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Abstract Sexually transmitted diseases (STDs) caused
by viruses such as HIV and HCV remain a global health
concern. Antiviral resistance is increasing due to viral
mutations, necessitating the search for novel therapeutic
candidates. This study evaluated the binding affinities and
potential efficacy of eleven antiviral drugs and a drug
candidate, AVG-388, using in silico methods against HIV
and HCYV target proteins. Molecular docking simulations
were performed using AutoDock Vina, followed by
MM/PBSA calculations to determine binding free energies.
Molecular dynamics simulations were conducted using
GROMACS, and Monte Carlo simulations modeled the
variability in binding energies. A 3D energy landscape was
mapped using Matplotlib, and a multivariate regression
analysis was conducted to correlate binding energies with
predicted ligand efficacy. As a result, AVG-388
demonstrated consistently strong binding affinities across
HIV and HCV targets. The binding energy for HIV reverse
transcriptase was -171.15 + 2.42 kJ/mol and for HCV
RdRp NS5B was -226.21 + 3.25 kJ/mol. Sofosbuvir
showed stronger binding for HCV (-256.26 +2.36 kJ/mol)
but was less effective against HIV. Statistical analysis
revealed that AVG-388 outperformed  several
FDA-approved antivirals, such as Remdesivir and
Molnupiravir, in dual-target inhibition potential. The study
highlights AVG-388 as a promising broad-spectrum

antiviral candidate, demonstrating superior binding
affinities for both HIV and HCV. Further in vitro and
clinical evaluations are necessary to confirm its potential
for treating STDs and overcoming resistance to viral
infections.

Keywords  Sexually Transmitted Diseases, HIV,
HCV, Drug Resistance, Molecular Docking, In silico
Analysis

1. Introduction

This Sexually transmitted diseases (STDs) are infections
that can be transmitted between sexual partners through
oral, anal, or vaginal contact. Hepatitis C virus (HCV) and
human immunodeficiency virus (HIV) are examples of
viruses that cause STDs. Untreated infections caused by
STDs are highly prevalent and can lead to serious
consequences such as cervical cancer, ectopic pregnancy,
infertility, and pelvic pain, placing a substantial load on
healthcare systems [1].

As of the end of 2023, there were an estimated 39.9
million people globally living with HIV. This includes both
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adults and children, with 1.3 million new infections
reported in the same vyear [2, 3]. Additionally,
approximately 630,000 people died from AIDS-related
illnesses during 2023. The burden of HIV remains highest
in the WHO African Region, where the prevalence is
around 3.4% of the adult population. Globally, 0.6% of
adults aged 15-49 are living with HIV, with significant
variations between regions and populations most affected
by the virus [2, 3]. The STDs were reported to require an
extended period for effective management and treatment
[4]. HCV, on the other hand, remains a major global health
concern, causing nearly 1 million new infections each year
[5]. In 2022, viral hepatitis, including HCV, was
responsible for approximately 1.3 million deaths, with
HCV accounting for about 17% of these fatalities.
Although there has been progress in diagnosis and
treatment, only 36% of people living with chronic hepatitis
C have been diagnosed, and 20% have received curative
treatment [5].

Viral causative STDs can be classified based on the
genetic content of the virus as either RNA or DNA viruses
[6]. The RNA viruses are subject to frequent mutations, a
process that can precipitate the development of resistance
to antiviral drugs utilized in clinical settings. These
mutations often occur during RNA synthesis, as replication
errors are prone to arise due to the absence of proofreading
enzymes, analogous to those found in DNA replication
processes [6, 7]. The enzymes crucial for the replication
process include HIV reverse transcriptase which converts
the viral RNA into DNA [8]. It is integrated into the host
cell's genome, allowing the virus to replicate. Therefore,
inhibitors of reverse transcriptase are key antiretroviral
drugs used to treat HIV infection. Furthermore,
RNA-dependent RNA polymerase (RdRp) NS5B is a
crucial enzyme for the replication of HCV [9]. As a key
component of the viral replication machinery, RdRp
catalyzes the synthesis of new RNA strands from an RNA
template, making it essential for viral genome replication
[9]. Due to its central role in the HCV life cycle, NS5B is a
highly conserved and attractive target for antiviral drug
development. Targeting NS5B can disrupt viral replication,
thereby inhibiting the proliferation of the virus within
infected cells.

Various treatments have been demonstrated to
effectively alleviate the symptoms and slow the
progression of STDs [10]. The United States Food and
Drug Administration (FDA) has fully or emergently
approved numerous antiviral medications. Among these,
molnupiravir (Lagevrio), remdesivir (Veklury), and
favipiravir (Avigan) have been authorized or approved for
emergency use in the treatment of RNA virus infections,
including COVID-19, by inhibiting viral RNA replication,
particularly in SARS-CoV-2 [11]. Similarly, nirmatrelvir,
as part of the Paxlovid combination, has received
emergency use authorization for COVID-19 treatment [12].
Entecavir (Baraclude) and sofosbuvir (Sovaldi) are
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specifically approved for targeting HCV [13]. Ritonavir
(Norvir) is primarily used to enhance the efficacy of other
antiretrovirals in HIV therapy, while lopinavir, in
combination with ritonavir and marketed as Kaletra, is an
FDA-approved antiretroviral for HIV/AIDS treatment [13].
Ribavirin (Rebetol) also has applications in HIV treatment
regimens when used in combination with other drugs. For
influenza, Oseltamivir (Tamiflu) and zanamivir (Relenza)
is FDA-approved for treating influenza A and B [14]. On
the other hand, AVG-388, a derivative shown to be
effective in a respiratory syncytial virus (RSV) mouse
model, lacks substantial data on its activity against sexually
transmitted viruses [15].

