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Abstract: The COVID-19 pandemic, instigated by the emergence of the novel coronavirus, SARS-
CoV-2, created an incomparable global health crisis. Due to its highly virulent nature, identifying
potential therapeutic agents against this lethal virus is crucial. PLpro is a key protein involved in viral
polyprotein processing and immune system evasion, making it a prime target for the development of
antiviral drugs to combat COVID-19. To expedite the search for potential therapeutic candidates, this
review delved into computational studies. Recent investigations have harnessed computational meth-
ods to identify promising inhibitors targeting PLpro, aiming to suppress the viral activity. Molecular
docking techniques were employed by researchers to explore the binding sites for antiviral drugs
within the catalytic region of PLpro. The review elucidates the functional and structural properties of
SARS-CoV-2 PLpro, underscoring its significance in viral pathogenicity and replication. Through
comprehensive all-atom molecular dynamics (MD) simulations, the stability of drug–PLpro com-
plexes was assessed, providing dynamic insights into their interactions. By evaluating binding energy
estimates from MD simulations, stable drug–PLpro complexes with potential antiviral properties
were identified. This review offers a comprehensive overview of the potential drug/lead candidates
discovered thus far against PLpro using diverse in silico methodologies, encompassing drug repur-
posing, structure-based, and ligand-based virtual screenings. Additionally, the identified drugs are
listed based on their chemical structures and meticulously examined according to various structural
parameters, such as the estimated binding free energy (∆G), types of intermolecular interactions, and
structural stability of PLpro–ligand complexes, as determined from the outcomes of the MD simula-
tions. Underscoring the pivotal role of targeting SARS-CoV-2 PLpro in the battle against COVID-19,
this review establishes a robust foundation for identifying promising antiviral drug candidates by
integrating molecular dynamics simulations, structural modeling, and computational insights. The
continual imperative for the improvement of existing drugs and exploring novel compounds remains
paramount in the global efforts to combat COVID-19. The evolution and management of COVID-19
hinge on the symbiotic relationship between computational insights and experimental validation,
underscoring the interdisciplinary synergy crucial to this endeavor.

Keywords: SARS-CoV-2; papain-like protease; COVID-19; molecular modeling; molecular dynamics
simulations; drug discovery; antiviral drugs; inhibitors; therapeutic agents; therapeutic targets;
repurposing drugs

1. Introduction

A new coronavirus known as SARS-CoV-2, which exhibits structural similarities with
the virus causing severe acute respiratory syndrome (SARS), emerged during the COVID-19
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epidemic in December 2019 [1,2]. SARS-CoV-2 has resulted in a significant global burden of
disease and mortality, with the Worldometer coronavirus monitoring tool providing daily
updated status information on more than 707.75 million confirmed cases and 7.01 million
fatalities (https://www.worldometers.info/coronavirus/, accessed on 25 May 2024) [3].
Following previous coronavirus illness outbreaks, such as SARS in 2002–2003 and Mid-
dle East respiratory syndrome (MERS) in 2012, this event presented serious obstacles to
the fields of public health, research, and medicine. SARS-CoV-2, the virus that causes
COVID-19, started at a seafood market in Wuhan, China, and quickly spread to other parts
of the world, sparking a pandemic with significant global implications [4–6].

Similar to other coronaviruses, the SARS-CoV-2 virus possesses a distinctive round or
multishaped virion particle with a diameter of 120–160 nm that contains the triple spike (S)
protein, which oversees virus attachment and membrane fusion during infection [7]. In
addition to the S protein, the viral genome codes for three other structural proteins that
play distinct roles in the structure and replication of the virus: the membrane (M) protein,
the envelope (E) protein, and the nucleocapsid (N) protein [8]. SARS-CoV-2 is a member
of the Betacoronavirus genus and possesses a large single-stranded RNA genome that
encodes for several different proteins, including accessory and structural proteins [9]. With
a ribosomal frame-shifting mechanism, nonstructural proteins (Nsps) are translated from
the large polyproteins Pp1a and Pp1ab during the replication process of SARS-CoV-2 [10].
The release and maturation of 15 Nsps, which make up the replicase– transcriptase complex
in charge of transcription and replication of the viral genome, depend on appropriate
polyprotein processing [10,11].

The spike (S) protein is crucial to the SARS-CoV-2 infection process because of its
interaction with the angiotensin-converting enzyme 2 (ACE2) receptor on the surface of
host cells, facilitating viral entry [11]. The two primary domains of the S protein are S1 and
S2, where S1 mediates ACE2 binding, and S2 facilitates viral membrane fusion with the
host cell membrane [12]. The receptor-binding domain (RBD) of the S1 domain interacts
with ACE2, and the entry of the virus into host cells depends on the cleavage of the S
protein at specific areas [13]. The lipid membrane that envelops coronaviruses is produced
by the host cell, and the spike (S) protein on their surface gives them a distinctive halo-like
appearance [14]. Among all RNA viruses, the coronavirus genome is one of the largest
known [15]. It is a single-stranded RNA with positive polarity [16].

With multiple candidates in development and several vaccines in use globally by
early 2022, the development of COVID-19 vaccines moved quickly after the SARS-CoV-2
genetic sequence was made public in January 2020 [17]. The virus has infected millions of
people and significantly increased the mortality rates despite vaccine efforts, particularly
in low-income nations [18].

One of the nonstructural proteins of SARS-CoV-2, papain-like protease (PLpro), has
various functions in the growth and replication of the virus [19]. It contributes to the
cleavage of viral polyproteins and, through downregulating type I interferon production,
impedes the host’s immune response to the virus [20]. PLpro is a desirable target for
therapeutic research because of its capacity to degrade ubiquitin-like interferon-stimulated
gene 15 protein (ISG15) from interferon-responsive factor 3 (IRF3) [21].

Recent years have seen an increase in the use of the computational method known as
molecular dynamics (MD) simulation to investigate peptides and peptide-like compounds
that may be able to suppress SARS-CoV-2 [3,22]. SARS-CoV-2 PLpro has drawn attention
as a potential therapeutic target because of its vital function in both the host’s immune
response regulation and viral replication [22]. To identify potential drugs to treat SARS-
CoV-2, computational techniques such as homology modeling, molecular docking, and
MD simulations have been used [23].

Our research study, “Unveiling the Inhibitory Potentials of Peptidomimetic Azan-
itriles and Pyridyl Esters toward SARS-CoV-2 Main Protease: A Molecular Modeling
Investigation,” describes how we evaluated new peptidomimetic nitriles, azatripeptide
and azatetrapeptide, as possible inhibitors of the SARS-CoV-2 Mpro [24]. This study used
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molecular docking, MD simulations, and several post-MD analyses, such as percentage
hydrogen occupancy. These methods were used to clarify the binding free energy po-
tentials that the chosen compounds displayed in response to SARS-CoV-2. In addition,
we identified the precise residues responsible for the drug-binding characteristics of the
selected inhibitors in relation to SARS-CoV-2 MPro [24]. Furthermore, the focus of our
current studies, “In Silico Analysis of Repurposed Antiviral Drugs as Prospective Ther-
apeutic Agents for COVID-19: Molecular Docking and Dynamics Simulations Targeting
the 3-Chymotryspine-Like Protease (3CLpro) and the Papain-Like Protease (PLpro)”, is on
how Ritonavir, Lopinavir, Ombitasvir, Paritaprevir, and Ginkgolic Acid might reduce the
activity of the 3CLpro and PLpro enzymes. Targeting 3CLpro and PLpro is appropriate
because of their critical functions in viral replication. To investigate the potential of these
compounds as COVID-19 therapeutic agents, this study sheds light on their binding in-
teractions. This investigation entails examining their capacities to bind to and inhibit the
activities of 3CLpro and PLpro enzymes, which are essential targets in the development of
coronavirus-targeting antiviral medications.

