [15, 16]. Beyond its commercial applications, 2 PE has recently
emerged as a molecule of interest for its antimicrobial potential.

Evidence from phytopathogenic and clinical fungal models indicates that 2 PE exhibits potent antifungal
activity through a multi-pronged mechanism. It has been shown to disrupt fungal protein synthesis by
targeting aminoacyl-tRNA synthetases, particularly phenylalanyl-tRNA synthetase (PheRS), while also
compromising mitochondrial function and destabilizing cell membranes [17]. Transcriptomic studies in
fungi such as Kloeckera apiculata and Saccharomyces boulardii suggest that 2 PE interferes with
aminoacyl-tRNA biosynthesis, oxidative stress regulation, and DNA replication [18]. Furthermore, 2 PE
has been observed to impair the adhesion and biofilm formation of Candida albicans, thereby reducing
its pathogenicity [19]. These findings position 2 PE as a promising antifungal agent with potential utility
in clinical mycoses, particularly those refractory to current therapies.

Recent structural studies have expanded the landscape of potential antifungal targets beyond traditional
enzymatic pathways. For instance, endoglucanase A (EglA) from Aspergillus niger plays a pivotal role in
polysaccharide catabolism and fungal cell wall remodeling by hydrolyzing internal 3-1,4-glucosidic
linkages in cellulose and glucans [20]. Inhibition of EgIA can weaken fungal cell wall integrity, rendering it
an attractive target for antifungal development. Similarly, N-myristoyltransferase (NMT) from Candida
albicans catalyzes the covalent attachment of myristate to substrate proteins—an essential post-
translational modification for fungal growth and virulence. Blocking NMT activity disrupts protein
localization and function, offering a validated strategy for antifungal intervention [21]. Another emerging
target is Sec3p from Saccharomyces cerevisiae, in complex with the small GTPase Rho1p, which forms
part of the exocyst complex regulating vesicle trafficking, cell wall biosynthesis, and cell polarity.
Inhibiting the Sec3p-Rho1p interaction can compromise membrane trafficking and structural integrity of
fungal cells, further broadening the scope of druggable targets in antifungal therapy [22, 23].

Despite the compelling antifungal evidence, the antiviral potential of 2 PE remains largely underexplored.
Given its small molecular size, lipophilic character, and phenolic structure, it is plausible that 2 PE could
engage in hydrophobic interactions with conserved active sites of key viral enzymes. One particularly
attractive antiviral target is the main protease (M*pro) of SARS-CoV-2, which is indispensable for
processing viral polyproteins into nonstructural proteins required for replication. Owing to its conserved
catalytic dyad and well-characterized binding pockets, SARS-CoV-2 M”pro has become a focal point for
antiviral drug discovery, with more than 550 crystallographic structures facilitating structure-based
screening and rational inhibitor design [24, 25] .

In this context, the dual antifungal and putative antiviral properties of 2 PE render it a promising
candidate for further investigation. Computational methodologies—particularly molecular docking and
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molecular dynamics (MD) simulations—offer a rapid and cost-effective strategy to predict and analyze
molecular interactions between small ligands and macromolecular targets [26]. These in silico
approaches have been instrumental in accelerating early-phase drug discovery, especially during
emergent viral outbreaks such as COVID-19.

In this study, we present a comprehensive computational analysis of 2-phenylethanol against four
biologically essential protein targets: (i) SARS-CoV-2 main protease (M*pro), crucial for viral replication;
(i) Aspergillus niger endoglucanase A (EglA), vital for fungal cell wall degradation; (iii) Candida albicans
N-myristoyltransferase (NMT), indispensable for post-translational protein modification; and (iv)
Saccharomyces cerevisiae Sec3p-Rho1p complex, a central regulator of vesicle trafficking and cell
polarity. Through molecular docking and dynamic simulations, this study aims to evaluate the binding
affinity, stability, and interaction profiles of 2 PE with these targets, thereby providing mechanistic
insights into its antimicrobial action. By bridging the known antifungal activity of 2 PE with its
hypothesized antiviral efficacy, our work lays the computational foundation for the development of 2 PE
as a novel, dual-action antimicrobial agent suitable for addressing the pressing need for broad-spectrum
therapeutics in the era of rising resistance.

2. Materials and Methods
2.1. Source and Preparation of Target Proteins

The target protein structures for both antiviral and antifungal analyses were retrieved from the RCSB
Protein Data Bank (PDB) based on their relevance to viral replication and fungal viability. For the antiviral
study, four viral proteins were selected: the chymotrypsin-like main protease (M*pro) of SARS-CoV-2
(PDB ID: 6LU7) [27], hepatitis B virus capsid protein (PDB ID: 3MSH) [28], HIV-1 protease (PDB ID: 3NU3)
[29], and HIV-1 reverse transcriptase (PDB ID: 3LP1) [30]. For antifungal evaluation, three fungal protein
structures were selected: Aspergillus niger phenylalanyl-tRNA synthetase (PDB ID: 1KS5) [31], Candida
albicans N-myristoyltransferase (PDB ID: TNMT) [32], and a mitochondrial protein from Penicillium
chrysogenum (PDB ID: 3A58) [33]. All protein structures were prepared for docking using the Dock Prep
tool in UCSF Chimera v1.16 [34]. This preprocessing step included the addition of hydrogen atomes,
removal of water molecules and co-crystallized ligands, and assignment of partial atomic charges using
the AMBER99 force field [35]. Non-protein molecules such as DNA, dNTPs, and metal ions—if present—
were manually removed to avoid interference in docking.

