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Abstract

Cryptococcus neoformans is an opportunistic fungal pathogen, especially affecting individuals with weakened
immune systems. Laccase enzymes are pivotal in its pathogenicity, making them promising targets for therapeutic
intervention. This study aims to identify and characterize potent laccase inhibitors against C. neoformans using
advanced in-silico analysis. The laccase protein (UniProt ID: Q55P57) was retrieved via AlphaFold and validated
with ProCheck. Pharmacophore-based virtual screening (PBVS) identified 19 potential inhibitors, which were
docked using CB-Dock2. The top six compound’s pharmacokinetic properties were assessed using SWisSADME,
PKCSM, and StopTox. Bioactivity was predicted via SwissTargetPrediction. Density Functional Theory (DFT)
calculations were conducted using Gauss view 5.0.8. The validated 3D structure of the target protein Q55P57
demonstrated high quality, with 86.5% of residues in favored regions. The molecular docking revealed that L-11
exhibited the highest binding affinity (-13.2 kcal/mol), forming crucial interactions within the active site. L-11
displayed favorable physicochemical properties, including high lipophilicity and good Caco2 permeability,
positioning it as a strong candidate for therapeutic development. Toxicity predictions indicated non-toxicity for
acute inhalation and oral exposure, while bioactivity analysis highlighted its broad target interactions. DFT
analysis demonstrated L-11's enhanced reactivity due to its high dipole moment and low HOMO-LUMO energy
gap. The identification of L-11 (8-[4-[9,9-Dimethyl-7-(2,3,4,5,6,7,8,9,10-nonahydroxypyren-1-yl)fluoren-2-
yl]phenyl]pyrene-1,2,3,4,5,6,7,9,10-nonol) as a potent inhibitor of C. neoformans laccase represents a novel
approach to antifungal drug discovery, marking a significant step to combat fungal infections and a way forward
to perform in-vitro and in-vivo studies and ultimately its clinical application.
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Introduction

Fungal infections, particularly those caused by the
genus Cryptococcus, Candida, Aspergillus, and
Pneumocystis, can result in mortality rates exceeding
50%, making them some of the deadliest pathogens
affecting humans (Bastos et al., 2021; Fisher et al.,
2022). Cryptococcus neoformans (C. neoformans) is
the causative agent for most life-threatening systemic
cryptococcosis cases. Infection with this pathogen
accounts for prominent morbidity and mortality rates
worldwide. In 2022, the WHO included C.
neoformans in its leading fungal priority pathogen list
(WHO, 2022). Cryptococcosis primarily affects the
lungs or central nervous system (CNS), though in
some cases, the disease can disseminate to other
organs while still presenting localized symptoms
(WHO, 2022). This condition frequently affects
individuals with weakened immune systems especially
those suffering from cancer, HIV, or patients receiving
treatment for chemotherapy and organ transplant
(Datta et al., 2016).

C. neoformans possesses several key virulence factors,
including its ability to thrive at body temperature,
produce a polysaccharide capsule, and synthesize
laccase enzyme. This enzyme facilitates melanin
production, protecting the pathogen from both
antifungal therapies and the host immune responses,
while also supporting adhesion, sporulation, and
fruiting body development (Zhu et al., 2001; Azam et
al., 2022). Therefore, targeting laccase inhibition,
either alone or in conjugation with other antifungal
agents, could serve as viable approach to cryptococcal
infections (Zhu et al., 2001). C. neoformans exhibits
natural resistance to treatments like caspofungin, an
agent that disrupt the synthesis of fungal cell wall
(Mourad and Perfect, 2018; Qadri et al., 2021;
Moreira-Walsh et al., 2022). Consequently, the
standard treatment for cryptococcal infections often
involves a combination of amphotericin B (AmB) and
flucytosine (FC) (Mourad and Perfect, 2018). With the
use of extended therapy, resistant cryptococcal strains
can emerge, and toxicity related to the drugs may
occur (Laniado-Laborin and Cabrales-Vargas, 2009).
The rise in a number of immunocompromised
individuals has led to increased fungal infections,
including those from C. neoformans, highlighting the
urgent need for newer, more effective, and less toxic
antifungal agents (Singh et al., 2015; Gutierrez-
Gongora and Geddes-McAlister, 2022; Khan et al.,
2024). The ineffectiveness of echinocandins, a novel
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category against C. neoformans presents a major
obstacle, necessitating the development of novel
antifungal medications with mechanisms distinct from
traditional drugs (Huang et al., 2019). Recently, plant-
derived compounds have been documented as
showing promising potential for use in the treatment
of various infectious diseases (Langeveld et al., 2014;
Ayaz et al., 2019). Recent studies highlight ellagic
acid (EA), a secondary metabolite and dietary
polyphenol found in various plants including
pomegranate, strawberry, raspberry, and cranberry, as
a promising agent against C. neoformans (Sarkar et al.,
2015). EA has therapeutic potential against a wide
range of illnesses such as diabetes, oxidative stress,
inflammatory  conditions,  hypertension,  heart
disorders, and increased cholesterol levels. It has also
proved potentially effective for skin, liver, Alzheimer,
Parkinson diseases, and cancer. Moreover, EA
revealed antimicrobial activity against a wide range of
infections (Rios et al., 2018). One study of mice found
a 70% survival rate after treatment with EA compared
to only 20% treated with fluconazole (Khan et al.,
2021). EA’s ability to inhibit laccase activity was also
proved by in-silico and in-vivo analysis (Azam et al.,
2022).

The current study fills a major research gap in the
management of C. neoformans infections by
concentrating on the growing problem of drug
resistance and the limited effectiveness of current
antifungal treatments. The current research focuses on
utilizing the most advanced in-silico approaches to
identify and characterize potent inhibitors of laccase,
a key enzyme critical to the virulence of C.
neoformans. By targeting laccase, the research seeks
to address the pressing need for novel antifungal
therapies. The study focuses on leveraging
computational methods, including pharmacophore-
based virtual screening, molecular docking,
pharmacokinetic, and toxicity analysis. DFT analysis,
to evaluate the potential inhibitors, with specific
emphasis on plant-derived compounds. Through these
computational analyses, the research aims to provide a
foundation for developing antifungal strategies and
facilitates the transition from computational
predictions to in-vitro, in-vivo, and eventually clinical
applications.