The COVID-19 pandemic has increased the demand for efficient antiviral drugs, and
there has been much interest in the potential therapeutic role of PLpro [25]. In-depth
analyses of the virus’s structural and functional features, vaccine developments, and the
importance of PLpro targeting in the ongoing fight against COVID-19 are all covered in this
review, which also emphasizes the use of computational methods such as MD modeling in
drug discovery.

2. Implications for Viral Evolution (Target Enzymes and Receptors)

The molecular interactions between the virus and host cells, particularly those involv-
ing viral enzymes and host receptors, have a complex connection to both the evolution of
viruses and the control of COVID-19 [26]. To understand this relationship, studies must
investigate the various phases of the SARS-CoV-2 life cycle and the potential targets for
therapeutic treatments [9]. A crucial step in the life cycle of a virus is the attachment to
host cells that occurs at the beginning of the infection [9]. Initially, the human angiotensin-
converting enzyme 2 (hACE2) receptor binds to SARS-CoV-2 cells [27]. One possible
treatment approach to stop viral infection in its tracks is to interfere with the first virus–host
contact [28]. Once within the host cell, the replication of SARS-CoV-2 is dependent on
the action of viral enzymes [9]. In this setting, the two crucial proteases are 3CLpro and
PLpro [29]. The cleavage of viral polyproteins by these proteases results in the production
of nonstructural proteins that are necessary for viral replication [30]. Thus, these pro-
teases are excellent targets for the creation of anti-SARS-CoV-2 drugs that will successfully
prevent viral replication, thereby lessening the severity and transmission of COVID-19
(see Figure 1) [31]. When comparing SARS-CoV-2 with its predecessor, SARS-CoV, which
produced the SARS pandemic in 2002–2003, the importance of these proteases, particularly
PLpro, in the context of the SARS cycle becomes even more evident [32].

Despite having a significant sequence identity with SARS-CoV, SARS-CoV-2 and SARS-
CoV depend on different proteases, which is a crucial characteristic that distinguishes the
two pathogenicity [33]. PLpro is essential for the cleavage of proteins in the host’s innate
immune pathways, which permits the replication of SARS-CoV-2 [29]. In addition to viral
proteases, RNA-dependent RNA polymerase (RdRp) is another essential enzyme involved
in the viral life cycle [34]. This enzyme could be the target of therapeutic intervention,
because it is essential for the synthesis of viral RNA [35]. Although this role is well
recognized in the setting of SARS-CoV, it is equally significant in the case of SARS-CoV-
2 [36]. Furthermore, understanding PLPro’s composition and mechanism of action may aid
in the creation of new antiviral medications and improved vaccines [27,30].
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Figure 1. SARS-CoV-2 life cycle and potential targets for therapeutic treatments, adapted from the
source. During viral infection, SARS-CoV-2 first attaches to the host cell surface by binding its spike
(S) protein to the human angiotensin-converting enzyme 2 (ACE2) receptor, facilitating viral entry
either via endosomes (endocytosis) or direct fusion with the host cell membrane. Once inside the host
cell, viral genomic RNA is released into the cytoplasm and translated by host ribosomes, producing
polyproteins pp1a and pp1ab, which are then cleaved into nonstructural proteins (Nsp1-16) by viral
proteases, including PLpro and Mpro (3CLpro). These non-structural proteins assemble to form
the replicase–transcriptase complex (RTC), with Nsp12–16 providing enzymatic functions for viral
genome replication and transcription. The viral RNA (gRNA) is first replicated to form a negative-
strand RNA and then used for either replication to produce more gRNA or the transcription of
subgenomic mRNAs. Subgenomic mRNAs are translated into structural and accessory proteins,
including spike (S), membrane (M), envelope (E), and nucleocapsid (N) proteins. The structural
proteins, along with the nucleoprotein complex formed by the N protein attaching to the gRNA,
assemble in the endoplasmic reticulum (ER) and Golgi intermediate compartment (ERGIC) to form
mature virions. These virions are then released from the host cell through exocytosis, infecting
new cells and perpetuating the viral infection. Throughout these steps, potential treatments include
inhibitors targeting the interactions between the viral S protein and ACE2 receptor, viral proteases
(PLpro and Mpro), RNA-dependent RNA polymerase (Nsp12), helicase (Nsp13), and other viral
enzymes involved in genome replication and transcription [37].

One key factor in the development of COVID-19 is the interaction between the virus
and host receptors, particularly the ACE2 receptor [38]. The impact of the virus on distinct
organs is largely dependent on ACE2 expression in the lungs, heart, kidneys, and intestines,
among other host tissues [39]. It is noteworthy that ACE2 appears to play two roles
in infections with SARS-CoV-2 [40]. It protects the lungs from acute respiratory lung
injury, including damage caused by the SARS spike protein, but it also increases viral
susceptibility [41]. In addition to ACE2, other receptors and proteases mediate the entrance
and pathogenesis of SARS-CoV-2, including TMPRSS2, DPP4, and cathepsins B and L [42].
Currently, the exact processes by which these receptors and proteases aid in viral entry
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remain vague [43]. However, the above literature highlights their potential as therapeutic
intervention targets.

The spike protein and activation of viral entry by cellular proteases are other examples
of interactions between the virus and host [44,45]. Inhibitors that target TMPRSS2 have
demonstrated promise in reducing viral infection. TMPRSS2 is essential for priming the
spike protein for viral entry [46,47].

The proteomics and genomics of SARS-CoV-2 are equally intriguing. Proteases such
as 3CLpro are essential for breaking down polyproteins into useful proteins [48]. The
virus codes for various structural and non-structural proteins. The replicase–transcriptase
complex (RTC), which is necessary for viral transcription, replication, and maturation, is
formed in part by this process [30,49]. Enzymes such as Nsp3, Nsp4, Nsp5, Nsp12, Nsp13,
and Nsp14 are among the many components of the RTC that coordinate various stages of
viral replication [50]. These enzymes reveal themselves as excellent possibilities for the
creation of antiviral drugs, because they lack near homologs in their hosts [51].