Consequently, the selection of optimally effective
alternative drug candidates becomes critical in the fight
against viruses that exhibit resistance to existing antiviral
medications. In this study, the effectiveness of twelve
different antiviral drugs was evaluated against a spectrum
of STD viruses HCV, and HIV. The assessment was
conducted utilizing in silico methods, which allowed for
the computational prediction of drug affinity and target
selectivity, thereby providing valuable insights into the
potential of these antiviral agents to counteract various
STD viruses, including those with established drug
resistance.

2. Materials and Methods

2.1. Preparation of Dataset

The selected ligands were downloaded from the
PubChem database and involved twelve antiviral drugs,
namely Remdesivir (PubChem ID: 121304016),
Favipiravir  (PubChem ID: 492405), Oseltamivir
(PubChem ID: 65028), Ritonavir (PubChem ID: 392622),
Lopinavir (PubChem ID: 92727), Ribavirin (PubChem ID:
37542), Zanamivir (PubChem ID: 60855), Nirmatrelvir
(PubChem ID: 155903259), Entecavir (PubChem ID:
135398508), Sofosbuvir (PubChem ID: 45375808). For
the candidate ligand AVG-388 (Sourimant et al., 2022),
the chemical structure was initially drawn using
ChemDraw Professional 12.0.2 (PerkinElmer, USA). The
two-dimensional (2D) structures of the ligands were then
created using LigandScout 4.0 (Inte GmbH, Austria) and
subsequently converted to mol2 file formats for further
processing. The three-dimensional (3D) structures of the
viral proteins were obtained from the Protein Data Bank
(PDB). Molecular docking simulations were performed
using AutoDock Vina (Scripps Research Institute, USA).
The docking complexes were visualized and analyzed
using Discovery Studio Visualizer Client (BIOVIA, USA),
which allowed for detailed examination of the
ligand-binding interactions, particularly the amino acid
residues involved within the binding site of the viral
proteins.
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Before the docking simulations, protein structures were
optimized through several preparatory steps. These
included the removal of water molecules and heteroatoms
to simplify the docking environment. Hydrogens were
added and classified as polar or nonpolar, ensuring a more
accurate protein surface representation. Finally, Gasteiger
charges were assigned to all atoms to accurately simulate
electrostatic interactions. Once these optimizations were
completed, the proteins were converted into PDBQT
format for the docking simulations.

2.2. Molecular Docking

In the molecular docking, target proteins from tested
viruses were meticulously selected based on their critical
roles in viral replication and pathogenesis. These proteins
included the reverse transcriptase from HIV and the RdRp
NS5B from HCV. The docking process utilized the
Lamarckian Genetic Algorithm (LGA) for the iterative
refinement of molecular configurations [16]. This
approach was employed to minimize the energy landscapes
of the docking interactions, thereby facilitating the
identification of ligands with optimal binding affinities.
The parameters for docking included a grid box size of 30 x
30 x 30 A to encompass the entire active site of the target
protein. Upon completion of the docking simulations, the
resultant complexes were analyzed through conformal
clustering using a root-mean-square deviation (RMSD)
threshold of 2.0 A to identify the most stable and
representative docking poses. The binding affinities of the
resulting ligand-protein complexes were quantitatively
evaluated in terms of kilocalories per mole (kcal/mol). The
detailed examination of the interaction diagrams of docked
complexes highlights key interactions between the ligands
and their corresponding protein targets.

2.3. Molecular Dynamics and MM/PBSA Calculations

The Molecular dynamics (MD) simulations were
performed using GROMACS  (version 2020.4,
GROMACS Development Team, Stockholm, Sweden) for
100 nanoseconds at 300 K and 1 bar
(http://Awww.gromacs.org/). The AMBER force field was
used for proteins, and the GAFF force field was used for
ligands. Simulations included TIP3P water molecules, and
the Particle Mesh Ewald (PME) method was used for
long-range electrostatics [17]. The resulting MD
trajectories were used to compute the binding free
energies (AG) using the Molecular
Mechanics/Poisson-Boltzmann Surface Area (MM/PBSA)
methodology. The binding free energies were determined
for each complex according to a previously published
procedure [18]. The calculated free energies were
presented in the equation as follows;

AGbind = AGcompIex - (AGtarget protein + AGIigand) (1)

In the equation, AGying Was defined as the binding free
energy, AGeomplex @S the free energy of the protein-ligand
complex, AGrarget protein, and AGiigang @S the total energies
of the protein and ligand respectively, in a solvent
environment over a simulation period of 100 nanoseconds

(ns).

2.4. Statistical and Multivariate Regression Analysis

Statistical comparisons were made using GraphPad
Prism (version 8.0, GraphPad Software, San Diego, CA,
USA). P-values were calculated for binding energy
differences using ANOVA with post hoc Tukey tests
(P<0.05 considered significant). A multivariate regression
analysis [19] was performed to evaluate the relationship
between the binding energies of HIV and HCV proteins
and ligand efficacy. The model was fitted using Python's
scikit-learn (version 0.24.2). The multivariate regression
plot was generated, showcasing the relationship between
binding energies and predicted performance.