2.2. Ligand Retrieval and Preparation

The primary test compound, 2-phenylethanol (CID: 6054), was selected based on its known antifungal
potential and hypothesized antiviral activity. Its 3D structure was generated using MarvinSketch from the
ChemAXxon suite. Comparative standard drugs for antiviral docking included Darunavir (CID: 213039),
Zidovudine (CID: 35370), and Lamivudine (CID: 60825), while Fluconazole (CID: 3365) and Voriconazole
(CID: 71616) were used as reference antifungals. All chemical structures were obtained from the
PubChem database in SDF format and converted to MOL2 format using Open Babel GUI [36]. Ligands
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were geometry optimized and assigned appropriate partial charges to ensure compatibility with the
docking protocol.

2.3. Active Site Prediction

The active site residues of the target protein were identified using the Computed Atlas of Surface
Topography of proteins (CASTp) server [37], which analyzes pocket and cavity geometry (Supplementary
Table S1 and Supplementary Table S2). The amino acid residues delineating the predicted binding
pocket were subsequently used to define the docking grid. Molecular docking was then performed with
the grid box centered on this predicted active site.

2.4. Molecular Docking Analysis

Automated molecular docking simulations were carried out using the SwissDock web server
(http://www.swissdock.ch/) [38], which utilizes the EADock DSS engine. The docking protocol was set to
the “Accurate” parameter level to maximize the number of sampled binding modes and enhance
prediction precision. Both ligand and protein structures were uploaded in PDB or MOL2 formats, as
appropriate. Each docking run yielded multiple binding clusters ranked according to their FullFitness (FF)
scores, where more negative values reflect stronger and more favorable binding interactions. The best-
docked poses (i.e., cluster 0 or those with the most favorable FF scores) were selected for visualization
and interpretation. UCSF Chimera v1.16 was used to generate all molecular interaction figures in 3D,
while PyMOL v3.0.5 and BIOVIA Discovery Studio Visualizer v24.1.0.23298 were used for additional 3D
and 2D interaction mapping, respectively.

2.5. In silico ADME/T and Toxicity Analysis

To assess the drug-likeness and pharmacokinetic behavior of 2-phenylethanol and other compounds,
comprehensive ADMET profiling was performed using multiple in silico tools. These included
Schrodinger’s QikProp module, SwissADME [39], ProTox-3.0 [40], ADMETlIab 3.0 [41], and pkCSM [42].
Parameters such as gastrointestinal absorption, blood—brain barrier permeability, cytochrome P450
interactions, hepatotoxicity, carcinogenicity, mutagenicity, and other toxicity risks were evaluated.
Additionally, drug-likeness criteria such as Lipinski’'s Rule of Five, Veber, Ghose, and Egan filters were
analyzed to determine the medicinal chemistry friendliness and oral bioavailability of the tested
compounds.

2.6. Molecular Dynamics Simulation and Trajectory Analysis

The most promising protein—ligand complexes from docking studies were subjected to molecular
dynamics (MD) simulations using GROMACS 2024.2 [43], employing the CHARMM36 [44] all-atom force
field. Ligand topologies were generated using the CGenFF server. Each protein—ligand system was
solvated in a triclinic box filled with TIP3P [45-47] water molecules and neutralized by adding Na* or Cl-
counterions. Energy minimization was conducted using the steepest descent algorithm for 20,000 steps.
Equilibration was performed under the NVT and NPT ensembles for 100 ps each, using the Nosé—
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Hoover thermostat and Parrinello—Rahman barostat, respectively. Production MD simulations were run
for 100 ns.

Post-simulation analyses included calculation of root mean square deviation (RMSD) to monitor
structural stability, root mean square fluctuation (RMSF) to assess residue flexibility, radius of gyration
(Rg) to evaluate protein compactness, hydrogen bond dynamics, and solvent-accessible surface area
(SASA) to probe solvation effects. Additionally, principal component analysis (PCA) was conducted to
explore the dominant motions of protein-ligand complexes, and the free energy landscape (FEL) was
derived using the formula F(X) = kBT In P(X), where P(X) denotes the conformational probability. Data
visualization was performed using Matplotlib (Python), XMGrace, and VMD [48] for trajectory rendering.

