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COVID-19 is caused by SARS-CoV-2 and has affected worldwide, resulting in the COVID-19 pandemic. HOPS is a complex
protein complex that plays an important role in various cellular processes, such as endocytic and lysosomal pathways. Open
Reading Frame 3a (ORF3a) is a significant protein in the coronavirus that disrupts the HOPS complex process. ORF3a disrupts
the functioning of the HOPS complex by binding to the VPS39 protein. We hypothesize that the chemical ligands can bind to the
binding site of the ORF3a protein and could prevent the coronavirus interaction with the human cell. Within the present study, the
molecular docking technique to explore 5249 ligands and identify compounds that bind to the VPS39 binding region, inhibiting the
formation of the ORF3a-VPS39 complex. We have identified the top five compounds that can bind to this region and potentially
inhibit the ORF3a-VPS39 complex formation. Furthermore, pharmacological properties and drug likeliness were also determined
for these compounds. Our study will provide deeper insights into developing new strategies to combat COVID-19 and prevent the
global burden of the disease.

Introduction

ORF3a, also known as Open Reading Frame 3a, is a major pro-
tein encoded by the SARS-CoV-2 virus, the causative agent of
the COVID-19 pandemic (Miller et al., 2023)1. This protein has
garnered attention due to its crucial role in the virus’s lifecycle
and pathogenicity (Issa, Merhi, Panossian, Salloum, & Tokajian,
2020)2. ORF3a is one of the largest accessory proteins of the
virus and is believed to play a multifunctional role in viral repli-
cation process and in modulating the host’s immune response
(Issa et al., 2020)2. It is proposed that it forms an ion channel in
the host plasma membrane; however, the exact mechanism of
the protein is unknown. One of the protein’s known functions
is that it releases virus particles from the infected cells, leading
to the spread of infection within the host (Issa et al., 2020)2. In
addition, this protein also changes the host immune response,
contributing to the severity of COVID-19 symptoms. Therefore,
ORF3a is a target of interest for therapeutic exploration and
diminishing the severity of the disease.

SARS-CoV-2, the virus responsible for COVID-19, follows
a complex lifecycle involving host cell entry via the ACE2 re-
ceptor, replication through viral RNA machinery, assembly in
the ER-Golgi intermediate compartment (ERGIC), and release
by exocytosis. One of its accessory proteins, ORF3a, plays a
crucial role in pathogenicity by acting as a viroporin—forming
ion channels that disrupt host cell ion balance and promote
inflammatory responses. ORF3a has been shown to induce
apoptosis, activate the NLRP3 inflammasome, and interfere
with host vesicle trafficking. Notably, it disrupts the HOPS

complex (homotypic fusion and protein sorting), which is es-
sential for endolysosomal fusion and autophagosome-lysosome
maturation. By binding to VPS39, a core HOPS component,
ORF3a blocks proper lysosomal function, contributing to im-
mune evasion and persistent viral replication within host cells.
Past research revealed that the SARS-CoV-2 virus comprises
single-stranded RNA and 28 distinct proteins. These proteins
are categorized into 16 non-structural proteins, four structural
proteins, and eight accessory proteins (ORF) (Issa et al., 2020)2.
Although there are many COVID-19 vaccines and drugs against
the disease, an effective post-infection treatment is missing from
the market (Issa et al., 2020)2. In the current work, we target the
ORF3a protein of SARS-CoV-2, a key cellular defense against
pathogens. ORF3a hinders the merging of autophagosomes
and lysosomes by strongly binding with the VPS39 component
of the HOPS complex. SARS-CoV-2, the virus responsible
for COVID-19, follows a complex lifecycle involving host cell
entry via the ACE2 receptor, replication through viral RNA
machinery, assembly in the ER-Golgi intermediate compart-
ment (ERGIC), and release by exocytosis (Nunn et al., 2020)3.
One of its accessory proteins, ORF3a, plays a crucial role in
pathogenicity by acting as a viroporin, forming ion channels
that disrupt host cell ion balance and promote inflammatory
responses. ORF3a has been shown to induce apoptosis, acti-
vate the NLRP3 inflammasome, and interfere with host vesicle
trafficking. Notably, it disrupts the HOPS complex (homotypic
fusion and protein sorting), which is essential for endolysosomal
fusion and autophagosome-lysosome maturation. By binding to
VPS39, a core HOPS component, ORF3a blocks proper lyso-
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Fig. 1 Structure of ORF3a protein. (a) 3D model of ORF3a protein; (b) electrostatic surface potential (ESP); and (3) cytoplasmic view of the
protein and VPS39 protein binding region is shown in circle. The image was created by ChimeraX and Canva. Electrostatic surface potential is a
visual representation of the charge distribution on a protein’s surface, indicating regions of positive, negative, or neutral charge, which helps
predict how the protein may interact with other charged molecules or ligands.