Material and Methods

Target protein retrieval and structure
validation

The laccase protein from C. neoformans, which is
encoded by the laccase 1(LAC1) gene, was identified
using UniProt database (UniProt ID: Q55P57)
(https://www.uniprot.org/). Since no experimental
structure was available in PDB, a conformation of this
protein  was downloaded from  AlphaFold
(https://alphafold.ebi.ac.uk/). AlphaFold was chosen
due to its proven ability to accurately predict the
protein structures with high confidence, particularly in
cases where experimental data is lacking (Varadi et al.,
2024). The protein consists of a single A chain

comprising 624 amino acid residues.

Structure validation

For the structure validation of the Q55P57 protein, the
SAVES v6.0 (saves.mbi.ucla.edu/) server was used to
ensure model quality and accuracy. Initially, the model
was subjected to ERRAT analysis, which evaluated
the overall quality factor based on non-bonded atomic
interactions identifying potential errors in the protein
model (Colovos and Yeates, 1993). The
Ramachandran plot generated by ProCheck provided
a detailed evaluation of phi (®) and psi (V) angles for
stereochemical quality (Laskowski et al., 1996).
Pharmacophore-based  virtual
(PBVYS)

PBVS was carried out through the Pharmit database to
find potential C. neoformans inhibitors. Based on the
known features of the reference molecule, EA as a
laccase inhibitor, a pharmacophore model was
developed. The Pharmit database
(https://pharmit.csb.pitt.edu/) was used to find a
similar compound matching by using this developed
pharmacophore model (Sunseri and Koes, 2016). The
top 19 compounds from this search were chosen based
on high RMSD scores.

screening

Molecular docking studies

Virtual screening resulted in the identification of 19
hits, which included compounds against the selected
target of C. neoformans, and were then analyzed via
molecular docking with CB-Dock2 server, using
AutoDock Vina v. 1.2.0, with an emphasis on
structure-based blind docking (Liu et al., 2022; Khan
et al., 2024). ChemDraw Professional, version 16.0
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was used to design the 2D and 3D structures of the
compounds (Norhayati et al., 2023). The protein’s
structure was submitted in PDB format, whereas the
ligand was provided in SDF format. Both these
formats were reprocessed by the CB-Dock?2 server to
prepare for docking (Sakhawat et al., 2024). The initial
3D conformation of the ligand was generated using
RDKit, with hydrogens and partial charges
automatically added by the server. The protein was
checked for missing side chains and hydrogen atoms,
and flagged for any missing residues (Cao et al., 2011).
Co-crystallized  water molecules and  other
heteroatoms were removed to create an accurate
docking environment. Once submitted, CB-Dock2
automatically detects the cavity based on a curvature-
based detection method (Yang et al., 2022). It predicts
where the binding pocket on that protein is, interacting
with the ligand (Sakhawat et al., 2023). Once the
cavities have been identified, molecular docking with
the aid of AutoDock Vina was conducted (Eberhardt
et al., 2021). The tool undertakes a blind docking
manner in which the ligand is automatically placed in
the calculated cavities, searching various binding
modes. The docking results include ligand binding
poses in selected cavities and their binding affinity
scores were used to analyze the best binding
orientation and interaction strength between the ligand
and protein.

Evaluation of pharmacokinetic properties

The pharmacokinetic properties including absorption,
distribution, metabolism, and excretion were analyzed
using PKCSM server (biosig.lab.ug.edu.au/pkcsm/).
The SMILES were provided as input and results were
visualized to compare the pharmacokinetic profiles.
This analysis aims to identify compounds with
favorable ADME characteristics as drug candidates,
which are critical for their potential in vivo efficacy
and bioavailability (Pires et al., 2015).

Toxicity prediction

Toxicity prediction was performed via the StopTox
(stoptox.mml.unc.edu/) platform, which employs
QSAR models to assess systemic and topical toxicity.
After inputting the SMILES strings of the selected
compounds in the tool, it predicts toxicological
endpoints such as acute oral, dermal, and inhalation
toxicity, and skin sensitization, irritation, and
corrosion. This step is essential for identifying
potentially hazardous compounds early in the drug



discovery pipeline, ensuring the selection of safer
candidates for further in vivo testing. This approach
offers a non-animal alternative for testing chemical
safety in the process of drug discovery (Borba et al.,
2022; Islam et al., 2024).

Bioactivity evaluation

The Swiss Target Prediction (SwissTargetPrediction)
is employed in the prediction of ligand-based target.
This method set forth the most likely protein targets
for which the bioactive molecule exhibited high scores
based on the provided SMILES strings of the query
molecules (Daina and Zoete, 2024).

DFT calculations

The selected compounds were designed in 3D
geometries using GaussView, version 5.0.8, and
optimized with the Gaussian 09W program. The
B3LYP/6-31G (d) methodology was used for both
optimization and frequency calculations in the CPCM
phases. To evaluate quantum chemical parameters,
calculations were performed including HOMO and
LUMO energy levels, along with the energy band gap
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(AEgzp). Furthermore, molecular electrostatic potential
(MEP) analysis was conducted using the DFT
approach to explore the physicochemical properties of
the compounds. Additionally, the DFT method was
employed to conduct molecular electrostatic potential
(MEP) analysis, aiming to investigate the
physiochemical characteristics (Orio et al., 2009).

Results

Retrieval of target protein and structure
validation

The 3D structure of the target protein with UniProt ID:
Q55P57 was obtained from AlphaFold and visualized
using discovery studio as shown in Figure 1. The
protein contains single chain with 624 amino acid and
exhibits well-defined secondary structural elements,
including alpha-helices (red), beta-sheets (cyan), and
loops (grey), shown through a color-coded
visualization. The structure's overall folding displays
a compact core with extended loop regions, which may
be important for its biological activity, particularly in
protein interactions or binding.

Figure-1: 3D Structure of the Target Protein (UniProt ID=Q55P57)
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Structure validation

The ERRAT analysis for the laccase protein (UniProt
ID: Q55P57) showed an overall quality factor of
88.56%, which indicated a high-quality structure as
shown in Figure 2. The error value graph indicates
regions with different error rates. Most of the residues
are below the acceptable thresholds for error (95% and
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99%), indicating reliable structural integrity.
However, certain residues, in particular around
positions 180200 and 480-500, have very high error
values above the 99% threshold, pointing to potential
structural inaccuracies or regions that need refinement.
These observations suggested that while the overall
model is robust, targeted corrections in these high-
error regions may enhance the structure's reliability.