3. Results
3.1. Docking Analysis Against Fungal Targets

Molecular docking studies revealed that 2-phenylethanol (2-PE) demonstrated superior binding affinity
toward all selected fungal protein targets compared with clinically approved antifungal agents,
Fluconazole and Voriconazole (Table 1). Against Candida albicans N-myristoyltransferase (PDB ID:
TNMT), 2-PE showed the highest docking score of - 11.6 kcal/mol, significantly outperforming
Fluconazole (9.4 kcal/mol) and Voriconazole (-9.5 kcal/mol). It formed multiple hydrogen bonds with
active-site residues such as ARG187, ASN204, and ASN421 (distances ranging from 2.06 to 2.72 A),
along with extensive hydrophobic interactions involving residues like ILE215, LYS434, and TYR283.
Additional binding mode analysis revealed hydrogen bonds with ASN54, GLN207, and LYS85, as well as
T-interactions with PRO82 and TYR30, suggesting a deep and stable accommodation of 2-PE in the
active site, likely due to favorable topology and residue orientation. In the case of Penicillium
chrysogenum (PDB ID: 3A58), 2-PE achieved a docking score of - 9.2 kcal/mol, better than Fluconazole
(—8.7 kcal/mol) and Voriconazole (-8.9 kcal/mol), engaging in hydrogen bonding with ARG73, ASN201,
ASN119, LYS179, and SER125, in addition to mt—mt stacking with PHE120 and mt-alkyl interactions with
LEU131, PHE44, and PRO121. For Aspergillus niger (PDB ID: 1KS5), 2-PE exhibited a docking score of -
9.1 kcal/mol, again surpassing the controls. Key interactions included hydrogen bonding with ASP99 and
SER111 (as low as 2.002 A), and additional contacts with ASN99, ASN101, and ASN103, plus rt-alkyl
stabilization with TRP227 (Fig. 1 and Table 2).
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Table 1

Comparative Docking Scores of 2-Phenylethanol and Standard Antifungal Drugs
Against Key Fungal Protein Targets

Ligands

2-PE
Fluconazole

Voriconazole

Aspergillus niger
(PDB:1KS5)

9.1

-8.8

-8.7

Candida albicans
(PDB:1NMT)
-11.6

9.4

9.5

Pencillium chrysogenum
(PDB:3A58)

9.2

-8.7

-8.9

Page 8/31




Table 2

Docking scores and non-covalent interaction profile of 2-phenylethanol with fungal and viral protein
targets, including hydrogen bonding and hydrophobic contacts.

Target

TKSS

TNMT

3A58

Organism

Aspergillus
niger

Candida
albicans

Pencillium
chrysogenum

Docking
score
(kcal/mol)

9.1

11.6

9.2

H-Bond Interactions (A)

Donor

GLN200:HE22
2-PE: H10
2-PE: H4

ARG187:HH22
ARG423:HH22
ASN204:HD22
ILE215:H
ASN421:HD22
1 2-PE:H10
LYS65:HZ2
ARG187:HH22

ARG84:HH22
LYS136:HZ3
ARG73:HH22
ARG73:HH21
ARGT11:HH12
ARGT11:HH12
1 2-PE:H10

: 2-PE:H3

ARG73:HH12
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Acceptor

2-PE:O1
ASP99:0D1
SER111:0

GLN203:0E1
SER171:0
VAL158:0
ASN166:0D1
PRO78:0
GLU297:0E2
:2-PE:O1
ASP64.0
GLU60:0
THR159:0G1

TYR39:0
PHE44:0
ASN201:0
ASN201:0
THR101:0
GLY102:0
LYS119:0
LYS119:0
THR200:0

Distance

2.002 A
2.021 A
2.933A
(C-H
bond)
2.72 A
2.26 A
2.43 A
2.51A
2.06 A
2.08 A
2.15A
2.16 A

2.35A

2.86 A
2.13A
2.71A
2.54 A
2.82 A
2.66 A
2.03A
2.83A
3.02A

Hydrophobic
Interactions

Residue/Type

TRP22 (3.852
A, Pi—Pi
Stacked),
TRP22 (3.857
A, Pi—Pi
Stacked)

ILE215 (5.41
A, Alkyl),
PRO217
(4.89 A,
Alkyl),
LYS434 (3.95
A, Alkyl),
PRO78 (5.27
A, Alkyl),
ARG187
(5.46 A,
Alkyl),
PRO217
(4.65 A,
Alkyl),
TYR283 (4.47
A, Pi-Alkyl),
TYR283 4.88
A, Pi-Alkyl),
2-PE -

PRO62 (5.35
A, Pi-Alkyl),
2-PE - LEU66
(5.13 A, Pi-
Alkyl)

LEU131 (5.15
A, Alkyl),
LYS100 (4.61
A, Alkyl),
ILE115(533
A, Alkyl)
LEU131 (5.03
A, Alkyl),
LYS136(523
A, Alkyl),
ILE115(528
A, Alkyl),
LEU137 -
TYR/PHE44
(4.48 A, Pi-
Alkyl),
LYS134 -




Target

6LU7

3MSH

3NU3

3LP1

Organism

SARS-CoV-2

Hepatitis-B

HIV-1
protease

HIV-T1 reverse

transcriptase

Docking
score
(kcal/mol)