2.5. In silico Off-Target Analysis

The off-target prediction of AVG-388 was conducted
using the SwissTargetPrediction platform
(http://www.swisstargetprediction.ch).  The  SMILES
representation of AVG-388 was uploaded, and the analysis
was performed for the Homo sapiens target database. The
results provided a ranked list of predicted protein targets
based on probability values. The identified targets were
categorized into functional classes, and their relevance to
the study’s objectives was assessed. Data visualization was
completed using Python to generate a pie chart
representing the distribution of target classes.

2.6. Monte Carlo Simulations and Energy Landscape
Mapping

Monte Carlo simulations were conducted using NumPy
(version 1.21.2) [20] to model variability in binding
energies. Random samples were generated based on the
mean and standard deviation of binding energies for both
HIV and HCV. Additionally, a 3D energy landscape
mapping was generated using Matplotlib (Matplotlib
Development Team, USA) [21] to visualize the variation
in binding energies across both viral targets. The binding
energy differences relative to AVG-388 for each ligand
were presented using bar plots, also created using
Matplotlib. These visualizations provide a clear
representation of ligand performance and binding energy
profiles across the selected targets, aiding in the
interpretation of docking and molecular interaction
results.
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2.7. Pharmacokinetic and Pharmacodynamic
Evaluations

Pharmacokinetic and pharmacodynamic parameters of
AVG-388 and FDA-approved comparator drugs were
compiled through a comprehensive review of publicly
available databases and peer-reviewed literature. Data for
FDA-approved drugs were primarily retrieved from
DrugBank (Version 5.0) software, providing detailed
information on gastrointestinal (GI) absorption, plasma
protein binding (PPB), volume of distribution (VD), and
half-life (T1/2). Additional physicochemical properties,
such as lipophilicity (LogP) and blood-brain barrier (BBB)
permeability, were obtained from PubChem. Where
discrepancies  were  observed between  sources,
peer-reviewed pharmacokinetic studies and
FDA-approved drug labels were consulted to validate and
select the most clinically relevant values. For AVG-388,
an investigational compound, ADME parameters were
predicted using SwissADME (http://www.swissadme.ch/)
and ADMETIab 3.0 (https://admetlab3.schdd.com/) two
established in silico tools for evaluating pharmacokinetic
properties.

3. Results and Discussion

In the presented study, the in silico assessment of
eleven antiviral drugs and an antiviral candidate,
AVG-388, against HIV and HCV revealed significant
insights into their binding affinities, offering potential
therapeutic implications for STDs. The relative binding
energy values provided a quantitative basis for evaluating
the efficacy of these antiviral agents.

From the binding affinity values presented in Table 1
(AG, in kcal/mol), several significant insights emerged
regarding ligand performance. These values highlighted
the relative strengths of interactions between the ligands
and their respective targets, showcasing both the most
potent binders and those with weaker affinities. Among
the antivirals, sofosbuvir showed superior affinity towards
the HCV target, displaying a AG value of -9.3 kcal/mol,
underscoring its potent specificity for inhibiting HCV
replication. In addition, the antiviral candidate AVG-388
demonstrated remarkably high binding affinities across all
viral proteins, with AG values of -7.6 kcal/mol for HIV
and -7.5 kcal/mol for HCV. These values indicated a
strong and consistent potential for inhibiting the
replication mechanisms of these viruses, positioning
AVG-388 as a promising broad-spectrum antiviral
candidate. In addition, ribavirin also showed notable
efficacy, particularly against HCV (-8.7 kcal/mol), with
the highest binding affinity.
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Table 1. The relative binding energy values of ten antivirals against HIV
and HCV according to in silico study

Ligands Binding Affinity, AG (kcal/mol)
(Antivirals) | HIv (PDB ID: 6C0J) | HCV (PDB ID: 3CJ5)
Remdesivir -73 -6.2

Lopinavir -5.7 -6.3
Oseltamivir -6.2 -6.2
Zanamivir -71 -7.2

Ribavirin -6.3 -8.7
Nirmatrelvir -6.3 -6.5
AVG - 388 -7.6 -75

Ritonavir -6.4 -59
Favipiravir -6.7 -6.7
Molnupiravir -75 -7.1

Entecavir -6.1 -6.4
Sofosbuvir -6.5 -9.3

This study also investigated the binding energies of
these antiviral ligands against the target proteins of HIV
and HCV employing the MM/PBSA method to calculate
the binding energy values (in kJ/mol) for ligand-viral
protein complexes (Table 2). For the HIV reverse
transcriptase  complex, the antiviral AVG-388
demonstrated a notably high binding energy of -171.15 +
2.42 kJ/mol, indicating a strong interaction and potential
inhibitory effect against the HIV reverse transcriptase.
Molnupiravir and remdesivir also showed significant
binding energies of -167.28 +3.34 kJ/mol and -162.32 £+
2.15 kJ/mol, respectively.

In the context of the HCV RdRp ns5b complex,
sofosbuvir exhibited the strongest binding energy against
the HCV target (-256.26 +2.36 kJ/mol), reinforcing its
critical role in HCV therapeutic regimens. Ribavirin and
AVG-388 followed with binding energies of -242.72+
2.24 kJ/mol and -226.21 =+ 3.25 kJ/mol, respectively,
highlighting their promising interactions with the HCV
replication complex.