ERRAT Analysis : LAC1 gene (UniProt ID: Q55P57)
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Figure-2: ERRAT2 Analysis of Structural Quality of Target Protein (UniProt ID: Q07973).

The Ramachandran plot (Figure 3), generated using
the Procheck tool, was utilized to further validate and
assess the structural integrity of the protein. The plot
indicated that 86.5% of the residues lie within the
highly favored regions, 10.2% in allowed regions, and
only 1.9% in disallowed regions, indicating minimal
structural anomalies. This analysis confirms that the
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protein adopts energetically favorable conformations,
with most ¢ (phi) and y (psi) backbone dihedral angles
falling within acceptable ranges. Such validation
ensures that the structure is of high quality, supporting
its reliability for further computational studies and
functional analyses.
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Figure-3: Structural Validation of Protein Q55P57 by Procheck Ramachandran Plot

Virtual screening

The Pharmit database was used to conduct PBVS. The
3D structure of the LAC1 enzyme from C. neoformans
(UniProt ID: Q55P57), was used as the target for
identifying potential inhibitors. Compounds were

identified based on their alignment with a
pharmacophore model derived from EA, a known
LAC 1 inhibitor. From this screening, 19 compounds
with high docking scores, indicating strong similarity
to the pharmacophore model, were selected for further
computational analysis, as detailed in Table 1.

Table-1: 2D and 3D Structures with SMILES of the Top 19 Compounds Selected by PBVS.

Code Names 2D

3D SMILES

L-1 Ellagic acid

C1=C2C3=C(C(=C10)0)OC(=0)C4
=CC(=C(C(=C43)0C2=0)0)0

L-2 7-[10-(4-
Phenylphenyl)anthracen-9-
yl]naphthalene-1,2,3,4,5,6,8-
heptol

C1=CC=C(C=C1)C2=CC=C(C=C2)C
3=C4C=CC=CC4=C(C5=CC=CC=C
53)C6=C(C7=C(C(=C60)0)C(=C(C(
=C70)0)0)0)0

L-3 9-(2,3,4,5,6,7,8-
Heptahydroxynaphthalen-1-
y1)-10-(4-naphthalen-2-
ylphenyl)anthracene-
1,2,3,4,5,6,7-heptol

C1=CC=C2C=C(C=CC2=C1)C3=CC
=C(C=C3)C4=C5C(=C(C6=CC(=C(C
(=C64)0)0)0)C7=C(C(=C(C8=C7C(
=C(C(=C80)0)0)0)0)0)0)C(=C(C(
=C50)0)0)0
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1,2,3,4,5,6,7,8-octol

L-4 7-[4-[4-(1,3,4,5,6,7,8- C=C(/C(=C(\C1=C(C2=C(C(=C10)C
heptahydroxynaphthalen-2- 3=C(C4=C(C(=C30)0)C(=C(C(=C4
yD-2,3,5,6- 0)0)0)0)0)C(=C(C(=C20)0)0)0)
tetrahydroxyphenyl]- C5=C(C(=C(C(=C50)0)C6=C(C7=C
2,5,6,7,8-pentahydroxy-3- (C(=C60)0)C(=C(C(=C70)0)0)0)
[(1Z)-1,2,3-trihydroxybuta- 0)0)0)/0)/0)O
1,3-dienyl]naphthalen-1-
yl]naphthalene-1,2,3,4,5,6,8-
heptol

L-5 9-(4-Dibenzofuran-2- C1=CC=C2C(=C1)C3=C(02)C=CC(
ylphenyl)-7,10- =C3)C4=CC=C(C=C4)C5=C6C(=C(
bis(2,3,4,5,6,7,8- C7=C5C(=C(C(=C70)0)C8=C(C(=C
heptahydroxynaphthalen-1- (C9=C8C(=C(C(=C90)0)0)0)0)0)
yl)anthracene-1,2,3,4,5,6,8- 0)0)C1=C(C(=C(C2=C1C(=C(C(=C
heptol 20)0)0)0)0)0)0)C(=C(C(=C60)0)

0)O

L-6 | 7-[10-(2,3,6-Trihydroxy-4,5- C1=CC=C(C=C1)C2=C(C(=C(C(=C2
diphenylphenyl)anthracen-9- 0)C3=C4C=CC=CC4=C(C5=CC=C
yl]naphtho[5,6- C=C53)C6=C7C8=C(CI=C(C(=CS0)
b][1]benzofuran- 0)C(=C(C(=C90)0)0)0)OCT=C(C(
1,2,3,4,5,6,8,9,10-nonol —C60)0)0)0)0)C1=CC=CC=C]

L-7 9,10-bis(2,3,4,5,6,7,8- C=C\1C2=C3C(=C(C(=C20/C1=C(/
heptahydroxynaphthalen-1- C(=C(0)0)C4=C(C5=C(C(=C6C(=C
y1)-7-[(3Z)-3-(4,5,6,7,8.,9- 5C7=C(C(=C(C8=C7C(=C(C(=C80)
hexahydroxy-1- 0)0)0)0)0)0)C(=C(C(=C60)0)0)
methylidenebenzo[e][1]benzo 0)C9=C(C(=C(C1=C9C(=C(C(=C10
furan-2-ylidene)-1,1,3- )0)0)0)0)0)0)C(=C40)0)0)\0)0)
trihydroxyprop-1-en-2- 0O)C(=C(C(=C30)0)0)0
yl]anthracene-1,2,3,4,5,6,8-
heptol

L8 | 9-(1,3,4,5,6,7.8- C1(=C2C(=C(C3=C1C(=C(C(=C30)
Heptahydroxynaphthalen-2- 0)0)0)C4=C(C5=C(C(=C40)0)C(=
y1)-10-[2,3,4,5-tetrahydroxy- C(C(=C50)0)0)0)0)C(=C(C(=C20)
6-(2,3,4,5,6- 0)0)0)C6=C(C(=C(C(=C60)0)0)0
pentahydroxyphenyl)phenyl]a )C7=C(C(=C(C(=C70)0)0)0)0O
nthracene-1,2,3,4,5,6,7,8-
octol