During the crucial step of viral entry, SARS-CoV-2 interacts with various proteases
and receptors [52]. Finding inhibitors for these proteases is a promising approach to stop
the spread of viruses [53]. Effective antiviral drugs require a thorough understanding of
the host receptors and viral enzymes involved in SARS-CoV-2 infection [12,54]. Novel
approaches may be discovered to stop viral replication, lessen the severity of COVID-19,
and possibly contain this worldwide epidemic and similar outbreaks by focusing on
proteins and receptors [55].

In light of the above, numerous enzymes and receptors involved in the viral life cycle
and pathogenesis have been clarified by recent studies on SARS-CoV-2 (see Table 1) [1,56].
Key enzymes such as RdRp, PLpro, and Mpro are desirable targets for antiviral medication
development, because they are essential for both viral transcription and replication [6].
Furthermore, the significance of this contact in viral infectivity is demonstrated by the fact
that the spike (S) protein of SARS-CoV-2 interacts with the hACE2 receptor to enter host
cells [4,57]. The virus modifies several cellular signaling pathways, including those linked
to immune evasion and inflammation, to control the machinery of the host cell [7]. In the
development of efficient therapeutic options against SARS-CoV-2 infection, it is essential
to comprehend the roles played by these enzymes, receptors, and their interactions with
viral components [8,56]. Repurposing FDA-approved drugs has helped in identifying
new targets for medication development and vaccine creation by clarifying the molecular
pathways underlying viral pathogenesis [9]. This perspective will ultimately aid the
global effort to combat the COVID-19 pandemic and appears to be helpful in future
similar outbreaks.

Table 1. Summary of various enzymes, receptors, and their functions in SARS-CoV-2.

Enzyme/Receptor
(Crystal Structure)

Function/Role Targets for
Therapeutic

Development

Virus–Host
Interaction

Implications for Viral Evolution
and SARS-CoV-2 Management

References

ACE2 Viral entry,
lung protection

Therapeutic
target

Facilitates viral
entry and

crosstalk with
host cells

Dual role in COVID-19 infections;
potential protection from acute

lung injury and ARDS; increased
susceptibility due to high

ACE2 expression

[10,11]

TMPRSS2 Viral entry,
priming

Potential
inhibitor

Mediates viral
entry and spike
protein cleavage

Important for viral entry;
inhibitors may prevent infection

and reduce viral spread

[12]
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Table 1. Cont.

Enzyme/Receptor
(Crystal Structure)

Function/Role Targets for
Therapeutic

Development

Virus–Host
Interaction

Implications for Viral Evolution
and SARS-CoV-2 Management

References

DPP4 Possible
receptor

Role uncertain Possible binding
to SARS-CoV-2

Role in virus–host interaction
needs further investigation; may

be involved in viral entry

[13]

PLpro (Protease) Viral
replication,
polyprotein

cleavage

Drug target for
inhibition

Essential for viral
replication

Critical for cleaving polyproteins;
potential drug target for

inhibiting viral replication

[14]

3CLpro (Mpro) Polyprotein
cleavage,

replication

Drug target for
inhibition

Essential for viral
replication

Key for cleaving polyproteins;
promising target for
antiviral strategies

[15,16]

RdRp (RNA
Polymerase)

RNA synthesis,
replication

Potential drug
target

Crucial for viral
genome

replication

Required for replication;
promising drug target for

antiviral strategies

[17]

Helicase (NSP13) RNA
unwinding,
replication

Potential target Facilitates RNA
unwinding and

replication

Important for viral genome
replication; potential therapeutic

target for
anti-COVID-19 strategies

[18]

Cathepsin B/L Viral entry Target for
inhibiting entry

Involved in
viral entry

Blocking cathepsin activity can
prevent viral entry

[19,20,58]

Furin S protein
cleavage

Potential drug
target

Cleavage of S
protein and
virus entry

Promising target for inhibiting
viral entry and spread

[22,58]
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3. Structure and Function of the SARS-CoV-2 PLpro

Proteases found in coronaviruses, such as SARS-CoV and MERS-CoV, were reported
to be structurally and functionally similar to the PLpro of SARS-CoV-2 [23]. These proteases
are interesting targets for antiviral therapy, because they are essential for viral reproduction
and immune system evasion [59]. Although coronaviral proteases have some similarities,
the protease domains of each virus display unique structural and biochemical character-
istics [25]. In contrast to its equivalents in other coronaviruses, SARS-CoV-2 PLpro has
distinct substrate specificity and enzymatic activity profiles [26]. These discrepancies result
from changes in the structural configurations and amino acid sequences of the protease
active sites, which affect how the enzymes interact with inhibitors and substrates [26].
Through an analysis of the structural and functional properties of PLpro in several coron-
aviruses, scientists can discern the conserved areas or residues crucial for protease activity,
in addition to distinct attributes exclusive to SARS-CoV-2 [27]. This comparative analysis
facilitates the discovery and enhancement of antiviral medications with broad-spectrum
efficacy against multiple coronaviruses [28]. One way to create pan-coronavirus inhibitors
that can stop viral replication in a variety of coronaviruses is to target conserved catalytic
residues or substrate-binding sites that are shared by coronaviral proteases [29]. On the
other hand, by comprehending the distinct structural components or allosteric sites particu-
lar to SARS-CoV-2 PLpro, selective inhibitors are specifically designed to tackle the current
pandemic without compromising other similar outbreaks [30].

Nevertheless, PLpro remains a key player in the genomic RNA replication of SARS-
CoV and is important for the closely related SARS-CoV-2 [23]. Because this sequence
is essential for cleaving the replicase substrate, PLpro is an excellent candidate for the
creation of antiviral drugs that specifically target SARS-CoV-2 [31]. Three domains have
been identified in the crystal structure of SAR-CoV-2 PLpro, including a catalytic cysteine
cleavage domain, a potential labile Zn-binding domain, and a ubiquitin domain (see
Figure 2) [32]. The labile ZnII ion is essential for preserving the structural integrity of SAR
CoV-2 PLpro, whereas the catalytic site is defined by the amino acid triad Cys111–His272–
Asp286 [33]. All of these domains are viable targets for therapy, because the ubiquitin
domain is connected to the host’s innate immune responses [34].

Dual purpose is one of the primary roles of the conserved cysteine residue in viral
PLpro [31]. First, it binds to the ZnII ion, which is necessary to preserve correct protein
folding and the stability of the local geometry [35]. Second, it attacks the substrate in the
capacity of a nucleophile, changing the structure and functionality of PLpro [36]. Potential
antiviral methods to interfere with PLpro activity and hinder viral replication include
inhibiting catalytic cysteine at the active site or focusing on the elimination of the labile
ZnII ion [37,38].