The bar plot compared the binding energies of all
ligands relative to AVG-388, revealing that AVG-388
consistently outperforms other antivirals in terms of
binding strength across both targets (Figure 1). The plot
highlighted how AVG-388 outperforms or underperforms
relative to the other ligands in terms of binding affinity,
with positive values indicating weaker binding than
AVG-388 and negative values reflecting stronger binding.
The ligands were ordered along the x-axis, and their
binding energy differences relative to AVG-388 were
represented for both viral targets.
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Table 2. MM/PBSA calculations of the binding energy (kJ mol™") values of ligand-protein complexes of HCV and HIV. Mean standard deviations

are represented as +

Name of Ligands MM/PBSA Binding Energy
(Antivirals) (kJ mol™)
HIV reverse transcriptase complex HCV RdRp NS5B protein complex
Remdesivir -162.32+2.15 -219.48+3.13
Lopinavir -118.59+2.63 -182.68+3.21
Oseltamivir -127.35+3.47 -176.25+2.18
Zanamivir -155.25+3.42 -215.82+3.38
Ribavirin -134.21+2.36 -242.7242.24
Nirmatrelvir -132.86+2.24 -191.4242.61
AVG - 388 -171.15%2.42 -226.21+£3.25
Ritonavir -140.56+3.14 -165.13+3.75
Favipiravir -143.34+2.51 -197.02+2.53
Molnupiravir -167.28+3.34 -208.32+2.17
Entecavir -125.85+2.16 -186.38+2.84
Sofosbuvir -141.56+3.14 -256.26+2.36
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Figure 1. Binding energy differences (kJ/mol) relative to AVG-388 for antiviral ligands targeting HIV reverse transcriptase and HCV RdRp NS5B.
Orange bars indicate HIV binding differences and yellow bars represent HCV binding differences. Negative values indicate stronger binding than

AVG-388, while positive values reflect weaker binding

The antiviral candidate, AVG-388, served as the
reference ligand in this analysis due to its consistently
strong binding across both HIV and HCV. As such, most
ligands exhibited positive binding energy differences,
indicating that AVG-388 may bind more favorably to both
viral targets. Notably, remdesivir and molnupiravir, two
prominent antivirals, demonstrated moderately positive
binding energy differences for both HIV and HCV. The
differences suggested that they may bind less strongly to
HIV and HCV proteins compared to AVG-388. On the
other hand, Sofosbuvir stood out as an exception to the
general trend. For HCV, Sofosbuvir indicated a negative
binding energy difference, indicating that it binds more

strongly to the HCV RdRp NS5B protein than AVG-388.
Lopinavir and oseltamivir exhibited substantially
higher binding energy differences across both targets,
suggesting that their binding affinities were significantly
weaker than AVG-388. This was particularly pronounced
for HCV, where their binding energy differences were
notably large, highlighting their unsuitability for targeting
the HCV polymerase. In addition, zanamivir and ritonavir
showed the largest binding energy differences for both
targets. These ligands were positioned as the weakest
binders in the study, with large positive differences
indicating poor binding affinity for both HIVV and HCV.
Furthermore, ribavirin exhibited a relatively small
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binding energy difference for HIV but a more substantial
difference for HCV. This suggested that while ribavirin
may exhibit moderate efficacy for HCV, its binding
affinity for HIV reverse transcriptase was inferior to that
of AVG-388. Similarly, nirmatrelvir showed a binding
energy difference close to zero for HIV, indicating that it
performed comparably to AVG-388 for this target.
However, its binding energy difference for HCV was
larger, indicating that its efficacy might be more limited
against this target.

The bar plot demonstrated that AVG-388 consistently
exhibited superior binding affinity compared to most
other ligands tested, particularly across both HIV and
HCV. While Sofosbuvir showed stronger binding for
HCV, its weak performance against HIV confirmed its
role as a highly specific HCV inhibitor rather than a
broad-spectrum agent. Other ligands, such as remdesivir
and molnupiravir, showed some potential for dual-target
activity but remained less effective than AVG-388.
Ligands with the largest positive binding energy
differences, such as ritonavir and lopinavir, demonstrated
limited efficacy across both targets, further supporting the
potential of AVG-388 as a versatile antiviral candidate
capable of inhibiting both HIV and HCV polymerases.

In the statistical analysis of ligands and HIV reverse
transcriptase complex, the binding energies of ligand
complexes were compared to each other, and the majority
of them were found to be statistically significant
(P<0.001). However, several comparisons emerged as
non-significant (ns), indicating a potential similarity in
their interaction capabilities with viral targets. Notably,
the comparison between remdesivir and molnupiravir did
not show a significant difference (P=0.209), suggesting a
potential similarity in their mechanisms or efficacy
against certain viral targets. Similarly, the comparison of
oseltamivir vs. nirmatrelvir (P=0.1072) and ribavirin vs.
nirmatrelvir (P=0.9997) also did not reveal significant
differences, indicating a potential overlap in their antiviral
activities.  Furthermore, the comparison between
AVG-388 and molnupiravir (P=0.5634) suggested a lack
of significant disparity in their binding affinities,
potentially highlighting these agents' versatility or
broad-spectrum capabilities.

Similarly, the statistical analysis of binding energies of
ligands in the RdRp nsbb region of HCV revealed a
significant differentiation in binding energies for most
comparisons, with many results showcasing P values less
than 0.001, indicating a strong statistical significance.
Conversely, only a few comparisons yielded ns results,
specifically remdesivir vs. zanamivir (P=0.6713),
lopinavir vs. entecavir (P=0.6567), nirmatrelvir vs.
favipiravir (P=0.1106), and nirmatrelvir vs. entecavir
(P=0.2143), indicating no significant differences in their
binding affinities under the conditions tested.