L-9 1-[10-(2,3,4,5,6,7,8- C1(=C2C(=C(C3=CIC(=C(C(=C
Heptahydroxynaphthalen-1- 30)0)0)0)C4=C(C(=C(C5=C4C
yD-1,2,3,4,5,6,7.8- (=C(C(=C50)0)0)0)0)0)0)C(=
Of]tahygtfsx[%agthrace“'9' C(C(=C20)0)0)0)C6=C7C8=C(
ﬁ][‘ﬁgenzg A C9=C(C(=C(C(=C90)0)0)0)C(=
2,3,4,6,7,8.9,10,11-nonol C8OCT=C(C(=C60)0)0)0)O0

L-10 | 9-Hydroxycarbazole- C12=C(C(=C(C(=C10)0O)0O)O)N(C3

=C2C(=C(C(=C30)0)0)0)0
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L-11 | 8-[4-[9,9-Dimethyl-7- CC1(C2=C(C=CC(=C2)C3=CC=C(C
(2,3,4,5,6,7,8,9,10- =C3)C4=C5C6=C7C(=C(C(=C6C(=C
nonahydroxypyren-1- 40)0)0)0)C(=C(C(=C7C(=C50)0)
yD)fluoren-2- 0)0)0)C8=C1C=C(C=C8)C9=C1C2
yl]phenyl]pyrene- =C3C(=C(C(=C2C(=C90)0)0)0)C(
1,2,3,4,5,6,7,9,10-nonol =C(C(=C3C(=C10)0)0)0)0)C

L-12 | Naphthalene-1,2,3,7,8-pentol C1=CC(=C(C2=C(C(=C(C=C21)0)O

)0)0)0

L-13 | 9-[10-(1,3,4,5,6,7.8- C1=CC=C2C(=Cl)C(=C3C=CC=CC
Heptahydroxynaphthalen-2- 3=C2C4=C(C(=C5C6=C(C7=C(C(=C
yl)anthracen-9- 60)0)C(=C(C(=C70)0)0)0)0C5=C
yl]naphtho[5,6- 40)0)0)C8=C(C9=C(C(=C80)O)C(
b][1]benzofuran- =C(C(=C90)0)0)0)0
1,2,3,4,5,6,7,8,10-nonol

L-14 | 10-[4-(2,3,4,5,6,7.8- C1(=C2C(=C(C3=C1C(=C(C(=C30)
Heptahydroxynaphthalen-1- 0)0)0)0)C(=C(C(=C20)0)0)0)C4
y1)-2,3,5,6- =C(C(=C(C(=C40)0)C5=C(C(=C(C
tetrahydroxyphenyl]anthracen 6=C5C(=C(C(=C60)0)0)0)0)0)0)
e-1,2,3,4,5,6,7,8,9-nonol 0)0

L-15 | 3,6-Bis[4-(2,3,4,5,6,7,8- C12=C3C4=C(C(=C(C3=C(C(=C1C(
heptahydroxynaphthalen-1- =C(C(=C2C(=C40)0)C5=C(C(=C(C
y1)-2,3,5,6- (=C50)0)C6=C(C(=C(CT=C6C(=C(
tetrahydroxyphenyl]pyrene- C(=C70)0)0)0)0)0)0)0)0)0)0)0
1,2,4,5,7,8,9,10-octol )0)0)0)C8=C(C(=C(C(=C80)0)C9=

C(C(=C(C1=C9C(=C(C(=C10)0)0)
0)0)0)0)0)0O

L-16 | Naphthalene-1,2,3,4,5,6,7- C1=C2C(=C(C(=C10)0)O)C(=C
heptol (C(=C20)0)0)

L-17 | 9-[10-(4-Cyclohexa-2,4-dien- C1CC2=C(C3=CC=CC=C3C(=C2C=
1-ylnaphthalen-2-y1)-3,4- C1)C4=C(C(=C5C6=C(C7=C(C(=C6
dihydroanthracen-9- 0)0)C(=C(C(=C70)0)0)0)0C5=C4
ylnaphtho[5,6- 0)0)0)C8=CC9=CC=CC=CIC(=C8)
b][1]benzofuran- ClCC=CC=C1
1,2,3,4,5,6,7,8,10-nonol

L-18 | 9-Dibenzofuran-1-yl-10- C1=CC=C2C(=C1)C3=C(C=CC=C3
(2,3,4,5,6,7- 02)C4=C5C(=C(C6=C4C(=C(C(=C6
hexahydroxynaphthalen-1- 0)0)0)0)C7=C(C(=C(C8=C(C(=C(
yl)anthracene-1,2,3,4,5,6,7,8- C=C78)0)0)0)0)0)0)C(=C(C(=C5
octol 0)0)0)0

L-19 | 8-[4-(8-Dibenzofuran-4- C1=CC=C2C(=C1)C3=C(02)C(=CC

ylpyren-1-y1)-2,3,5,6-
tetrahydroxyphenyl|naphthale
ne-1,2,3,4,5,6-hexol

=(3)C4=C5C=CC6=C(C=CCT7=C6C
5=C(C=C7)C=C4)C8=C(C(=C(C(=C
80)0)CI=CC(=C(C1=CIC(=C(C(=C
10)0)0)0)0)0)0)0
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Molecular docking analysis

All the 19 shortlisted compounds underwent
molecular docking analysis, among them the top six,
including the reference molecule EA, were selected
for further analysis against the LAC1 enzyme of C.
neoformans based on their high docking score. The
selection of these compounds was based on their
docking scores, as outlined in Table 2. The reference
compound, Ellagic acid (L-1), has indicated good
binding affinity (-8.0 kcal/mol). In contrast, the top

Table-2: Docking score of top-hit compounds.
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five compounds demonstrated significantly stronger
interactions, with L-11 scoring -13.2 kcal/mol the
highest among them suggesting it binds very strongly
to the target enzyme. L-5 follows closely with -12.8
kcal/mol, while L-17, L-15, and L-3 show scores of -
12.3, -12.1, and -11.7 kcal/mol, respectively. These
results indicate that these compounds, mainly the L-11
has considerable potential as effective inhibitors of the
LAC1 enzyme against C. neoformans infections,
warranting further investigation.