Furthermore, interest in SARS-CoV-2 drug development focuses on PLpro and other
subdomains like Nsp3, Nsp10, and Nsp13 containing potential labile Zn sites as well, ex-
panding potential targets. Zn-ejector drugs pose a challenge due to their weaker selectivity,
potentially affecting various Zn-containing proteins in the human body [60]. Substance-
based inhibitors, on the other hand, show promise in stopping viral replication, and hence,
reducing infection, because they specifically bind to the catalytic cysteine at the active site
of SARS-CoV-2 PLpro. Peptide-based inhibitors offer the potential for increased antiviral
efficacy and allow for a more rational design, making thiol-targeting inhibitors potentially
effective treatments for SARS-CoV-2 [60,61].
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Figure 2. Redrawn SARS-CoV-2 papain-like protease structure, adapted from the source. The
multidomain architecture of PLpro and its two ubiquitin binding subsites are depicted as follows:
(a) The SARS-CoV PLpro monomer (PDB: 2FE8) exhibits four distinct domains, arranged from the
N-terminus to the C-terminus: the extended UBL, thumb, palm, and finger domains. (b) An overlay
of SARS-CoV PLpro (blue) with USP7 (yellow, PDB: 4M5W) illustrates the USP fold. (c) A solvent-
accessible surface representation of SARS-CoV PLpro is shown in blue, with a K48-linked di-Ub
molecule (orange) and an ISG15 molecule (yellow) superimposed and depicted as ribbons. The ISG15
structure comprises two tandem UBL folds (Ub1 and Ub2). The two Ub and UBL binding subsides of
SARS-CoV PLpro are highlighted in the solvent accessible surface representation, with SUb1 shaded
in white and SUb2 shaded in yellow [39].

Nsp3, which contains the PLpro domain, is a crucial element in the extensive genome
of SARS-CoV-2. Between a nucleic acid-binding domain (NAB) and the SARS unique
domain (SUD/HVR), in Nsp3, lies a large multidomain protein that includes PLpro. It is
often found in two copies, known as PL1pro and PL2pro, and is highly conserved across
coronaviruses [26]. The proteolytic cleavage of peptide bonds by these cysteine proteases
releases Nsp1, Nsp2, and Nsp3, which are essential for viral replication [62]. The identifica-
tion and cleavage of PLpro depend on the LXGG motif present in Pp1a/Pp1ab. Beyond its
involvement in viral replication, PLpro performs a variety of other tasks that affect host
immunological responses, such as deubiquitination and deISG15ylating [63]. This makes it
a prime candidate for treatment, because it affects many host cellular pathways, indicating
that it plays a crucial role in the growth and replication of viruses [26,63].

Previous research on SARS-CoV-2 antiviral drug development has mostly concentrated
on Nsp proteins, such as Nsp3 PLpro, Nsp5 Mpro, and Nsp12 RNA-dependent RNA
polymerase, which were found in investigations on other previous coronaviruses [64,65].
The argument for focusing on the SARS-CoV-2 Nsp3 domain, PLpro, is discussed in this
context. Many coronaviruses have available structural characterizations of PLpro, which
are a great resource for structure-based drug development [36]. Nevertheless, obstacles
have arisen in the development of antivirals against SARS-CoV and SARS-CoV-2, requiring
new approaches [66].



BioChem 2024, 4 276

Despite having less research conducted on it than Mpro, PLpro remains a multifunc-
tional protein that functions as a deubiquitinase and a cysteine protease, which opens the
door for the development of powerful PLpro inhibitors [67]. This special combination
of roles affects host immune responses in addition to viral protein processing [67]. Thus,
PLpro is an appealing target for antivirals, because blocking its functions may prevent
viral replication and interfere with the host immune system [68]. The expertise obtained
from investigating SARS-CoV PLpro can be quickly used to investigate SARS-CoV-2 PLpro,
thereby accelerating the development of new antivirals and targeting drug methods for
SARS-CoV-2 [68,69].

Furthermore, SARS-CoV-2 is a positive-sense genomic RNA that encodes 10 open
reading frames (ORFs) as well [69,70]. Of these, most of the genome is made up of ORF1ab,
which translates into two large polypeptide products, pp1a and pp1ab, in the host cell [71].
As mentioned above, proteolytic cleavage of these polypeptides is necessary to produce
the crucial nonstructural proteins (Nsps) required for viral replication [72]. Notably, PLpro
(Nsp3) and Mpro (Nsp5) catalyze the autocatalytic cleavage process [73,74]. PLpro greatly
aids in viral protein processing, distinguished by its Cy-sHis–Asp catalytic triad, and is
essential for immune evasion [75]. The inhibition of PLpro prevents viral replication and
interferes with different host immunological responses, underscoring its potential as a
crucial target for drug development [68].

Because PLpro is a difficult pharmacological target, there has not been much research
on its inhibitors [76]. In contrast to Mpro, its active site pocket is flatter [77]. Finding
initial hits with potential PLpro inhibitors for additional optimization can be facilitated by
screening for cysteine protease and deubiquitinase inhibitors, given the dual activity of
PLpro as a cysteine protease and deubiquitinase [78]. A thorough understanding of the
substrate specificity, structure, and mechanism of SARS-CoV-2 PLpro will be essential for
designing potent PLpro inhibitors and opening the door for the creation of antiviral drugs
to treat COVID-19 and future outbreaks.

Additionally, the response to the SARS-CoV-2 outbreak has prompted a re-evaluation
of metal complexes in drug discovery efforts. Although traditionally under-represented
in compound libraries, metal complexes exhibit growing promise in medicinal chem-
istry [79,80]. To this end, over 100 structurally diverse metal complexes were selected for
profiling as inhibitors, targeting two critical SARS-CoV-2 replication mechanisms: the spike
(S) protein interaction with the ACE2 receptor and the PLpro [79–81]. Notably, silver- and
gold-containing complexes emerged as potent inhibitors of PLpro activity, with polyoxomet-
alates (POMs) showing a promising activity against both targets [79,80,82]. These findings
underscore the potential of metal-based compounds as future SARS-CoV-2 antiviral agents,
making them promising avenues for further exploration and drug development. Recent
research highlights the diverse therapeutic applications of metal complexes, including gold
compounds, against various viruses and parasites, underscoring their broad-spectrum
antiviral potential [83]. Furthermore, innovative approaches using metal complexes as
cysteine-targeting warheads offer promising avenues for inhibiting SARS-CoV-2-associated
cysteine proteases, paving the way for novel therapeutic interventions against viral infec-
tions [67].

The knowledge gathered from coronaviral protease comparison studies can help in
the rational development of inhibitors with improved pharmacokinetics, specificities, and
potencies [40]. Medicinal chemists can tailor inhibitor candidates to enhance their efficacy
against SARS-CoV-2 PLpro while avoiding off-target effects and potential toxicity using
structural similarities and differences [41]. Furthermore, understanding how inhibitors and
proteases of various coronaviruses cross-react helps anticipate and prevent the formation of
drug-resistant viral variations [42]. Thus, thorough comparative studies of coronaviral pro-
teases will aid in the creation of novel antiviral tactics that may be used to stop coronavirus
epidemics both now and in the future [43].
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4. Multifaceted Approach with MD Simulations Targeting SARS-CoV-2 Papain-like
Protease (PLpro)

Molecular dynamics (MD) simulation studies have been used more often recently to
explore possible inhibitors of the PLpro of SARS-CoV-2. Researchers can investigate the
interactions between PLpro and potential inhibitors at the atomic level using MD simula-
tions, which provide insightful information about the dynamic behaviors and structural
features of biomolecular systems [27]. Using these simulations, inhibitor–PLpro complex
binding patterns, affinities, and stability may be predicted, offering vital information for
logical drug design (see Figure 3) [45]. Through the simulation of PLpro activity in several
solvent environments and physiological situations, molecular docking studies (MD) pro-
vide insights into the flexibility and conformational dynamics of the enzyme, which are
critical for comprehending its role and designing potent inhibitors [46]. Furthermore, the
characterization of allosteric regions that may regulate PLpro activity and the discovery
of crucial amino acid residues involved in ligand recognition are two additional ways
in which MD simulations can help clarify the processes of inhibitor binding [47]. MD
simulation studies are an effective computational tool for investigating the dynamic and
structural characteristics of PLpro and directing the development of new inhibitors that
may be therapeutically effective against SARS-CoV-2 [48].