-10.2

-11.8

14.4

H-Bond Interactions (A)

Donor
ARG73:HH22
ARG73:HH22
LYS136:HE2

:2-PE:H10
:2-PE:H10

:2-PE:H10
:2-PE:H10
ARG8:HH11
GLN2:HE21
ILE3:H
ARGS8:HE
THR26:H

GLN85:HE22
TRP88:H
HIS96:H
TRP402:HET
ALA408:H

TYR441:HH
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Acceptor
THR200:0
ASN201:0
GLU45:0E1

A:
GLN189:0E1

A:
GLN189:0E1

A:MET75:0
A:MET75:0
ASP129:0D2
ASN198:0D1
LEU197:0
ASP129:0D1
THR126:0G1

GLU53:0
PRO52:0
ASN136:0D1
ASP364:0D1
PR0392:0
LYS287:0

Distance
2.43A
2.41A
2.82 A

2.103 A
2.103 A

2.095 A
2.095 A
1.965 A
1.872 A
1.755 A
1.887 A
1.949 A

1.94 A
1.95A
2.09 A
2.26 A
1.86 A
1.90 A

Hydrophobic
Interactions

Residue/Type

PHE44 (5.39
A, Pi-Alkyl),
LYS136 -
PHE44 (4.61
A, Pi-Alkyl),
TRP63 -
LEU131 (5.48
A, Pi-Alkyl),
PHE77 -
PRO41 (5.32
A, Pi-Alkyl),
2-PE -

PRO121
(5.40 A, Pi-
Alkyl)

A: MET49
(4.685 A, Pi-
Alkyl)

A: VAL84
(4.007 A, Pi-
Alkyl)

HIS69 —
PHE199
(3.771 A, Pi-
Pi T-shaped),
ILE3 -
LEU197
(5.378 A,
Alkyl), PHE99
- PRO101
(4.252 A, Pi-
Alkyl), PHE99
~ ILE193
(5.273 A, Pi-
Alkyl), 2-PE -
ALA128
(3.938 A, Pi-
Alkyl)

TRP410
(3.732 A, Pi-
Pi T-shaped),
TRP535 (4.67
A, Pi—Alkyl),
ALA408 (4.69
A, Alkyl),
PRO433
(5.30 A,
Alkyl), ILE542
(5.13 A,




Target Organism Docking H-Bond Interactions (A) Hydrophobic

score Interactions
(keal/mol) Donor Acceptor Distance  pasidue /Type
GLY543:H LEU283:0 1.95A Alkyl), TRP88

) (5.40 A, Pi-
ASN255:HD22  TYR532:0H  2.03A  Alkyl),
) TRP401 (4.95
TRP40T:HE1T ~ GLN373:0E1 245A A, Pi-Alkyl),
) TRP535 (4.70
TRP40T:HE1T ~ TRP410:0 2.55A A Pi-Alkyl),
VAL381 (5.15
A, Alkyl),
PRO52 (4.79
A, Alkyl)

3.2. Docking Analysis Against Viral Targets

Docking analysis of 2-PE against viral protein targets revealed robust binding affinities that exceeded
those of standard antiviral drugs such as Darunavir, Zidovudine, and Lamivudine (Table 3). The strongest
interaction was observed with HIV-1 reverse transcriptase (PDB ID: 3LP1), where 2-PE exhibited an
exceptionally high docking score of - 14.4 kcal/mol, markedly better than Lamivudine (-9.6 kcal/mol),
Zidovudine (9.2 kcal/mol), and Darunavir (-10.7 kcal/mol). Multiple hydrogen bonds (1.86—-2.55 A)
were formed with GLUS3, TYR441, and TRP401, supported by m-alkyl and T-shaped -t interactions.
Against HIV-1 protease (PDB ID: 3NU3), 2-PE scored - 11.8 kcal/mol, surpassing all controls, with
hydrogen bonding to ASP129 and ASN198, m—mt contacts with PHE199, and additional stabilization via
ASP153, ILE150, and ILE164. In the SARS-CoV-2 main protease (PDB ID: 6LU7), 2-PE showed a docking
score of - 10.2 kcal/mol, forming dual hydrogen bonds with GLN189 and engaging MET49 through m-
alkyl interactions, while also forming carbon—hydrogen bonds with HIS41, CYS145, and ARG188,
contributing to a well-oriented binding pose. For the hepatitis B virus capsid protein (PDB ID: 3MSH), 2-
PE demonstrated a docking score of - 9.7 kcal/mol, forming stable hydrogen bonds with MET75 and
GLN77, along with strong m—mt stacking with HIS178 (~ 3.2 A) and m-alkyl interactions with VAL84,
ALAS8S5, and ILE76. Additionally, in the HIV-1 integrase (PDB ID: 3LPI), 2-PE bound through hydrogen
bonds with GLN161, MET164, and GLN143, complemented by m-interactions with VAL60 and TYR181
(Table 2 and Fig. 2).
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Table 3

Comparative Docking Scores of 2-Phenylethanol and Standard Antifungal Drugs Against Key Viral
Protein Targets