Code Names Docking
Score
(kcal/mol)

L-1 Ellagic acid (Reference Compound) -8.0

(Reference

Compound)

L-11 8-[4-[9,9-Dimethyl-7-(2,3,4,5,6,7,8,9,10-nonahydroxypyren-1- -13.2
yDfluoren-2-yl]phenyl]pyrene-1,2,3,4,5,6,7,9,10-nonol

L-5 9-(4-Dibenzofuran-2-ylphenyl)-7,10-bis(2,3.4,5,6,7,8- -12.8
heptahydroxynaphthalen-1-yl)anthracene-1,2,3,4,5,6,8-heptol

L-17 9-[10-(4-Cyclohexa-2,4-dien- 1-ylnaphthalen-2-yl)-3,4- -12.3
dihydroanthracen-9-yl]naphtho[5,6-b][1]benzofuran-1,2,3,4,5,6,7,8,10-
nonol

L-15 3,6-Bis[4-(2,3,4,5,6,7,8-heptahydroxynaphthalen-1-y1)-2,3,5,6- -12.1
tetrahydroxyphenyl|pyrene-1,2,4,5,7,8,9,10-octol

L-3 9-(2,3,4,5,6,7,8-Heptahydroxynaphthalen-1-yl)-10-(4-naphthalen-2- -11.7
ylphenyl)anthracene-1,2,3,4,5,6,7-heptol

Docking of the reference compound EA (L-1) with C.
neoformans LAC1 (Q55P57) is shown in Figure 4,
illustrating the ligand's interaction within the enzyme's
binding pocket. EA (L-1) interacts by binding to its
active site, where it forms crucial interactions with
amino acid residues such as His154, Ser156, Tyr159,
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Arg516, and others. These interactions, primarily
through hydrogen bonding and non-covalent forces,
stabilize EA within the binding pocket. The interaction
with these amino acid residues is likely crucial for the
compound’s potential to inhibit enzyme function.
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L-1: Ellagic Acid
(Reference
Compound)

1396
Ligand-Residue

Interactlon____, D394

\R516

Figure-4: Molecular Docking of Ellagic Acid (L-1) with Target Protein (Q55P57) Showing Binding Pocket and

Ligand-Residue Interactions.

The molecular docking results revealed that the top
three ligands (L-11, L-5, and L-17) demonstrated
strong interactions with the active site of C.
neoformans LAC1 (Protein ID: Q55P57) as shown in
Figure 5. L-11, which fits deeply into the active site,
forms a robust network of interactions, including
hydrogen bonds with residues such as H154, S166,
T297, and D394, as well as hydrophobic contacts with
L396 and F454. These interactions likely contribute to
its high binding affinity. Similarly, L-5 exhibited
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favorable interactions, primarily through hydrogen
bonds with residues N421, V418, and T422, further
supporting its potential inhibitory effect. Significant
engagement between L-17 and residues Y433, Q434,
and S432 indicated crucial binding pocket
interactions. Strong binding affinities of these ligands
were demonstrated by the hydrogen bonds and other
stabilizing interactions found in these complexes,
which offered important information on their potential
as laccase inhibitors against C. neoformans.
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Figure-5: Molecular Docking Interactions of Top Three Ligands (L-11, L-5, L-17) with Target Protein Q55P57

The detailed molecular docking analysis of ligands L-
15 and L-3 with the target protein Q55P57 is
summarized in Figure 6. L-15 interacts with three
important residues S156, H154, and R122 via
hydrogen interactions which show strong stabilizing
forces to support its high binding specificity.
Moreover, other active site residues also affected L-15
positioning and identification of its binding to the
enzyme; this made L-15 highly stable within the
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binding pockets. L-3 also displayed good hydrogen
bond contacts especially with N421, F423, and Y433
providing additional evidence of its tight binding in
the active site. The hydrogen bonds and other
stabilizing interactions identified for both ligands
highlighted their potential efficacy as inhibitors,
suggesting their suitability for further investigation as
therapeutic candidates.
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Figure-6: Molecular Docking Interactions of L-15 and L-3 with Target Protein Q55P57

Pharmacokinetic properties assessment

The pharmacokinetic characteristics of the selected
compounds (L-1, L-11, L-5, L-17, L-15, and L-3)
based on their high docking scores provide an
understanding of their absorption, distribution,
metabolism, excretion, and toxicity, which are
essential for evaluating their therapeutic potential as
detailed in Table 3.

Pharmacokinetic properties such as absorption and
skin permeability determine the bioavailability and
effective delivery of these compounds to target sites,
including the potential to penetrate fungal biofilms or
interact with skin surfaces for topical applications. In
terms of absorption, all compounds exhibited low
water solubility, with L-1 being the least soluble and
L-11 showing moderate solubility. L-11 demonstrated
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better Caco2 permeability indicating good potential
absorption in the human intestines. Skin permeability
analysis revealed L-11 to have favorable transdermal
delivery potential, which is critical for compounds
intended for topical antifungal treatments. L-17 has
the highest predicted intestinal absorption at 100%.

Regarding distribution, L-11 has a relatively higher
volume of distribution, and a higher fraction of
unbound remains free in the bloodstream, indicating
good tissue distribution and availability for
pharmacological activity. Most compounds are
CYP3A4 substrates, suggesting they may undergo
hepatic metabolism, and L-15 is identified as a
CYP3A4 inhibitor, which could lead to drug
interactions. In terms of excretion, L-1 exhibited
positive total clearance, indicating efficient
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elimination, whereas L-11 showed reduced clearance.
Effective excretion is favorable for minimizing
potential accumulation and toxicity during prolonged
treatment. Toxicity profiles revealed that L-1 may be
potentially mutagenic, while L-11 appeared safer, with
a moderate maximum tolerated dose and no hERG |

Asian Journal of Agriculture and Biology

inhibition, though it does show potential to inhibit
hERG II. Overall, L-11 stands out due to its favorable
absorption, moderate distribution, and acceptable
safety profile, making it a promising candidate for
therapeutic development against fungal infections,
particularly against C. neoformans.