somal function, contributing to immune evasion and persistent
viral replication within host cells (Nunn et al., 2020)3.

The 3D model of the ORF3a protein is shown in Figure 1a.
The protein is characterized as a transmembrane protein contain-
ing three distinct regions: (1) an N-terminal domain, (2) a large
luminal domain, (3) a C-terminal domain. (5) The N-terminal
domain is relatively short and is located within the cytoplasm,
while the sizeable luminal domain extends into the endoplasmic
reticulum-Golgi intermediate compartment (ERGIC) (Ren et
al., 2020)4. The C-terminal domain contains three transmem-
brane helices that help in protein binding to the membrane. The
electrostatic surface potential in Figure 1b shows that the cyto-
plasmic region is more negative as compared to another part of
the protein. The ORF3a protein has been identified to interact
with the human protein VPS39. (6) VPS39 is a component of
the HOPS complex, which is crucial for endosomal traffick-
ing and autophagy, processes essential for maintaining cellular
homeostasis. The VPS39 binding region is shown in Figure
1c. Targeting ORF3a offers a promising strategy for COVID-19
therapeutics by blocking its ion channel activity or its interac-
tion with VPS39, which disrupts lysosomal function. Similar
to how amantadine targets the influenza M2 viroporin, drugs
could be designed to inhibit ORF3a using molecular docking
and screening of small molecules. The process would involve
computational modeling, lab testing, and clinical trials to iden-
tify compounds that restore cellular function and reduce viral
replication.

Focusing on the ORF3a protein for therapeutic development
is compelling because it targets a different aspect of the virus’s

life cycle—its ability to manipulate host cell pathways rather
than replication alone (Zhang et al., 2024)5. ORF3a contributes
to inflammation, immune evasion, and cellular damage by dis-
rupting the HOPS complex and lysosomal function. Unlike
vaccines, which primarily aim to prevent infection by generat-
ing immune responses against the spike protein, therapeutics
targeting ORF3a could help treat active infections, reduce dis-
ease severity, and provide options for immunocompromised
individuals who may not mount strong vaccine responses. More-
over, since ORF3a is relatively conserved across SARS-CoV-2
variants, drugs targeting it may retain effectiveness even as the
virus evolves, whereas vaccine efficacy can wane with spike
protein mutations. This research does not replace vaccines but
complements them, addressing therapeutic gaps and preparing
for future variants or other coronaviruses with similar accessory
proteins (Zhang et al., 2024)5.