In the midst of the SARS-CoV-2 pandemic, researchers have taken a variety of ap-
proaches to find efficient ways to combat the virus [49]. Targeting PLpro, the virus’s essen-
tial protease enzyme, is important for this mission using computational approaches [50].
Several important factors unique to SARS-CoV-2 PLpro determine whether one modeling
technique, such as template-free versus template-based modeling, is better suited for find-
ing SARS-CoV-2 PLpro inhibitors than another [51]. Template-based modeling, sometimes
referred to as homology modeling, creates a model of the target protein, the SARS-CoV-2
PLpro enzyme, using experimentally determined homologous protein structures as tem-
plates [52]. Template-based modeling can yield accurate models of SARS-CoV-2 PLpro
by leveraging proteases closely related to other coronaviruses with known structures [53].
When the target and template proteins have a high degree of sequence identity, this ap-
proach is particularly helpful [51,54]. However, template-based modeling may not be
useful or feasible if there are no close homologs or templates available for SARS-CoV-2
PLpro [55].

Furthermore, from-the-beginning modeling, commonly referred to as template-free
modeling, builds protein structures exclusively from the amino acid sequence without the
use of structural templates [84]. In the absence of appropriate templates, this method may
be useful for estimating the structure of SARS-CoV-2 PLpro [84]. Template-free modeling
explores the conformational space of a protein sequence and finds the most energetically
favorable fold using physics-based energy functions and conformational sampling tech-
niques [85]. However, compared with template-based approaches, template-free modeling
is typically less precise and dependable, especially for larger and more complicated proteins
such as PLpro or Mpro [30,51]. Even with these drawbacks, template-free modeling might
nevertheless offer insightful information about the composition and operation of PLpro, par-
ticularly when combined with experimental data and other computational techniques [86].
Ultimately, the requirements of the study objectives and the available computational tools
and skills should serve as a guide for choosing a modeling technique [87].
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Figure 3. Schematic pathway describing the steps involved in setting up molecular dynamics (MD)
simulations for SARS-CoV-2 PLpro receptors, as adapted from the source: The process for setting
up MD simulations for SARS-CoV-2 PLpro receptors (1) involves several sequential steps. It begins
with pharmacophore screening (development and validation) (2b) and database exploration (3b) to
identify compounds with structural similarities to the natural ligand of the PLpro receptor (7a, b,
c). Subsequently, compounds were subjected to Absorption, Distribution, Metabolism, Excretion,
and Toxicity (ADMET) and Blood-Brain Barrier (BBB) filtering during in silico studies to prioritize
drug candidates with favorable pharmacokinetic properties (4b). Virtual screening is then employed
to rapidly evaluate large compound libraries for their likelihood of binding to the PLpro recep-
tor/enzyme (5b), followed by molecular docking to predict the binding mode and affinity of small
molecules to the receptor (8b). For drug repurposing, Quantitative Structure–Activity Relationship
(QSAR) modeling is used to establish mathematical relationships between the chemical structures
and biological activities (2a–3a), aiding in the identification of potential drug candidates. Molecular
docking predicts ligand binding modes and affinities to target proteins by exploring ligand confor-
mations and scoring for optimal binding configurations (4a). The selected candidates undergo MD
simulations to evaluate the binding affinity and stability, followed by the prediction of binding energy
using the Generalized Born Surface Area (MM-GBSA) solvation calculation. This comprehensive
approach offers an efficient means of screening large compound databases or repurposed drugs, thus
providing valuable insights into potential drug effectiveness before experimental testing [56].
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To tackle the problems caused by this multifunctional protein (PLpro), scientists are
using thiol-reacting inhibitors, substrate-based peptides, FDA-approved drug repurposing,
and MD simulations [88]. Finding thiol-reacting inhibitors is a potential path, especially
if they can covalently bind to the conserved cysteine residues in SARS-CoV-2-PLpro [89].
By forming a Cys–inhibitor complex through this covalent connection, PLpro is rendered
inactive, and viral replication is impeded [39]. The capacity of Zn-ejector compounds
to remove zinc ions (ZnII) from the PLpro active site has drawn significant interest [60].
Disulfiram (DSF) and other disulfide-based thiol-reacting inhibitors are notable among
them [60]. The potential of DSF, an FDA-approved drug for treating persistent alcohol abuse,
as a Zn ejector has been thoroughly investigated [61]. DSF has potential as a Zn-ejector
drug against CoV-2-PLpro because of the close genetic and structural similarities between
SARS-CoV-2-PLpro and SARS-CoV-PLpro [60]. Recent investigations have revealed the
multifunctionality of DSF. In addition to acting as a Zn-ejector, it modifies cysteines, causing
damage to the structural and functional integrity of SARS-CoV-2 PLpro [90,91]. Because of
their combined effects, which limit viral replication, additional FDA-approved sulfur-based
drugs are being investigated for their potential to be effective against COVID-19 [92]. Tests
have been conducted on compounds such as diethyldithiocarbamate (DDC), captopril, 2,2′-
dithiodipyridine, 2,2′-dithiobis (benzothiazole), and 6-thioguanine (6-TG) [60]. Notably,
in cell cultures, 6-TG demonstrated a significant inhibition of SARS-CoV-2 PLpro [93].
Moreover, even at low micromolar concentrations, the FDA-approved drug auranofin used
to treat rheumatoid arthritis has shown a strong ability to hinder SARS-CoV-2 replication
in human cells [94].

Moreover, SARS-CoV-2 PLpro, which recognizes and cleaves peptide bonds at LXGG
patterns between Nsps, is a crucial component of the virus replication mechanism [26].
These motifs are the targets of small peptides that have been developed to function as
substrate-based inhibitors [60]. The creation of two highly selective tetrapeptides that
effectively inhibit SARS-CoV-2 PLpro, VIR250 and VIR251, is the result of recent break-
throughs [50]. The purpose of these peptides is to bind to the catalytic Cys111 residue via
thioether linkage, thus blocking the enzyme’s ability to cleave polyprotein and stopping
the spread of the virus [95]. Despite its greater potency, VIR251 displays less selectivity
for binding SARS-CoV-2 PLpro because of variations in the catalytic site’s amino acid
orientation [96].