Table-3: Pharmacokinetic Parameters of the Selected Compounds Analyzed by pkCSM

Pharmacokinetic Properties

Selected Compounds

Properties Model Name

L-1 L-11 L-5 L-17 L-15 L-3

Water solubility (log mol/L)

-3.362 -2.892 -2.892 | -3.078 | -2.892 | -2.946

Caco2 Permeability (log Papp in 106
cm/s)

-0.273 -0.955 -1.352 | -0.198 | -2.375 | -0.793

Absorption Intestinal Absorption (%) 80.032 59.538 | 35.891 100 0 -0.793
Skin Permeability (Log Kp) -3.376 -2.735 -2.735 | -2.735 | -2.735 | -2.735
P-glycoprotein Substrate (Yes/No) Yes Yes Yes Yes Yes Yes
P-glycoprotein | Inhibitor (Yes/No) No Yes Yes Yes Yes Yes
P-glycoprotein 11 Inhibitor (Yes/No) No Yes Yes Yes Yes Yes
VDss (human) (log L/Kg) -1.214 -0.368 -0.291 | -0.775 | -0.167 | -0.953

e Fraction unbound (human) (Fu) 0.27 0.344 -0.359 0.132 0.372 0.224

Distribution

BBB Permeability (log BBB)

-1.054 -2.713 -3.389 | -1.442 | 4934 | -2.154

CNS Permeability (log PS)

-3.144 -2.965 -3.506 | -1.934 | -5423 | -2.935

CYP2D6 Substrate (Yes/No) No No No No No No
CYP3A4 Substrate (Yes/No) Yes Yes Yes Yes Yes Yes
CYP1AZ2 Inhibitor (Yes/No) Yes No No No No No
Metabolism | CYP2C19 Inhibitor (Yes/No) No No No No No No
CYP2C9 Inhibitor (Yes/No) No No No No No No
CYP2D6 Inhibitor (Yes/No) No No No No No No
CYP3A4 Inhibitor (Yes/No) No No No No Yes No
Excretion Total Clearance (log ml/min/kg) 0.539 -0.132 0.165 -0.072 | -0.36 0.004
Renal OCT?2 substrate (Yes/No) No No No No No No
AMES toxicity (Yes/No) Yes No No No No No
Max. tolerated dose (human) (log 0.777 0.417 0.429 0.329 0.437 0362
mg/kg/day)
hERG I inhibitor (Yes/No) No No No No No No
hERG I1 inhibitor (Yes/No) No Yes Yes Yes Yes Yes
N Oral Rat Acute Toxicity (LD50) 2901 5 477 5 43 2 649 2.48 543
Toxicity (mol/kg)
Oral Rat Chronic Toxicity (LOAEL) 1.947 4981 5931 3183 5.647 425
(log mg/kg_bw/day)
Hepatotoxicity (Yes/No) No No No No No No
Skin Sensitization (Yes/No) No No No No No No

T. Pyriformis toxicity (log ug/L)

0.332 0.285 0.285 0.285 0.285 0.285

Minnow toxicity (log mM)

2.585 -0.411 0.61 -1.524 | 4.348 0.276

Toxicity prediction
The toxicity predictions were performed to assess the
safety profiles of various ligands using multiple
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toxicity tests, from the stoptox tool. The results
indicate that all ligands, including L-1 the reference
compound, L-11, L-5, L-17, L-15, and L-3, are
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categorized as non-toxic for acute inhalation and oral
exposure, suggesting minimal risk when these
compounds are inhaled or ingested as mentioned in
Table 4. However, there are significant concerns
regarding acute dermal toxicity, as most ligands were
found to be toxic upon skin contact, which could lead
to adverse effects. For eye irritation and corrosion, all
ligands except L-11 are deemed toxic, meaning they
can cause irritation or damage to the eyes. In terms of
skin sensitization, all ligands are identified as
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sensitizers, capable of inducing allergic reactions upon
skin exposure. While most ligands are negative for
skin irritation and corrosion, L-15 stands out with a
positive result, indicating the potential for significant
skin irritation or damage. In conclusion, L-11 stands
out as the safest option among the ligands, exhibiting
non-toxicity when inhaled, ingested, for eye irritation
and corrosion while presenting lower risks compared
to the others.

Table-4: Toxicity Parameters of the Selected Compounds by StopTox.

Ligands Acute Acute Acute Eye Skin Skin
Inhalation | Oral Dermal Irritation | Sensitization | Irritation
Toxicity Toxicity Toxicity and and
Corrosion Corrosion
L-1 Non-toxic | Non-toxic | Toxic Toxic Sensitizer Negative
L-11 Non-toxic | Non-toxic | Toxic Non-toxic | Sensitizer Negative
L-5 Non-toxic | Non-toxic | Toxic Toxic Sensitizer Negative
L-17 Non-toxic | Non-toxic | Toxic Toxic Sensitizer Negative
L-15 Non-toxic | Non-toxic | Toxic Toxic Sensitizer Positive
L-3 Non-toxic | Non-toxic | Toxic Toxic Sensitizer Negative

Bioactivity Evaluation

The bioactivity prediction, using the Swiss Target
Prediction tool, revealed that majority of the
compounds were primarily predicted to target a range
of protein types. These proteins include Family A G
protein-coupled receptors, kinases, and
oxidoreductases, which play crucial roles in numerous
cellular processes. This is illustrated in Figure 7,
where it is evident that many compounds have a strong
affinity for these protein classes. This suggested that
the compounds might have significant effects on
pathways regulated by these proteins. Notably, Ellagic
acid (L-1), the reference compound, showed a
predominant interaction with Family A GPCRs (60%),
alongside enzymes (20%) and kinases (6.7%). L-11
showed the most balanced interaction profile, with
significant predicted interactions across multiple
target classes, including Family A G protein-coupled
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receptors (33.3%), enzymes (20%), and Kkinases,
suggesting broad biological activity. L-5 also
demonstrated a diverse range of interactions, engaging
nuclear receptors and enzymes, making it suitable for
targeting specific signaling pathways. In contrast, L-
17 exhibited a more targeted profile, with nearly half
of its interactions (46.7%) aimed at Family A G
protein-coupled receptors. This specificity could be
advantageous if receptor modulation is the primary
goal; however, it may not offer the broader
applicability seen with L-11 or L-5. In summary, L-11
offers the best balance due to its interactions with a
variety of biologically relevant targets, while L-17
might be the most effective if G protein-coupled
receptor targeting is prioritized. The broad target
profiles suggested these compounds may have diverse
biological activities, potentially influencing multiple
physiological processes and offering various
therapeutic applications.
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Figure-7: Swiss Target Prediction Analysis of the Top Compounds
DFT analysis and specific binding of target protein. These

The selection of three ligands—L-1 (Reference
Compound: EA), L-11, and L-5—was based on
comprehensive ADMET profiling, which
encompassed  evaluations of  bioavailability,
pharmacokinetics, toxicity predictions, and bioactivity
properties, as well as their binding affinities with the
target Q55P57 protein. The DFT analysis in Table 5
compares the electronic properties of the three ligands
against protein Q55P57.