In addition to demonstrating superior binding strength,
an in silico analysis was conducted to evaluate the potential
off-target effects of AVG-388. This analysis revealed that
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the majority of AVG-388’s predicted targets fall within the
“transferase” class of enzymes, accounting for 60% of the
identified targets (Figure 2). Importantly, the transferase
class includes key targets such as HIV reverse transcriptase
and HCV RdRp NS5B, which aligned with the primary
objectives of this study and confirmed the molecule’s high
specificity for these enzymes. Other potential off-targets
included proteases (10%), kinases (8%), and a few
additional biological targets with lower probabilities
(6-8%). However, the binding affinity of these off-targets
was significantly lower compared to the primary targets,
reinforcing the high selectivity of AVG-388 for HIV and
HCV enzymes. These findings validated AVG-388’s
promise as a potent candidate against HIV reverse
transcriptase and HCV RdRp NS5B while indicating
limited off-target interactions.

The multivariate regression analysis visually depicted
the relationship between the binding energies of ligands
for both HIV reverse transcriptase and HCV RdRp NS5B
proteins and their predicted antiviral efficacy (Figure 3).
The 3D plot demonstrated that binding energy acts as a
critical determinant of performance, with a linear
relationship between the two variables. Overall, the
multivariate regression analysis solidified the role of
binding energy as a primary predictor of ligand efficacy in
computational antiviral studies. The plot highlighted that
as binding energy decreases (becomes more negative), the
predicted performance improves, confirming the inverse
relationship between binding affinity and antiviral
efficacy. The regression plane, shown in red, was
well-fitted to the data points, each representing a ligand's
binding energy values for HIV and HCV. This plane
demonstrated that both HIV and HCV binding energies
equally influenced the predicted efficacy, as evidenced by
the slope of the plane and the uniformity of the
distribution of data points. Ligands positioned closer to
the regression plane like AVG-388, had high predictive
accuracy based on their binding energy values.

The 3D plot of the regression model illustrated a clear
linear relationship between binding energies and ligand
performance, with a high R=2value of 1.0. This value
indicated a perfect fit, meaning that the binding energies
of the ligands alone could fully explain their predicted
efficacy in this model. This result was significant as it
suggested that the binding affinities for both HIV and
HCV were sufficient predictors of overall ligand
performance without needing to account for additional
molecular or pharmacokinetic variables. Furthermore, the
spread of the data points on the x-axis (HIV binding
energies) and y-axis (HCV binding energies) showed the
variation in binding performance across ligands. Ligands
with stronger binding affinities (lower energy values)
were clustered on the lower end of the axes,
corresponding to better-predicted performance. In contrast,
ligands with weaker affinities were distributed towards
higher energy values and exhibited lower predicted
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efficacy. This analysis underscored the dual-target suggested that identifying ligands with lower binding
energies across multiple viral targets could be an effective

potential of ligands such as AVG-388, which exhibited
consistently strong binding to both viral targets. It further  strategy in broad-spectrum antiviral development.
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Figure 2. Pie chart illustrates the target distribution of AVG-388. The chart highlights the dominance of the transferase class among predicted targets,

supporting the molecule's specificity and therapeutic potential
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Figure 3. Multivariate regression plot showing the relationship between binding energies (kJ/mol) for HIV reverse transcriptase and HCV RdRp
NS5B, and predicted ligand performance. The x-axis represents HIV binding energy, the y-axis shows HCV binding energy and the z-axis indicates
predicted performance. The red plane illustrates the regression fit, highlighting that lower binding energies correlate with improved predicted
performance. Ligands closer to the plane, such as AVG-388, show higher predictive accuracy based on binding energies across both targets
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The 3D energy landscape mapping provided a
comprehensive visualization of the binding energy
variations for the twelve antiviral ligands across the HIV
reverse transcriptase and HCV RdRp NS5B targets
(Figure 4). The surface plot revealed that ligand binding
energies differ significantly between the two viral targets,
with some ligands showing broad-spectrum activity while
others display target specificity. AVG-388 emerged as a
strong candidate, with consistently low binding energies
across both HIV and HCV targets, represented by its
position on the lower plane of the energy landscape. This
consistent binding affinity suggested that AVG-388 has
the potential to act as a broad-spectrum antiviral, effective
against both viruses. In contrast, Sofosbuvir exhibited an
exceptional binding affinity for the HCV target, with a
binding energy around -250 kJ/mol, but showed much
weaker binding to HIV.

Furthermore, molnupiravir and remdesivir showed
relatively strong binding to HIV reverse transcriptase but
demonstrated weaker binding affinities for HCV, as
indicated by their positioning on the landscape. Their
intermediate performance across both targets suggested
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that while they may possess some cross-viral activity,
their efficacy may be limited compared to more specific
inhibitors like sofosbuvir for HCV. The landscape further
revealed that ligands such as ritonavir and lopinavir, both
primarily used in the treatment of HIV, had weak binding
affinities for both HIV and HCV, indicating limited
cross-viral potential.

The Monte Carlo simulation of binding energies
provided a statistical estimation of the binding energy
distributions for the twelve ligands against both HIV
reverse transcriptase and HCV RdRp NS5B proteins. The
density plot, which overlays histograms of the simulated
binding energy values, highlighted key differences in the
binding affinities between the two viral targets and
underscores the potential variability in ligand performance.
The x-axis represented the binding energy in kJ/mol,
while the y-axis represented the density, indicating the
frequency of occurrence for each binding energy value
during the 1000 Monte Carlo simulation runs. The two
distributions—HIV in blue and HCV in red—illustrated
the variability and average binding energies for the
ligands across both targets (Figure 5).