Repurposing FDA-approved drugs is an alternative therapy approach being studied
for COVID-19 [97]. The FDA has approved Remdesivir, an RdRp inhibitor, as the only
antiviral drug for treating COVID-19 [98]. However, its efficacy in patients is rather
moderate [99]. Ritonavir has been used to block SARS-CoV-2 PLpro, which is well known
to have anti-HIV-1 properties [100]. This drug affects the coordination of signals within
infected cells by targeting polyprotein produced by viral proteases [101].

Understanding the stability and interactions between small molecules and proteins
is made possible through MD simulations [102]. The computational methods used to
elucidate the kinetics of binding and interactions between drugs and proteins are shown in
Table 2.

Table 2. MD simulation studies of SARS-CoV-2 PLpro inhibitors.

Inhibitor/Drug Candidate and
Chemical Structure

Simulation
Method

Key/Type
of

Interaction

Simulation
Length

Force Field
Used

Binding
Free

Energy

Mechanism
of Action

Ref.

GRL-0617 Molecular
dynamics
simulation

Non-
covalent
binding

100 ns AMBER −21.5
kcal/mol

Noncovalent
inhibition
of PLpro

[103]
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Table 2. Cont.

Inhibitor/Drug Candidate and
Chemical Structure

Simulation
Method

Key/Type
of

Interaction

Simulation
Length

Force Field
Used

Binding
Free

Energy

Mechanism
of Action

Ref.

VIR250 and VIR251 Molecular
dynamics
simulation

Irreversible
binding

50 ns OPLS-AA Not
available

Irreversible
inhibitors
of PLpro

[104,
105]

Neobavaisoflavone Molecular
dynamics
simulation

Low-
energy
binding

75 ns CHARMM36 Not
available

Binding to
the

catalytic
triad of
PLpro

[106]

Ritonavir Molecular
dynamics
simulation

Binding
analysis

50 ns GROMOS −8.2
kcal/mol

Investigated
potential

PLpro
inhibition

[107]

Dasabuvir (A17) Molecular
dynamics
simulation

Stable
binding

100 ns CHARMM27 −11.7
kcal/mol

Stable
binding

with PLpro

[108]

Methisazone (A34) Molecular
dynamics
simulation

Stable
binding

75 ns AMBER −12.3
kcal/mol

Exhibits
stable

dynamic
behavior in
a complex

[108]

Vaniprevir (A53) Molecular
dynamics
simulation

High
binding
affinity

100 ns OPLS-AA Not
available

Shows high
binding

affinity for
PLpro

[108]

Baicalein Molecular
dynamics
simulation

Binding to
the active

site

50 ns CHARMM36 −12.8
kcal/mol

Binds to the
active site
of PLpro

[109]

Disulfiram Molecular
dynamics
simulation

Inhibition
analysis

75 ns GROMOS Not
available

Repurposed
for

potential
PLpro

inhibition

[110]



BioChem 2024, 4 281

Table 2. Cont.

Inhibitor/Drug Candidate and
Chemical Structure

Simulation
Method

Key/Type
of

Interaction

Simulation
Length

Force Field
Used

Binding
Free

Energy

Mechanism
of Action

Ref.

Carmofur Molecular
dynamics
simulation

Binding to
PLpro

100 ns AMBER −10.5
kcal/mol

Demonstrates
binding to

PLpro.

[111]

Ebselen Molecular
dynamics
simulation

Antiviral
activity

75 ns CHARMM27 Not
available

Investigated
for its

antiviral
activity

[69]

Tideglusib Molecular
dynamics
simulation

Potential
inhibitor

50 ns CHARMM36 Not
available

Explored
for its

potential as
an inhibitor

[111]

Shikonin Molecular
dynamics
simulation

Active site
binding

100 ns AMBER −15.6
kcal/mol

Binds to the
active site
of PLpro

[112]

PX-12 (Belinostat) Molecular
dynamics
simulation

Inhibition
potential

75 ns GROMOS Not
available

Investigated
for its

inhibition
potential

[101]

Because they are commercially available and have a track record of safety, FDA-
approved drugs are perfect repurposing candidates [113]. One important goal is to identify
the most effective options among these drugs based on their robust binding ability to
SARS-CoV-2 PLpro [50]. To assess the stability, binding affinity, and interactions of drug–
PLpro binding, molecular mechanics/generalized Born surface area (MM/GBSA) binding
energy estimates were obtained after MD simulations [114].

Considering the above, MD simulations have been used to study the stability and
interactions of small molecules bonded to proteins in more detail [115]. Because they are
readily available on the market, have a track record of safety, and may be used directly
without requiring further preclinical or clinical testing, FDA-approved drugs are the main
alternatives for treatment in emergencies and outbreaks of diseases [116]. This review found
that MD simulations over 50 ns show promising drugs based on the anticipated docking
scores for COVID-19 PLpro [117]. Throughout the MD simulated time, drug– PLpro binding
energies (∆Gbinding) were assessed based on the molecular mechanics/generalized Born
surface area (MM/GBSA) technique [118]. Furthermore, estimates were made of the
drug–PLpro binding stabilities, affinities, and interactions [119].

In recent studies, three antioxidants and cell protectants (NAD+, quercitrin, and
oxiglutatione), three antivirals (ritonavir, moroxydine, and zanamivir), two antimicro-
bials (doripenem and sulphaguanidine), two anticancer drugs, three benzimidazole an-
thelmintics, one antacid (famotidine), three antihypertensive ACE receptor blockers (can-
desartan, losartan, and valsartan), and other various systemically or topically acting drugs
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were among the top results expected to bind with SARS-CoV-2 PLpro strongly [120]. These
drug binding patterns were superior to those of 6-mercaptopurine (6-MP), a previously
discovered SARS CoV PLpro inhibitor, indicating the possibility of using these drugs as
an alternative way to treat COVID-19 [120,121]. Moreover, studies have shown that the
repurposing of ritonavir, an anti-human immunodeficiency virus type 1 (HIV-1) provides
a multifaceted approach to stop the growth of viruses (blocking the transcription and
replication of viral RNA) [122,123].

Another study using the Supernatural Database conducted a high-throughput virtual
screening (HTVS) program with the aim of finding inhibitors that target PLpro. The study
revealed that two substances, SN00334175 and SN00162745, showed docking scores of 10.58
and 9.93 kcal/mol, respectively, according to the XP docking results [124]. Furthermore,
Van der Waals energy and hydrophobic energy components were identified as significant
contributors to the overall binding free energy in the PRIME MMGB-SA investigations [125].
SN00334175/7JN2 and SN00162745/7JN2 were stabilized by ligand binding, which formed
interactions with Gly266, Asn267, Tyr268, Tyr273, Thr301, Asp302, Lys157, Leu162, Asp164,
Arg166, Glu167, Pro248, and Tyr264. This result was obtained from a 100-ns MD simulation
of these complexes [125].