L-11, with the highest dipole moment (12.0975
Debye), demonstrated enhanced polarity, suggesting
stronger intermolecular interactions with the target
protein. A higher dipole suggested stronger
intermolecular interactions, such as hydrogen bonding
or electrostatic forces, which can contribute to stable
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interactions contribute can contribute to the more
stable binding with protein, enhancing its affinity of
ligand for the binding site. In this case, L-11 has the
highest dipole moment, and also showed the highest
docking score (-13.2kcal/mol), suggesting its
enhanced polarity, contributing to its stronger binding
affinity compared to other compounds. Its Highest
Occupied Molecular Orbital (HOMO) energy (-
0.14819%V) and Lowest Unoccupied Molecular
Orbital (LUMO) energy (-0.04887eV) values
indicated a small energy gap (AEGap = 2.7026 eV)
compared to L-1 and L-5, both of which have
significantly larger energy gaps. A smaller energy gap
is associated with higher chemical reactivity, as it
implies the molecule can easily participate in electron
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transfer or other chemical interactions with the target
protein. A smaller energy gap enhances the ability of
the ligand to interact with the target, contributing to
stronger binding. Despite these reactive tendencies, L-
11  exhibited low  electronegativity  and
electrophilicity, indicating a weaker ability to accept
electrons. Additionally, L-11 has a higher softness
(20.1369 eV™"), making it more chemically flexible in
terms of interactions. However, L-1 is relatively more
stable due to the larger energy gap (-12.06581 eV) and

Table 5: DFT analysis parameters of the top hit ligands
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less softness in comparison to L-2, and high polarity
was shown by higher first electron affinity and
electrophilicity values. L-5 is slightly above these two
and hence has moderate reactivity and lower
ionization potential to act like an electron donor.
Overall, L-11 is the most reactive of the three ligands,
characterized by its high dipole moment, small energy
gap, and elevated softness, which indicated a strong
tendency to interact with its environment.

Ligand
Parameters for DFT | L-1 (Reference | L-11 L-§
analysis Compound)
Dipole moment (Debye | 3.8253 12.0975 4.3267
HOMO(eV) -0.21729 -0.14819 -0.13304
LUMO(eV) -0.6607 -0.04887 -0.5748
Energy Gap (AEGap -12.06581 2.7026 -12.0209
Ionization Potential | 0.21729 0.14819 0.13304
(eV)
Electron affinity (eV) 0.6607 0.04887 0.5748
Electronegativity y (eV) | 0.43899 0.09853 0.35392
Electrochemical -0.43899 -0.09853 -0.35392
potential p (eV)
Hardness 1 (eV) -0.2217 0.04966 -0.22088
Softness S (eV) -4.5105 20.1369 -4.52734
Electrophilicity o (eV) | 0.096 0.00485 0.0626

The optimized structures, Frontier Molecular Orbitals
(FMOs), and MEP maps of the top three ligands (L-1,
L-11, L-5) docked to protein Q55P57, with L-1 as the
reference compound are detailed in Figure 8. L-11,
which shows a lower HOMO-LUMO energy gap
indicates higher reactivity compared to L-1, making it
the best candidate. In MEP maps, the charge
distribution across the molecule from red (electron-
rich areas) through blue (electron-deficient areas) is
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depicted, with L-11 showing distinct interaction
regions that enhance binding affinity. Overall, L-11
emerged as the most promising ligand for interaction
with the target protein due to its electronic properties
and docking performance, providing a better
understanding of its reactivity and potential as an
inhibitor through electronic interactions with enzymes
like laccase.
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Figure-8: Optimized structural geometry showing FMO and MEP of the compounds L-1, L-11 and L-5.

Discussion

C. neoformans, ranked as a "critical" fungal pathogen
by the WHO due to its antifungal resistance, limited
therapeutic options, and high death rate, causes life-
threatening cryptococcosis in immunocompromised
hosts. =~ The disease usually manifests as
meningoencephalitis and is common in patients with
HIV infection, organ transplant recipients, and
patients receiving long-term immunosuppressive
therapy. The clinical outcome depends on the
interaction between the pathogen and the host immune
system. In numerous developing countries, the
availability of diagnostic services and treatment is
restricted, while the rise of antifungal-resistant strains
remains poorly understood (Chen et al., 2023; Zhao et
al., 2023). The current study focuses on identifying
and evaluating potential laccase inhibitors against C.
neoformans. Using a combination of PBVS, molecular
docking, ADMET profiling, bioactivity, and DFT
analysis, we aimed to discover compounds with strong
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binding affinities and favorable drug-like properties,
demonstrating high potential for therapeutic
development against C. neoformans infections.

The validation of the Q55P57 protein structure
confirmed its high stereochemical quality, making it
suitable for computational analyses. The ERRAT
analysis demonstrated a high-quality structure for
laccase protein with an overall quality factor of 88.6%.
The Ramachandran plot evaluation indicated that
86.5% of residues were located in the preferred
regions, minimizing concerns about structural
anomalies affecting protein-ligand interactions. This is
consistent with another study showing 89.74% of
residues in favored conformations and 3.17% as
outliers (Azam et al., 2022). Another study also
validated the experimental laccase structures revealed
99-100% of residues in the core and additional
allowed regions (Mehra et al., 2018). These findings
validated the Q55P57 model's reliability for exploring
its functional interactions in C. neoformans, providing
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a solid foundation for studying potential inhibitors and
conducting further functional analyses.
Pharmacophore-based virtual screening was crucial in
identifying potential inhibitors that align with the
known characteristics of EA, a well-studied laccase
inhibitor (Azam et al., 2022). By selecting the top 19
ligands with high similarity to the reference compound
EA, this method effectively narrowed down
candidates with favorable binding profiles for further
docking analysis.