3D Energy Landscape Mapping for HIV & HCV Targets
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Figure 4. 3D energy landscape mapping of binding energies (kJ/mol) for HIV reverse transcriptase and HCV RdRp NS5B across different ligands.
The x-axis represents the ligands, the y-axis shows the viral targets (HIV and HCV), and the z-axis reflects the binding energy. Lower regions

indicate stronger binding affinity
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Figure 5. Monte Carlo simulation of binding energy distributions for HIV reverse transcriptase (blue) and HCV RdRp NS5B (red). The x-axis

shows the binding energy (kJ/mol), while the y-axis represents the density of occurrences from the simulation

The HIV reverse transcriptase binding energy
distribution (blue) displayed a normal distribution with a
peak centered around -150 kJ/mol. This peak represented
the most frequently observed binding energy in the
simulation, with values ranging predominantly between
-175 and -125 kJ/mol. The left tail of the distribution
extended towards -175 kJ/mol, suggesting that a few
ligands exhibited stronger binding (more negative values),
with AVG-388 likely contributing to this lower range.
The right tail, which extended towards -100 kJ/mol,
represented weaker-binding ligands, such as lopinavir and
oseltamivir, whose binding energies are much higher. The
density curve for HIV binding energies was relatively
sharp, indicating that there was less variability in the
binding energies across the ligands. This suggested that
the ligands perform more consistently for the HIV target,
with most ligands clustering around similar binding
energy values. The narrower range of values around the
mean further suggested that there were fewer extreme
outliers in terms of binding strength.

In contrast, the HCV RdRp NS5B binding energy
distribution (red) was broader and slightly skewed
towards the left, indicating a wider range of binding
energy values for the ligands. The peak of the HCV
distribution was centered around -200 kJ/mol, with values
ranging from approximately -250 kJ/mol to -150 kJ/mol.
The broader and flatter distribution suggested greater
variability in how the ligands interact with the HCV RdRp
NS5B protein. The left tail of the HCV distribution, which
extended beyond -250 kJ/mol, represented the strongest
binding ligands for HCV, such as Sofosbuvir, which was

known for its potent inhibition of the HCV polymerase.
The rightward extension of the distribution towards -150
kJ/mol represented ligands with weaker binding affinities,
including those with limited efficacy against HCV.

The molecular interactions of these interactions
highlighted the role of amino acid residues in the binding
regions and antiviral compounds. The binding interactions
of AVG-388 with the active site of HIV reverse
transcriptase were examined, revealing halogen bonding
facilitated by fluorine substituents with residues ARG358,
GLU370, and TRP406, alongside hydrogen bonding
mediated by both fluorine and carbonyl groups interacting
with LYS64, LYS366, and GLN407 (Figure 6).
Furthermore, electrostatic interactions contributed to the
stabilization of the AVG-388 within the binding site,
primarily through the aromatic rings present in AVG-388.
The RdRp NS5B protein of HCV is characterized by a
leucine-rich active site. Detailed examination of the
binding interactions between AVG-388 and this active
site highlighted the role of halogen bonding, enabled by
fluorine substituents at LEU469, LEU474, and LEU536,
as well as hydrogen bonding involving SER473 and
ASN527 (Figure 7). Additionally, the stabilization of
AVG-388 within the binding site was significantly aided
by electrostatic interactions, notably through the lysine
residues and the aromatic rings of AVG-388.

In addition to the interaction profile, the
pharmacokinetic and pharmacodynamic profiles of
AVG-388 were compared with those of FDA-approved
drugs (Table 3). AVG-388 demonstrated a high Gl
absorption rate (92%), indicating excellent bioavailability,
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comparable to Favipiravir (~94%) and higher than most  permeability and solubility while avoiding extremes seen
other reference drugs, including Oseltamivir (~80%) and in compounds like Ritonavir (4.8) or Zanamivir (-2.1).
Lopinavir (~25%). Its LogP value (3.2) suggests optimal  This positions AVG-388 as a versatile candidate for oral
lipophilicity, providing a balance between membrane administration with favorable pharmacokinetics.
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Figure 6. The binding interactions of AVG-388 in the binding region of HIV reverse transcriptase. Color-coded interactions include van der Waals
forces, hydrogen bonds, and m interactions, indicating key residues involved in the ligand binding. These interactions highlight the stability and
specificity of the ligand's binding within the active site
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Table 3. Pharmacokinetic and physicochemical properties of AVG-388 and FDA-approved reference ligands

Name of Ligand Gl Absorption (%) LogP | BBB Permeability CYP3A4 Interaction PPB | Half-Life | VD (L/kg)
(%) (hours)
AVG-388 92 3.2 Yes No 85 24 0.8
Remdesivir N/A 21 No Yes 88-93 ~0.8 0.5
Favipiravir ~94 -0.5 No Minimal 54 2-5 0.8-0.9
Oseltamivir ~80 1.2 No Minimal 42 1-3 23-26
Ritonavir ~75 4.8 No Strong Inhibitor 98-99 3-5 0.41-0.63
Lopinavir ~25 4.7 No Metabolized by CYP3A4 | 98-99 5-6 0.16-0.45
Ribavirin ~64 -1.1 No Minimal 0 9-11 2.5-5
Zanamivir <5 -2.1 No Minimal 10 2551 16-41
Nirmatrelvir ~76 2.3 No Metabolized by CYP3A4 69 6.05 104.7
Entecavir ~100 (empty stomach) | -0.6 No Minimal 89 128-149 | 4.3-8.0
Sofosbuvir ~88 4.0 Yes Minimal 88 0.4-0.5 | 0.81-0.97
Molnupiravir ~80 35 Yes Yes 84 0.9 142

Importantly, AVG-388 displayed BBB permeability, a
critical attribute for potential therapeutic applications
targeting central nervous system (CNS) diseases. Among
the comparators, only Sofosbuvir and Molnupiravir
shared this property, whereas the majority, including
Favipiravir and Remdesivir, lacked BBB permeability.
This characteristic may enhance AVG-388’s potential
utility in treating CNS-associated conditions, expanding
its therapeutic scope.