From the same perspective, a study screened 21 antiviral, antifungal, and anticancer
compounds using an in silico molecular docking technique to identify potential inhibitors
of SARS-CoV-2 PLpro [126]. This study showed that neobavaisoflavone has the highest
binding energy to SARS-CoV-2 PLpro [122]. These compounds may bind close to the
ISGylation, ubiquitination, and PLpro critical catalytic triad of SARS-CoV-2: Trp106, Asn109,
Cys111, Met208, Lys232, Pro247, Tyr268, Gln269, His272, Asp286, and Thr301 [127]. These
compounds may be useful options for therapeutic intervention against COVID-19, because
inhibiting PLpro is a crucial tactic in the battle against viruses [127].

The multifunctional technique using MD simulations to target SARS-CoV-2-PLpro is
a comprehensive approach to suppress viral replication and control COVID-19 [120]. In
the fight against the current pandemic, thiol-reacting inhibitors, substrate-based peptides,
FDA-approved drug repurposing, and MD simulations have been combined to provide
information on potential candidates and modes of action.

5. Implications of PLpro Targeting beyond COVID-19, Exploration of Its Role in Other
Diseases, and Potential as a Target for Broader Antiviral Strategies

Beyond COVID-19, targeting PLpro has major implications for antiviral approaches
and the treatment of various diseases. PLpro is a conserved enzyme present in other
coronaviruses, including SARS-CoV and MERS-CoV, and is not unique to SARS-CoV-
2 [128,129]. PLpro homologs have been found in viral families other than coronaviruses,
including alphaviruses and arteriviruses, indicating a more widespread involvement in
viral pathogenesis [130]. In addition to fighting COVID-19, researchers hope to create
antiviral treatments that might be used to treat various viral infections by focusing on
PLpro. PLpro plays a role in the control of host immune responses and viral replication;
it works by cleaving the viral polyprotein, which facilitates the processing of the viral
proteins necessary for the formation and reproduction of viruses [131,132]. Furthermore,
by opposing the synthesis of type I interferons and blocking the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) pathway, PLpro obstructs host innate immune
signals. These methods of immune evasion are not exclusive to coronaviruses; rather, they
are shared by a variety of viruses, which shows that PLpro can be a good target for more
extensive antiviral therapies [133,134].

Furthermore, PLpro has been linked in recent research to the pathophysiology of
illnesses other than viral infections. PLpro has been linked to the development of in-
flammatory diseases such as inflammatory bowel disease and rheumatoid arthritis and
inflammatory reactions [135,136]. PLpro contributes to the dysregulation of inflammatory
processes by altering immunological signaling pathways, which raises the possibility that it
could be a therapeutic target for inflammatory and autoimmune diseases [133,137]. More-
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over, PLpro’s proteolytic activity targets host proteins involved in cellular processes such
as protein degradation and ubiquitination in addition to viral proteins [69,111,138,139].
Beyond viral infections, the dysregulation of these processes has been associated with
several diseases, such as cancer and neurological disorders, highlighting the therapeutic
potential of targeting PLpro [140]. Our understanding of PLpro’s therapeutic potential
will grow as more research is conducted on its involvement in viral pathogenesis and
disease pathophysiology. This will open the door for novel therapeutics that target PLpro
in various health conditions.

6. Clinical and Preclinical Studies: Integrating MD Simulation Insights

The translation of computational results into clinically relevant outcomes is a vital
link between theoretical understanding and useful healthcare decisions [141]. Because
they clarify molecular interactions, forecast medication efficacy, and optimize drug can-
didates, computational techniques, including molecular docking, MD simulations, and
machine learning algorithms, are essential to the drug development process [142]. Due to
the widespread effects of COVID-19, a significant amount of research has been conducted
using computational and experimental methods to better understand the illness and create
treatments, vaccinations, and diagnostic tools [143]. In the first year of the pandemic,
drug repurposing was not able to quickly address global problems, despite a great deal of
computational attention being directed toward this area [144]. However, a few well-known
drugs have been used in clinics to treat COVID-19 patients, and several drugs with new
uses are still being clinically tested [145]. In this setting, the need to deliver experimentally
testable ideas to expedite the identification of novel therapies is highlighted, along with
the requirement for powerful computational tools [146]. As the world struggled to deal
with the substantial death toll and disruptions brought on by COVID-19 in 2020, further
research and clinical trials resulted in the creation of vaccinations [147]. Although the
evolving coronavirus has raised questions about vaccination efficacy, it has refocused the
attention to drug repositioning [143]. Using matrix completion approaches, computational
models have been developed to predict drug–virus relationships for drug repositioning.
This process provides a useful tool for doctors to choose possible antiviral treatments [148].
Using chemical and genetic structures, this study contains a curated database of the known
correlations between viruses and antivirals [149]. After confirmation using regular ex-
perimental protocols, ongoing clinical studies agree with the computational techniques’
accurate anticipation of potential antiviral drugs for COVID-19.

Targeting SARS-CoV-2 PLpro has been the focus of extensive studies because of the
urgent need to discover new therapeutic techniques to attack COVID-19 [129]. This review
also looked at preclinical and clinical research on PLpro inhibition and the knowledge
obtained from MD simulations. In addressing SARS-CoV-2 PLpro, GRL-0617, a non-
covalent inhibitor, demonstrated potential for SARS-CoV PLpro [150]. Because of the
structural similarities between the two viral proteases and the compound’s efficacy against
SARS-CoV-2 PLpro, there is potential to repurpose existing PLpro inhibitors for SARS-CoV-
2 [27,129,151]. The conserved Tyr268 in SARS-CoV-2 PLpro and GRL-0617 share the same
binding mechanism, which was further supported using computational simulations [89].

Although vaccines such as those from Moderna, Johnson & Johnson, and Pfizer/BioNTech
provide promise in controlling the pandemic, their efficacy against novel virus strains re-
mains uncertain, because they mostly target the spike protein [152]. Moreover, vaccinations
act as prevention measures, which makes the creation of antiviral drugs for treating COVID-
19 necessary [153].

Recent research has shown that there are irreversible inhibitors with great selectivity
for SARS-CoV-2 PLpro, such as VIR250 and VIR251 [50]. These structural discoveries
provide the basis for logical drug design approaches that efficiently target SARS-CoV-2
PLpro [154]. In a multicenter prospective study, a study registered with ClinicalTrials.gov,
NCT04276688, showed that early triple-antiviral therapy was safe and superior to lopinavir–
ritonavir alone in alleviating symptoms and shortening the duration of viral shedding
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and hospital stay in patients with mild to moderate COVID-19 [155,156]. In another study,
the potential of Cyanovirin-N to suppress SARS-CoV-2 was recommended because of its
strong binding energies with the spike protein, Mpro, and PLpro [157,158]. In a similar
perspective, other putative PLpro inhibitors were identified through a virtual screening
of FDA-approved medications. Among these, Mefloquine showed promise as a treat-
ment agent because of its efficacy against SARS-CoV-2 in cell-based experiments [136].
Furthermore, structural similarities between the PLpro of SARS-CoV-2 and Human Coro-
navirus 229E (HCoV-229E) were found through molecular modeling studies, indicating
that the latter could be a good surrogate for drug discovery investigations [159]. This strat-
egy resulted in the discovery of Mefloquine, which demonstrated encouraging outcomes
against SARS-CoV-2 PLpro. However, additional research is required to fully explore its
therapeutic potential.