Molecular docking analysis of 19 compounds against
the Q55P57 protein from the LAC1 enzyme of C.
neoformans identified L-11 as the most promising
candidate, with a docking score of -13.2 kcal/mol. L-
11 effectively positioned itself within the active site,
forming hydrogen bonds with residues such as H154,
S166, T297, and D394, as well as hydrophobic
contacts with L396 and F454. These residues are
critical in fungal laccase activity as they may
contribute to substrate binding and catalysis,
indicating its potential as a leading laccase inhibitor
for treating C. neoformans infections. These
interactions are important because specific active site
residues play crucial roles in the enzyme’s function
(Chitty et al., 2017). Several antifungal compounds,
such as fluconazole, achieve effectiveness by binding
more tightly to the active site of the fungal protein,
despite  minimal differences from its human
counterpart (Ghannoum and Rice, 1999). Research has
previously demonstrated the effectiveness of N-
(butylcarbamothioyl) benzaminde (BTU-01), a
synthetic compound, in combating C. neoformans
through antifungal properties. Analysis using
molecular docking showed that BTU-01 interacts
strongly with crucial amino acid residues in the active
site of urease C. ensiformis, which is a significant
virulence factor in Cryptococcus spp. These findings
suggested that BTU-01 could serve as a potential
inhibitor of this enzyme (Andriani et al., 2023).
Another study used molecular docking to evaluate
hydrazide-hydrazone derivatives as laccase inhibitors.
Docking results aligned with experimental data,
highlighting their potential as antifungal agents
(Maniak et al., 2021). These studies underscore the
significance of molecular docking in identifying
potent inhibitors and suggested that compounds with
strong binding affinities to critical targets can aid in
developing effective antifungal therapies.
Pharmacokinetic evaluation of L-11 showed
promising properties, including moderate solubility
and good Caco2 permeability for effective oral
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bioavailability (Pires et al., 2015). Its higher volume
of distribution and fraction unbound indicate robust
tissue distribution, although moderate blood-brain
barrier permeability may limit neuropharmacological
applications. As a CYP3A4 substrate, L-11 carries
potential drug-drug interaction risks, but its favorable
toxicity profile and moderate maximum tolerated dose
support its therapeutic potential against C.
neoformans. Caution is advised due to possible hERG
Il inhibition, which could lead to cardiac side effects.

Structural  modifications such as  reducing
lipophilicity, decreasing alkalinity, introducing
hydroxyl groups, adding acidic fragments, or

imposing conformational constraints, can be used to
mitigate the risk of hERG Il inhibition in drug
development, which could result in cardiac arrest
(Guth and Rast, 2010; Garrido et al., 2020). Overall,
L-11 is a strong candidate for development against
fungal infections. Previous studies also emphasized
that ADMET profiling aids in developing safer
treatment regimens for both systemic and localized
topical applications like the N-phenylbenzamide
derivatives for antifungal infections (Sulistyowaty et
al., 2023).

Toxicity predictions further refined the candidate pool,
revealing that while all compounds were non-toxic via
oral and inhalation exposure, ligands like L-15 raised
concerns about skin sensitization and eye irritation,
necessitating caution in drug development. To address
these concerns, future studies could implement
alternative in vitro assays to assess and mitigate these
risks. For example, reconstructed human epidermis
models can be used to assess the potential for skin
irritation, and ocular models can be used to assess eye
irritation, thereby reducing the need for animal testing
and increasing human relevance (Vinardell and
Mitjans, 2008). An oral combination of fluconazole
and flucytosine shows a comparable infection
clearance rate to amphotericin B and higher survival
rates than fluconazole alone, emphasizing the oral
route's effectiveness (Molloy et al., 2018). Analysis of
bioactivity Swiss Target Prediction showed that L-11
is a more promising candidate for therapeutic
development against laccase enzymes in C.
neoformans infections because it has a wider target
profile with a range of biologically relevant targets.
Further analysis of L-11 using DFT stabilized its
position as the top ligand, because its electronic
properties were reported (Peverati and Truhlar, 2014).
It is a highly polar ligand with a low energy gap, and
high ionization potential, making it very reactive and
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flexible toward the target enzyme. Such electronic
properties give a molecular-level explanation for its
better performance in docking studies. The final
visualizations of the FMO and MEP maps provided
crucial insights into charge distribution across these
ligands, thereby reiterating that L-11 has the most
favorable interaction profile with Q55P57.1n a study,
DFT studies showed that the antifungal effectiveness
of the synthetic chalcones and pyrazolines against C.
neoformans is primarily determined by their
electrophilic nature. Chalcones with electron-
withdrawing  substituents  exhibited  greater
electrophilic character, correlating with enhanced
antifungal efficacy, highlighting the importance of
electronic effects in developing effective antifungal
agents (lllicachi et al., 2017). These findings
collectively suggest that L-11 is not only a strong
candidate based on docking but also exhibits desirable
physicochemical and bioactive properties, making it a
prime focus for further experimental validation against
C. neoformans infections.

This study has, however, shown promising results but
still has certain limitations. The analyses depended
solely on in-silico approaches. These, though robust in
their own sense, require some form of experimental
validation to confirm the efficacy and safety of L-11
against C. neoformans. Future studies should focus on
the optimization of L-11's structure toward increased
selectivity and safety for antifungal activity and also
its pharmacokinetic properties through further testing
in-vitro and in-vivo. Its preclinical studies on its
efficacy in animal models of cryptococcosis should
also be included to establish the potential for its
clinical development. These steps would bridge the
gap between the predictions from computational
means and practical applications that would permit L-
11 to advance as a novel antifungal agent.

Conclusion
In conclusion, this study successfully identified L-11(
8-[4-[9,9-Dimethyl-7-(2,3,4,5,6,7,8,9,10-

nonahydroxypyren-1-yl)fluoren-2-yl]phenyl]pyrene-
1,2,3,4,5,6,7,9,10-nonol) as a promising LAC1
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inhibitor against C. neoformans. The integration of
PBVS, molecular docking, and DFT revealed that L-
11 exhibits strong binding affinity and desirable
ADMET characteristics, making it a promising
candidate for therapeutic research and development.
Given its non-toxic profile and broad target
interactions, further experimental validation and
optimization of L-11 could pave the way for new
antifungal strategies, particularly for
immunocompromised individuals at risk of severe
cryptococcal infections. Future work should focus on
preclinical studies to assess in vivo efficacy and safety,
followed by clinical trials to validate its therapeutic
potential. This study highlighted the potential of
computational methods in identifying novel antifungal
agents, offering significant prospects for the
development of targeted therapies  against
opportunistic pathogens like C. neoformans.
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