A popular computational process in structure-based drug de-
sign is molecular docking.(Fan, Fu, & Zhang, 2019)6 Using
docking, we can predict the binding position of a ligand onto
a target protein in this study to form a stable protein-ligand
complex (Fan et al., 2019)6. The prediction is made based on
interactions between ligands and proteins (Korb et al., 2012)7.
We used a software named Autodock in our research to per-
form docking. Autodock was especially useful because it uses
an algorithm that employs scoring functions to calculate the
binding affinity of the protein and ligand. Consequently, target-
ing ORF3a in SARS-CoV2 is a promising strategy for treating
COVID-19 and other coronavirus diseases, potentially by mod-
ulating the body’s immune response and maintaining proper
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autophagy and apoptosis functions. We have employed molecu-
lar docking simulations to explore 5249 chemical compounds
from the Zinc20 database to find effective inhibitors against this
protein. This work will enhance our understanding of the SARS-
CoV-2 ORF3a protein and pave the way for developing novel,
targeted treatments against this disease. Finding these inhibitors
will help in global efforts to combat the disease and curb the
spread of future coronavirus outbreaks. This study focuses on
the ORF3a protein, an accessory protein of SARS-CoV-2 known
to contribute to viral pathogenicity by disrupting host cellular
processes. By targeting the ORF3a-VPS39 interaction, which
impairs lysosomal function and immune responses, this research
aims to identify novel inhibitors that could complement existing
treatments (Zhang et al., 2024)5. The rationale is to explore
alternative viral targets beyond the main replicative enzymes,
offering broader therapeutic potential, especially against diverse
and evolving strains (Zhang et al., 2024)5.

Results

Our virtual screening simulations found five ligands (Ligand I,
II, III, IV, and V) that bind to ORF3a (VPS39 protein binding
region). The protein-ligand binding is shown in Figure 1. Based
on this figure, the ligands interact strongly with the amino acids
by forming hydrogen bonds and hydrophobic interactions. Bind-
ing of these ligands will restrict the binding of VPS39 to the
ORF3a protein and hence, prevent the covid progression. In
addition, a closer image of the VPS39 binding region is shown
in Figure 3 a, b.

Based on our docking simulation Ligand I from strong inter-
action with the protein and had 1 hydrophobic interaction with
Phe231 at a distance of 3.55 and 4 hydrogen bonds with Ser171
(3.41 Å), Tyr184 (3.26 Å), and Thr229 (2.95 and 2.34 Å). Ligand
II Form interaction with the protein and had 3 hydrophobic in-
teractions with Leu219 at a distance of 3.97 Å, Thr229 (3.86 Å),
Phr231 (3.45 Å), 1 hydrogen bond with Thr229 (2.35 Å), 1 pie-
Cation Interactions with His182 (4.21 Å), and 1 salt bridge with
His182 (4.56 Å). Ligand III from interaction with the protein
and had hydrophobic interaction with Tyr184, Trp193, Val197,
Thr217, Thr229, Phe231 at a distance of 3.87, 3.79, 3.69, 3.73,
3.97, and 3.88 Å, respectively. In addition, it forms three hydro-
gen bonds with His227 (2.56 Å), Val228 (3.07 Å), and Thr229
(2.52 Å). I also showed 1 pie-Cation Interaction with Phr231
(5.24 Å). Ligand IV forms five hydrophobic interactions with
Ser171, Gly172, His182, His227, and Thr229 amino acids at
a distance of 3.63, 3.17, 2.77, 2.71, and 2.14 Å, respectively.
Finally, Ligand V forms 2 hydrophobic interactions with Val197
and Thr217 at a distance of 3.50 and 3.87 Å. Three hydrogen
bonds with Ser171, Tyr184, and Val197 at a distance of 3.86,
2.85, and 3.91 Å, respectively. 1 pie-Cation Interaction with
Phe231 at 5.20 Å. 1 salt bridge with His182 at a distance of 4.37
Å. All these interactions are shown in Table 1. We included

amantadine and rimantadine as control compounds in our study,
as both are known viroporin inhibitors with reported activity
against ORF3a. Docking simulations confirmed that both lig-
ands bind to the same predicted binding site on the ORF3a
protein, consistent with previous studies. The binding energies
for amantadine and rimantadine were calculated to be -13.2
kcal/mol and -11.9 kcal/mol, respectively, which are compara-
ble to the binding energy of our top-performing ligand (Ligand
I: -13.5 kcal/mol). This similarity in binding energy further
supports the reliability of our docking results and suggests that
the newly identified ligand may have a comparable or superior
inhibitory potential.