Ligand SARS CoV- Hepatitis B HIV-1 Protease HIV-1 Reverse
2 (3MSH) (3NU3) Transcriptase
(PDB: (PDB: 3LP1)
6LU7)

2-PE -10.2 -9.7 -11.8 -14.4

Darunavir 8.1 -6.9 -7.5 -10.7

Zidovudine  -7.5 -6.6 -6.8 -9.2

Lamivudine -7.9 -6.7 -7.0 -9.6

4. Pharmacokinetic and Toxicological Evaluation of 2-Phenylethanol
for Agricultural Application

The ADMET and toxicity profile of 2-phenylethanol (2PE) underscores its strong potential as a safe,
selective, and environmentally compatible antifungal and antiviral agent for agricultural use. Its low
molecular weight (122.167 Da), moderate lipophilicity (log P = 1.22), and limited number of hydrogen
bond donors (1) and acceptors (1) enable optimal diffusion across microbial cell membranes and plant
cuticles, supporting its systemic activity in plant tissues and rhizospheres. High predicted permeability
(Caco-2 =1.605 nm/s) and excellent intestinal absorption equivalent (88.07%) suggest strong
bioavailability not only in plant models but also in phytopathogens upon foliar or root application. The
low water solubility (log S = - 1.198) and low skin permeability (log Kp = - 1.83) imply a compound that
is moderately hydrophobic, capable of adhering to plant surfaces and resisting rapid wash-off, making it
suitable for field deployment. From an environmental toxicology standpoint, 2PE poses minimal aquatic
risk, with low Tetrahymena pyriformis and minnow toxicity (—=0.385 pg/L and 2.048 log mM, respectively),
indicating safety for aquatic ecosystems upon agricultural runoff. The compound is not a substrate or
inhibitor of key efflux pumps or transporter analogues (e.g., P-gp), which are functionally conserved
across microbial and plant systems, reducing the likelihood of resistance development through active
extrusion in target pathogens. Crucially, 2PE does not interfere with xenobiotic-degrading enzyme
systems analogous to cytochrome P450s in plants or fungi (except weak CYP1A2 inhibition), minimizing
phytotoxicity and ensuring selectivity for pathogen enzymes. Its lack of hepatotoxicity, genotoxicity (non-
AMES), and cardiotoxicity (non-hERG inhibitor) further supports environmental safety and non-target
organism compatibility. The moderate clearance (log 0.325 ml/min/kg) and partial plasma unbound
fraction (0.434) translate agriculturally to a balance between persistence in treated crops and
biodegradability in soil matrices. Notably, 2PE'’s structural features—aromaticity, minimal rotatable
bonds, and a phenolic hydroxyl group—enable strong and specific binding to microbial enzymes (as
shown in docking), while retaining metabolic stability. These characteristics, combined with a low
likelihood of bioaccumulation and negligible interaction with soil microbial detoxification pathways,
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establish 2PE as a highly promising candidate for inclusion in next-generation agrochemicals, with
potent dual antiviral and antifungal activity, high environmental safety, and minimal risk of resistance
development (Fig. 3).

5. Atomistic Simulation Insights into 2Phenylethanol Binding with
Fungal and Viral Pathogen Proteins

To thoroughly assess the dynamic behavior, structural stability, and binding interactions of
2phenylethanol (2PE) with fungal and viral targets, 100-nanosecond all-atom MD simulations were
performed for each protein—ligand complex. Analyses included backbone and ligand RMSD, residue-
specific RMSF, hydrogen bond occupancy, radius of gyration (Rg), and solvent-accessible surface area
(SASA) to capture detailed conformational trends throughout the trajectories.

5.1. Antifungal Targets
5.1.1. Aspergillus niger

The RMSD of the 1KS5 backbone showed early convergence (~ 10-12 ns) to ~ 2.2 + 0.2 A, evidencing
overall structural stability of the enzyme in complex with 2PE. Ligand RMSD remained within 1.5-2.4 A,
with no increase indicative of detachment, confirming that 2PE remained snugly bound within the active
site. Residue-level RMSF values remained below 1.5 A for the majority of the protein; notably, Asn99,
Leu120, Val121, Asn101, and Ser111—critical binding pocket residues—maintained even lower
fluctuations (< 1.3 A). Hydrogen bond analysis revealed that during over 80% of the simulation, at least
one hydrogen bond was maintained, primarily with Asn99 and Ser111. Rg remained constant at 19.6 +
0.2 A, indicating stable protein compactness without significant unfolding. SASA values stabilized
between 135 and 160 A2 following ~ 15 ns, reflecting burial of hydrophobic surfaces and persistent
interaction of the ligand with the protein interior (Fig. 4).