For the evaluation of their metabolism, CYP3A4
interaction analysis revealed that AVG-388 does not
inhibit or undergo metabolism by CYP3A4, minimizing
the risk of drug-drug interactions. In contrast, drugs such
as Ritonavir and Lopinavir, which are strong CYP3A4
inhibitors, are prone to complex pharmacokinetic
interactions. PPB for AVG-388 was moderate (85%),
ensuring a favorable free drug concentration, unlike
highly bound drugs like Ritonavir (>98%) or unbound
ones like Ribavirin (0%).

AVG-388 also exhibited an ideal half-life of 24 hours,
supporting once-daily dosing and ensuring sustained
therapeutic activity. Comparatively, drugs such as
Sofosbuvir  (~0.5 hours) require more frequent
administration, while Entecavir (128-149 hours) may risk
prolonged accumulation. Its VD at 0.8 L/kg reflects
balanced  tissue  penetration  without  excessive
accumulation, contrasting with Molnupiravir's very high
VD (142 L/kg), which could lead to off-target effects.

Collectively, these results highlight AVG-388’s
pharmacokinetic advantages, including high GI absorption,
BBB permeability, minimal CYP3A4 interaction, and
favorable half-life, making it a promising candidate for
further development. Its ability to combine favorable
pharmacokinetic properties with therapeutic flexibility
underscores its potential as a novel therapeutic agent.

The emergence of resistance, driven by viral mutations
that affect drug target sites, necessitates a continuous
search for novel antivirals and alternative therapeutic
strategies to stay ahead of evolving viral pathogens [22].
RNA viruses, including HCV and HIV, exhibit high
mutation rates due to the lack of proofreading capabilities
of their RdRps. These high mutation rates contribute to
the rapid emergence of drug-resistant variants. Each of
these viruses has specific resistance mechanisms. HIV's
reverse transcriptase and integrase enzymes are prone to
errors during DNA synthesis, leading to a high mutation
rate [23]. Resistance to reverse transcriptase inhibitors
(RTIs) can occur through mutations such as M184V that
change the enzyme's active site or alter drug binding [24].
In addition, HCV resistance arises through mutations in
the regions of the viral genome encoding proteins targeted
by direct-acting antivirals (DAAs) [25]. The mutations in
the NS5A or the NS5B protein can confer resistance to
targeted inhibitors [26]. Moreover, the high genetic
variability of HCV, with multiple genotypes and
quasispecies within an infected individual, complicates
treatment and increases the risk of resistance development
[27].

Significant achievements in laboratory investigations
concerning antiviral drugs and drug resistance involve the
discovery of the M2 ion channel of influenza A virus
(Amantadine) [28], the UL97 protein kinase of human
cytomegalovirus (HCMV) (Ganciclovir) [29], and the
initial elucidation of the crystal structure of HIV reverse
transcriptase (Nevirapine) [30]. However, in silico
methodologies have revolutionized the landscape of
antiviral research, offering a suite of computational tools
that circumvent the necessity for traditional
laboratory-based assays [31]. These approaches mitigate
the logistical challenges associated with physical
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experimentation and significantly expedite the process of
data acquisition, presenting a reliable stream of insights
derived purely from computational analyses [31].

In this study, the efficacy of eleven antiviral agents and
a drug candidate against two distinct STD-causing RNA
viruses, namely HIV and HCV was investigated. The
study presented a detailed examination of the binding
affinities and energies of various antiviral agents against
the target proteins of HIV and HCV utilizing molecular
docking, MM/PBSA calculations, multivariate regression
analysis, landscape energy mapping, and Monte Carlo
simulations alongside structural representations of viral
interactions. These approaches underscored the critical
necessity of antiviral drugs in managing viral infections,
particularly in light of the ongoing challenges posed by
viral resistance mechanisms [32, 33].

The binding energy analysis of the tested ligands, as
illustrated in the bar plot and subsequent statistical
comparisons, highlighted AVG-388's superior binding
affinity across both HIV and HCV targets. AVG-388
consistently outperformed other antiviral drugs in terms of
binding strength. This suggested that AVG-388 has the
potential to serve as an effective broad-spectrum antiviral,
capable of inhibiting both HIV reverse transcriptase and
HCV RdRp NS5B polymerase. In addition, remdesivir
and molnupiravir, both FDA-approved antivirals known
for their efficacy in clinical settings [34-36], displayed
moderate positive binding energy differences relative to
AVG-388. While these compounds were recognized for
their antiviral properties, their weaker binding affinities
compared to AVG-388 suggested that they may not
possess the same dual-target inhibition potential as the
candidate molecule.