Based on the SwissADME web server, all the five ligands
show drug likeliness and follow the Lipinski rule of five. Lipin-
ski’s Rule of Five was used in this study as a well-established and
widely accepted guideline to assess the drug-likeness of small
molecules, particularly for oral bioavailability. The rule focuses
on key molecular properties—molecular weight, lipophilicity
(Log P), hydrogen bond donors, and hydrogen bond accep-
tors—which are critical for passive diffusion and systemic ab-
sorption. While additional ADMET properties like cytotoxicity
and metabolic stability offer deeper pharmacokinetic insights,
our study aimed to prioritize compounds in the early stages of
screening. Lipinski’s Rule provides a practical and efficient
filter for identifying promising lead-like compounds without
introducing complexity or bias from computationally intensive
ADMET predictions at this stage (Chen et al., 2020)8. This
shows that there is a high chance of these compounds being
drug molecules. Furthermore, all ligands except Ligand IV
showed high GI absorption; however, only Ligand II and V
showed BBB permeation. The 2D structure of these ligands
showed that having either two six-membered rings or one six-
membered ring and one five-membered ring is crucial for being
an ORF3a inhibitor. In addition, molecular dynamics simula-
tions of the ORF3a and ORF3a-ligand complex will confirm the
binding of these ligands to this protein. Further, in-vitro and cell
studies are required to verify the interaction/inhibition of these
compounds with the ORF3a protein.

Discussion

The goal of this research is to find possible inhibitors of the
SARS-CoV-2 ORF3a protein, which binds to the VPS39 compo-
nent of the HOPS complex and compromises the host immune
system (Miller et al., 2023)1. The authors used molecular dock-
ing to evaluate 5249 drug-like compounds from the ZINC20
database against the ORF3a’s VPS39-binding domain. Based
on molecular interactions and binding affinity, they found five
top ligands. With critical amino acids in the ORF3a binding
site, these ligands established potent non-covalent interactions,
including salt bridges, pie-cation interactions, hydrophobic con-
tacts, and hydrogen bonds. All five ligands have positive drug-
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Fig. 2 Structure of protein-ligand interaction. (a) Ligand I; (b) Ligand II; (c) Ligand III; (d) Ligand IV; and (e) Ligand V. Ligand in yellow and
amino acids in blue. The image was created by ChimeraX and Canva. The structure of a protein-ligand interaction refers to the 3D arrangement
showing how a ligand fits and binds within the protein’s active or binding site through non-covalent forces like hydrogen bonds, hydrophobic
interactions, and electrostatic contacts.

Fig. 3 (a) Surface image of ORF3a protein with ligand bound to the VPS39 protein binding cavity; and (b) closer image of Ligand I to the
VPS39 protein binding region. The image was created by ChimeraX and Canva. A binding cavity is a pocket or groove on a protein’s surface
where a ligand or molecule can bind, often critical for the protein’s biological function.

like characteristics, according to pharmacological analysis con-
ducted with SwissADME (Daina, Michielin, & Zoete, 2017)9.
Several of these ligands exhibit significant blood-brain barrier
permeability and gastrointestinal absorption.

While direct experimental evidence linking ORF3a-VPS39
inhibition to a complete halt in viral replication is currently
limited, the hypothesis is grounded in existing studies showing

that ORF3a disrupts endolysosomal trafficking by binding to
VPS39, a key component of the HOPS complex. (Miller et
al., 2023)1. This disruption impairs autophagosome-lysosome
fusion, contributing to immune evasion and enhanced viral sur-
vival. Therefore, targeting the ORF3a-VPS39 interaction may
restore lysosomal function and limit the virus’s ability to ma-
nipulate host pathways. While further validation is needed, the
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Table 1: Protein-ligands chemical interactions obtained from protein-ligand interaction profiler (PLIP) server. The table was
created by PLIP software. PLIP (Protein–Ligand Interaction Profiler) is a web-based and standalone tool that automatically

analyzes and visualizes the non-covalent interactions between a protein and a bound ligand from a PDB file.
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