5.1.2. Candida albicans

This complex equilibrated its backbone RMSD to ~ 2.1+ 0.2 A by 10-15 ns and showed no major
fluctuations for the remainder of the run. The ligand RMSD ranged narrowly between 0.6 and 1.8 A,
consistent with tight ligand binding. RMSF analysis confirmed that residues implicated in binding—Lys85,
GIn207, and Pro82—remained highly stable with RMSF < 1.2 A: overall mean fluctuation stood at 1.38 +
0.3 A. Hydrogen bond occupancy remained high throughout, with persistent interactions involving
GIn207, Ser54, and Lys85. Rg remained constant at 21.3 + 0.25 A, confirming protein integrity. SASA
stabilized within 142-160 A2, indicative of a stable, well-protected ligand—protein interface (Fig. 5).

5.1.3. Penicillium chrysogenum
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The backbone RMSD converged at ~ 2.1 + 0.2 A after 15 ns, consistent with a stable global fold. The
ligand RMSD fluctuated modestly between 0.8 and 2.2 A, reflecting localized fit within the binding
pocket. RMSF values were low across key residues, such as Lys179, Ser125, and Phe120 (< 1.3 A), while
surface loops exhibited higher flexibility. Hydrogen bonds with Ser125, Lys179, and Asn119 were present
throughout most of the trajectory. The Rg value remained unchanged at ~ 20.2 + 0.3 A, indicating no
structural expansion. SASA values ranged between 140 and 158 A2 post-equilibration, indicating
sustained nonpolar core burial and consistent ligand—protein interactions (Fig. 6).

5.2. Antiviral Targets
5.2.1. HIV-1 reverse transcriptase

Backbone RMSD achieved stability at ~ 2.2 + 0.2 A after ~ 15 ns, confirming minimal perturbation from
ligand binding. Ligand RMSD varied tightly between 0.8 and 2.1 A—again consistent with a stable
complex. RMSF values across the protein averaged 1.39 +0.31 A, with key residues GIn161, Tyr181, and
Met164 displaying fluctuations < 1.3 A. Hydrogen bonds with GIn161, Met164, and GIn143 persisted over
80% of the trajectory. Rg remained largely steady at 21.8 + 0.25 A, demonstrating insignificant global
structural changes. SASA ranged from 145 to 165 A2, underscoring consistent solvent protection of the
ligand (Fig. 7).

5.2.2. Hepatitis B

Equilibration of backbone RMSD to ~ 2.1 +0.2 A occurred by ~ 10 ns and remained stable. Ligand RMSD
was confined within 0.6-1.2 A, indicating strong binding site retention. RMSF was low across binding
residues including His178, Val84, and Met75 (mean 1.36 + 0.3 A). Hydrogen bonds were consistently
maintained with His178 and GIn77, with the system manifesting 2—4 bonds throughout the run. Rg
maintained ~ 1.8 + 0.2 A; SASA plateaued near 115 Az, structurally indicative of a compact enzyme-
ligand interface (Fig. 8).

5.2.3. HIV-1 Protease

The protein backbone RMSD stabilized at ~ 2.2 + 0.2 A by ~ 12 ns. Ligand RMSD stayed between 0.7 and
1.5 A, supportive of sustained active-site binding. RMSF analysis showed key residues lle150, Asp159,
Ala128, and Val132 possessed low fluctuations (< 1.3 A), while overall average RMSF was 1.34 +0.29 A.
Hydrogen bonds involved Asp159, Ile150, and Gly149 were maintained over most of the trajectory. Rg
remained stable at 20.4 + 0.3 A; SASA ranged from 110-125 A2, with slightly reduced values compared
to apo, implying hydrophobic core burial upon ligand association (Fig. 9).

5.2.4. SARSCoV-2

RMSD of the protease backbone converged to ~ 2.2 + 0.2 A after ~ 12 ns. The ligand RMSD ranged from
0.7-1.6 A, confirming stable orientation within the S1/S2 cleavage site. RMSF fluctuations were low (<
1.4 A) across catalytic residues His41, Cys145, and GIn189 (mean ~ 1.33 + 0.28 A). Hydrogen bonds with
Cys145, His41, and GIn189 persisted consistently, with as many as 4 active bonds at certain timepoints.
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Rg values remained approximately 22.5 + 0.3 A, indicating uncompromised tertiary structure. SASA
ranged between 148-165 A2, pointing to a stable, solvent-shielded complex (Fig. 10).

Across all seven protein systems, backbone RMSD values stabilized within 10-15 ns and did not exceed
~ 2.3 A reflecting structural robustness in the presence of 2PE. Ligand RMSD traces (< 2.5 A) and high
occupancy hydrogen bonds highlight stable active-site binding. Low RMSF values at binding hotspots,
consistent Rg, and stable SASA profiles further emphasize that 2PE does not disrupt protein architecture
while maintaining tight binding. This evidences a dynamically stable, specific, and robust ligand—protein
interaction for both antifungal and antiviral targets, positioning 2PE as a dual-action bioactive candidate
with strong binding thermodynamics and minimal structural perturbation across diverse pathogens.