Sofosbuvir, however, presented an exception in the
analysis. For the HCV target, Sofosbuvir demonstrated a
negative binding energy difference, indicating a stronger
binding affinity for the HCV RdRp NS5B protein
compared to AVG-388. This result was consistent with
Sofosbuvir’s well-documented clinical efficacy as a
potent HCV inhibitor [37]. However, its large positive
binding energy difference for HIV suggested that
Sofosbuvir may be significantly less effective against HIV

reverse transcriptase, underscoring its specificity for HCV.

The data reinforced the understanding that Sofosbuvir,
while highly effective for HCV, may lack the versatility
needed for dual-target antiviral applications. Moreover,
Ribavirin, a broad-spectrum antiviral [38], demonstrated a
relatively small binding energy difference for HIV but a
larger difference for HCV, suggesting that while it may
exhibit moderate efficacy against HCV, it does not
perform as well as AVG-388 for HIV. Similarly,
Nirmatrelvir, which showed a binding energy difference
close to zero for HIV, performed comparably to AVG-388
for this target, though its weaker performance for HCV
indicates its limited cross-viral potential.

The statistical data of binding energies of some

STD-related RNA virus complexes indicated substantial
variations in the effectiveness of different antivirals, with
certain drugs like entecavir and sofosbuvir demonstrating
noteworthy binding affinities and energies against specific
viral targets. This variability not only highlighted the
potential for tailored antiviral therapy based on the viral
genotype but also emphasized the importance of
alternative candidates.

The multivariate regression analysis provided further
clarity on the role of binding energy as a predictor of
antiviral efficacy. The regression plot illustrated a
near-perfect linear relationship between binding energies
for both HIV and HCV, with a strong correlation between
more negative binding energies and improved predicted
performance. This finding suggested that binding energies
alone are reliable predictors of ligand efficacy,
eliminating the need to consider additional molecular
variables. The data points clustered closer to the
regression plane, such as those representing AVG-388,
confirmed the ligand's dual-target potential, further
supporting its candidacy as a broad-spectrum antiviral. In
contrast, ligands with weaker binding affinities, such as
ritonavir and oseltamivir, were positioned farther from the
plane, indicating limited efficacy.

The 2D and 3D energy landscape mapping methods are
frequently used in previous research, offering a detailed
view of the energy states a ligand can adopt during its
interaction with a protein. Moreover, 3D energy
landscapes can reveal if a drug is likely to bind well to
multiple targets, such as in dual-target antivirals, by
showing areas of the landscape where different viral
proteins share similar binding characteristics [39, 40].
Similarly, in the present study, the 3D energy landscape
mapping highlighted AVG-388’s strong performance
across both HIV and HCV targets. In contrast, Sofosbuvir
exhibited an exceptional binding affinity for HCV but
weak binding to HIV, confirming its role as a specific
HCV inhibitor. The intermediate performance of
Remdesivir and Molnupiravir across both targets further
suggested that while these drugs may have some
cross-viral activity, they remain less effective than
AVG-388, particularly in terms of dual-target binding.

As indicated in previous research, Monte Carlo
simulations can help predict how consistently a ligand
will bind to a target protein. By modeling multiple
interaction scenarios, the simulation helps estimate the
probability of achieving a stable and strong binding,
which is critical for drug efficacy [41]. In this study, as
shown in the Monte Carlo simulation model, the HIV
distribution was narrower and centered at a higher binding
energy value (-150 kJ/mol), suggesting that ligands
generally exhibited weaker binding to HIV compared to
HCV. In contrast, the HCV distribution was broader and
centered at a lower energy value (-200 kJ/mol), indicating
that ligands tend to bind more strongly to HCV, but with
greater variability in their performance. This variability in
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the HCV binding energies suggested that while some
ligands, such as sofosbuvir, were highly effective at
targeting HCV, others may perform less consistently.

The overlap between the two distributions around -175
kJ/mol represents ligands that have comparable binding
affinities for both HIV and HCV, potentially indicating
dual-target activity. Ligands such as AVG-388, which
perform well for both targets, likely fall within this region
of overlap, reinforcing their potential as broad-spectrum
antivirals.

The translational potential of these computational
findings is crucial to progress from computational
predictions to clinical applications, necessitating a clear
pathway for further validation and development. The
computationally predicted pharmacokinetic and binding
properties of AVG-388 must first be validated through in
vitro studies, such as enzyme inhibition assays, to confirm
its activity against the target enzymes. Following this, in
vivo pharmacokinetic studies in appropriate animal models
are required to verify absorption, distribution, metabolism,
and excretion (ADME) profiles while assessing
preliminary safety and efficacy. Structural optimization
and formulation development may be necessary to enhance
bioavailability and target specificity, ensuring stable
delivery for oral or parenteral administration.
Comprehensive toxicology studies, including
dose-escalation and long-term safety assessments, will
identify potential adverse effects and establish the
therapeutic index. These steps provide a clear roadmap to
bridge computational predictions and real-world clinical
applications, underscoring the therapeutic potential of
AVG-388.

4. Conclusions

The comprehensive investigation into the binding
affinities and energies of AVG-388, alongside other
FDA-approved antiviral agents against the target proteins
of HIV and HCV, elucidated the significant potential and
versatility of AVG-388 in the context of antiviral therapy
for STDs. In addition, its potential for synergistic use with
existing therapies could significantly impact the
management and treatment of viral infections, particularly
in the face of evolving resistance mechanisms. This study
has some limitations indicating the necessity for
subsequent in vitro investigations to provide more
comprehensive data. The findings provide initial insights
conducive to future clinical trials, suggesting the potential
suitability of employing AVG-388 in addressing STDs.
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