6. Discussion

The present computational investigation compellingly positions 2phenylethanol (2 PE) as a multifaceted
antimicrobial scaffold, demonstrating high-affinity interactions and dynamic stability within both fungal
and viral enzymatic targets. In fungal systems, 2 PE achieved docking scores of - 9.1 to - 11.6 kcal/mol
against N-myristoyltransferase (NMT, TNMT), endoglucanase A (1KS5), and Sec3p—Rho1p (3A58),
greatly exceeding Fluconazole and Voriconazole benchmarks. Notably, the compound forms persistent
hydrogen bonds with catalytically essential residues such as ARG187, ASN421 (NMT), ASP99, SER111
(EglA), and participates in mt-mi/alkyl contacts within the active pockets. These interactions mirror the
inhibitory mechanisms reported for phenethyl alcohol derivatives in Kloeckera apiculata and
Saccharomyces boulardii, which target aminoacyl-tRNA synthetases to disrupt protein translation,
mitochondrial integrity, and cell wall maintenance [49-51]. In addition, 2 PE’s putative engagement with
Asp99 and Ser111 in EglA aligns structurally with established eglA inhibitors, underpinning its ability to
compromise fungal cell-wall remodeling [52, 52, 53].

Parallel analysis against viral enzymes revealed 2 PE’s robust binding to SARSCoV-2 main protease
(6LU7, - 10.2 kcal/mol), HIV-1 reverse transcriptase (3LP1, - 14.4 kcal/mol), HIV-1 protease (3NU3, -
11.8 kcal/mol), and HBV capsid (3MSH, - 9.7 kcal/mol). The compound engages catalytic dyad residues
His41 and Cys145 in M*pro—critical recognition sites validated in phytochemical screens (e.g.,
phyllaemblicin C, procyanidin B1, theaflavins)—suggesting potential for potent, non-peptidic inhibition
[54, 55]. Hydrogen bonding and hydrophobic stabilization in HIV enzymes mirror pharmacophoric
features seen in FDA-approved antivirals, indicating cross-enzyme inhibitory promise.

Molecular dynamics simulation further confirmed structural consolidation across all complexes
(backbone RMSD ~ 2.1-2.3 A, low ligand RMSD, sustained hydrogen bonds > 80%, stable Rg and SASA
profiles), underscoring both target engagement and traveller integrity. Such sustained dynamic
interactions parallel those observed for natural polyphenols against nucleic acid polymerases and viral
proteases. Meanwhile, in silico ADMET profiles highlight 2 PE's druggable characteristics—adequate
membrane permeability, moderate lipophilicity, compliance with Lipinski’s rule, negligible cytochrome
inhibition, and non-mutagenicity—congruent with its GRAS status and use in food and fragrance sectors
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[56-58]. This facilitates sustainable sourcing from Plumeria rubra and microbial fermentation systems,
enabling scalable extraction and formulation.

However, several study limitations warrant attention. All findings remain theoretical—no empirical
enzymatic inhibition constants (K;), minimum inhibitory/bactericidal concentrations (MIC/MBC), or
antiviral EC 5, values have been generated. Similarly, cytotoxicity and pharmacodynamics within
mammalian or phytopathogen models are essential next steps. Considering 2 PE’s low molecular weight
and simple phenolic structure, rapid metabolic clearance or weak in vivo potency are possible. Future
work should therefore include structure-activity relationship (SAR) studies to generate derivatives with
enhanced target specificity, protease stability assays, timekill and postinfection treatment models, and
resistance evolution studies—paralleling the development pathways of tavaborole (an aaRS inhibitor)
and natural polyphenol antivirals. In summary, while our computational data robustly support 2 PE as a
dualspectrum antimicrobial lead engaging key enzymatic targets across pathogens, translational
success will depend on validating these interactions through integrated biochemical, microbiological,
pharmacological, and formulation research.

7. Conclusion

This comprehensive computational investigation establishes 2-phenylethanol (2 PE) as a promising
dual-action antimicrobial compound with potent inhibitory potential against key fungal and viral protein
targets. Through high-resolution molecular docking and 100 ns molecular dynamics simulations, 2 PE
demonstrated stable and specific interactions with catalytically essential residues in enzymes central to
fungal virulence and viral replication. Binding energies consistently outperformed conventional
therapeutics, while dynamic analyses confirmed strong target retention and minimal perturbation to
protein architecture. These mechanistic insights are reinforced by favorable ADMET properties, including
high membrane permeability, low toxicity, and environmental safety—parameters that support its
translational potential in both pharmaceutical and agricultural applications. Furthermore, the natural
origin, chemical tractability, and established commercial availability of 2 PE position it as a viable
candidate for further development. While experimental validation remains essential, this study provides
a strong structural and pharmacokinetic rationale for advancing 2 PE as a next-generation broad-
spectrum antimicrobial agent capable of addressing the escalating challenges of drug resistance in both
clinical and crop protection contexts.
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3D And 2D Interactions of Fungal Proteins with 2-PE
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Figure 1

Molecular docking poses and 2D interaction diagrams for top-scoring compound with the Fungal
Proteins. (i) The 3D binding pose of 2-PE (magenta) within the active sites of (A) 1KS5, (B) TNMT, and (C)
3A58. (ii) The corresponding 2D interaction diagrams depict hydrogen bonds, van der Waals contacts,
and t-interactions between 2-PE and surrounding amino acid residues. Conventional hydrogen bonds
(green), van der Waals interactions (light green), and m-alkyl interactions (pink) are prominently involved
in stabilizing ligand binding across all three proteins.
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Molecular docking poses and 2D interaction diagrams for top-scoring compound with the Viral Proteins.
(i) The 3D binding conformations of 2-PE (magenta) within the active sites of (A) 3NU3 and (B) 3LP1. (ii)
The 2D interaction maps display key molecular interactions stabilizing the ligand—protein complexes.
Hydrogen bonding, van der Waals forces (green), and m-alkyl interactions (pink) dominate. (C) 6LU7 and
(C) 3MSH. In 3MSH, a notable m-anion interaction with HIS A178 contributes to ligand stabilization. The
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presence of multiple hydrophobic and polar residues around 2-PE suggests favorable binding energetics
in the viral targets.
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Figure 3

Bioavailability radar plot of 2-phenylethanol (2-PE) obtained from AdmetLab 3.0
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RMSD of the protein backbone indicating enhanced stability upon 2-PE binding. (B) RMSD of the ligand
showing stable interaction of 2-PE with 1KS5. (C) RMSF analysis reveals reduced residue fluctuations in
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RMSD indicating stable binding of 2-PE to TNMT. (C) RMSF analysis revealing minor variations in residue
flexibility upon ligand binding. (D) Hydrogen bond profile demonstrates frequent interactions between
TNMT and 2-PE. (E) Radius of gyration (Rg) indicating structural compactness in the ligand-bound form.
(F) Solvent accessible surface area (SASA) showing slightly reduced surface exposure in the complex

compared to the apo form
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Molecular dynamics simulation analysis of 3A58 in apo form (black) and in complex with 2-PE (green).

(A) Backbone RMSD indicating stable structural dynamics of 3A58 upon ligand binding. (B) Ligand RMSD
showing consistent binding of 2-PE to 3A58. (C) RMSF analysis reflects reduced residue flexibility in the

ligand-bound form. (D) Hydrogen bond profile demonstrates frequent and stable interactions between
3A58 and 2-PE. (E) Radius of gyration (Rg) suggests improved structural compactness in the complex.
(F) Solvent accessible surface area (SASA) reveals lower solvent exposure upon 2-PE binding.
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Molecular dynamics simulation analysis of 3LP1 in apo form (black) and in complex with 2-PE (maroon).
(A) Backbone RMSD indicating stable protein conformation upon 2-PE binding. (B) Ligand RMSD
showing consistent and low fluctuation of 2-PE throughout the simulation. (C) RMSF analysis
demonstrates reduced residue flexibility in the complex. (D) Hydrogen bond profile reveals frequent and
stable interactions between 3LP1 and 2-PE. (E) Radius of gyration (Rg) indicates comparable structural
compactness in both apo and complexed forms. (F) Solvent accessible surface area (SASA) shows
slightly decreased solvent exposure upon ligand binding.
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Figure 8

Molecular dynamics simulation analysis of 3MSH in apo form (black) and in complex with 2-PE (orange).
(A) Backbone RMSD illustrating structural stability upon ligand binding. (B) Ligand RMSD indicating
stable interaction of 2-PE with 3MSH. (C) RMSF analysis shows marginal reduction in residue flexibility
in the ligand-bound state. (D) Hydrogen bond profile reveals consistent interactions between 3MSH and
2-PE. (E) Radius of gyration (Rg) reflects comparable structural compactness in both forms. (F) Solvent
accessible surface area (SASA) shows slightly decreased solvent exposure in the complex.
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Figure 9

Molecular dynamics simulation analysis of 3NU3 in apo form (black) and in complex with 2-PE (purple).
(A) Backbone RMSD demonstrating overall stability of the protein throughout the simulation. (B) Ligand
RMSD shows stable binding of 2-PE to 3NU3. (C) RMSF analysis reveals slightly reduced flexibility in the
ligand-bound form. (D) Hydrogen bond profile indicates frequent and stable interactions between 3NU3
and 2-PE. (E) Radius of gyration (Rg) suggests structural compactness in the presence of the ligand. (F)
Solvent accessible surface area (SASA) indicates reduced solvent exposure upon 2-PE binding
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Molecular dynamics simulation analysis of 6LU7 in apo form (black) and in complex with 2-PE (blue). (A)
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Backbone RMSD indicating stable structural dynamics upon ligand binding. (B) Ligand RMSD shows
consistent and low deviation of 2-PE throughout the simulation. (C) RMSF analysis reveals reduced
residue flexibility in the ligand-bound form. (D) Hydrogen bond profile demonstrates persistent
interactions between 6LU7 and 2-PE. (E) Radius of gyration (Rg) suggests comparable compactness in
both forms. (F) Solvent accessible surface area (SASA) shows marginally reduced solvent exposure
upon 2-PE binding.
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