Moreover, certain pharmaceuticals, including Dronedarone, Dasatinib, and Clofaz-
imine, were identified as possible PLpro inhibitors through the screening of clinical and
preclinical medications with Clofazimine, which has recently been identified as a broad-
spectrum inhibitor of coronaviruses and may be a promising candidate for coronaviruses
that have emerged and may emerge in the future [160,161]. The above-mentioned sub-
stances demonstrated antiviral efficacy against SARS-CoV-2 both in vivo and in vitro,
implying that they may be useful in treatment. Furthermore, the lead compound Jun12682
was found using structure-based drug design; it effectively inhibited the protease, deubiqui-
tinase, and deISGylase activities of PLpro. This substance consistently showed effectiveness
against nirmatrelvir-resistant mutants and SARS-CoV-2 variants, indicating its potential to
address present and future viral challenges [78].

In other studies, five compounds were identified after a detailed analysis of the screen-
ing results: MFCD00832476, MFCD02180753, Ergotamine, Pacritinib, and Bemcentinib
inhibit PLpro [162,163]. At a 20 ns MD simulation, these compounds were stable within the
active sites of the protease proteins [162]. In contrast, 147 substances were shown to be pos-
sible SARS-CoV-2 PLpro inhibitors in a different investigation. Dasatinib was one of these
agents; in clinical situations, it demonstrated antiviral effectiveness against SARS-CoV-2,
but it was unclear if Dasatinib interacted with PLpro directly [136,164]. Nonetheless, the re-
search recommends that one of the most crucial approaches for future COVID-19 treatment
and development, preventive research, is computer-aided small-molecule drug discovery.

However, there are several difficulties in applying computational results to clinical
practice, especially in the early stages of clinical trials [165]. The safety and effectiveness of
potential medications in humans must be confirmed through experimental validation in
clinical trials, even though computational models offer useful predictions [166]. Clinical
trials evaluate the safety, dose, effectiveness, and side effects of drugs in various patient
populations through extensive testing conducted in several phases [167]. Issues such
as patient recruitment, the study design, regulatory approval, and financial limitations
may hamper the clinical translation of computational insights [168]. Moreover, dispari-
ties between computational forecasts and experimental results highlight the necessity of
iteratively improving and validating computational models to improve their predictive
precision and reliability in clinical settings [143]. Despite these challenges, the integration
of computational methods into clinical research holds immense promise for accelerat-
ing the development of novel therapeutics and improving patient outcomes in diverse
disease contexts.

7. Challenges and Future Directions: Guided by MD Simulations

There have been numerous challenges in finding efficient coronavirus protease in-
hibitors, especially those that target the PLpro and Mpro of SARS-CoV-2 [129]. The main
causes of these obstacles are the inhibitory efficacy and pharmacokinetic properties of
potential drugs [169]. To be deemed a promising drug or drug candidate, a molecule needs
to accomplish two things: it needs to successfully reach a target in the body and trigger
the desired biological reactions [170,171]. These are important factors to consider while
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developing antiviral drugs, particularly considering the critical need to eradicate COVID-19
and similar viruses [172,173].

The kinetics of enzyme–ligand interactions determine the suitability of the small
timescale used in the MD simulation for finding PLpro inhibitors [174]. Although they are
less effective at simulating longer-term phenomena such as complex binding kinetics or
protein folding, short timescale simulations can nonetheless provide important insights
into the early phases of a protein–ligand interaction or the dynamics of certain protein
domains [175]. Short timescale simulations could be useful, for example, if the goal is to
comprehend the early phases of PLpro inhibition or investigate the flexibility of binding
pockets [23]. However, longer timescale simulations or improved sampling approaches may
be required to adequately capture uncommon events and transitions when investigating the
stability of PLpro-inhibitor complexes over lengthy periods of time or revealing allosteric
processes [176].

Furthermore, the parameterization of force fields and other simulation parameters
significantly affects the interpretation of MD simulation results for PLpro inhibitors [14,16].
The choice of ion parameters, water models, force field parameters, and how electrostatic
interactions are handled can all have a significant impact on the accuracy and reliability of
the simulation results. Therefore, to ensure reproducibility and transparency, it is essential
to provide comprehensive information on the parameterization technique used in MD
simulations. This includes specifying the force field employed (e.g., CHARMM, AMBER, or
OPLS), the version and parameter sets utilized, any customizations made to the force field,
and the rationale behind these choices [177]. In addition, understanding the simulation
process and correctly interpreting the outcomes depend on the thorough documentation of
the simulation setup, including the solvent treatment, boundary conditions, integration
time steps, and equilibration protocols [178]. Researchers can improve the robustness and
credibility of their MD simulation studies on PLpro inhibitors by providing comprehensive
details on parameterization and simulation techniques [179]. This will enable the rigorous
interpretation and confirmation of the findings.

Baicalein, disulfiram, carbofur, ebselen, tideglusib, shikonin, and PX-12 are only a
few of the compounds that have been proven to exhibit drug-like qualities and fit the
requirements to be considered for drug development [180]. Nevertheless, these substances
still struggle to attain the appropriate level of potency and selectivity against coronavirus
proteases [181]. This paradox is also shown in the case of SARS-CoV-2 PLpro inhibitors,
where it is still difficult to strike a precise balance between drug-linked qualities and the
capacity to elicit strong and targeted protease inhibition [182]. It is critical to address these
problems, because they have an immediate influence on the viability of creating antiviral
drugs [182].

Studies on the structure–activity relationship (SAR) have provided important new
information on the properties of protease inhibitors [183]. Covalent and peptidomimetic
inhibitors have demonstrated the ability to selectively and potently inhibit the active sites of
these enzymes [24]. However, regarding pharmacokinetic factors, these inhibitors often fail,
even when they show promise [184]. They are not acceptable as drug candidates because
of either their poor metabolism, excretion, absorption, distribution, or toxicological proper-
ties [24,184]. On the other hand, low-molecular-weight or non-peptidomimetic compounds
show potential in meeting drug-like criteria [173]; however, they encounter difficulties in
obtaining the required potency and selectivity against coronavirus proteases [40]. To close
this gap, it is imperative to concentrate on the lead optimization of low-molecular-weight,
non-peptidomimetic drugs [185].

To address these issues in the creation of protease inhibitors, fragment-based drug
design (FBDD) appears to be a potential strategy [186]. This involves identifying low-
molecular-weight compounds as potential protease inhibitors, using a combination of
computational and experimental methods to select advantageous fragments from pep-
tidomimetic compounds, and incorporating these fragments into the lead optimization
process of low-molecular-weight compounds [187]. The last phase involves carefully opti-
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mizing hybrid compounds to achieve desirable pharmacokinetic and pharmacodynamic
characteristics [188]. This approach may offer a viable way to create protease inhibitors
that are more potent in the future. The choice of regimen of applicability should be based
on their advantages and limitations, as mentioned in Table 3.

Table 3. Summary comparison and contrast of various regimens of applicability of different computa-
tional techniques.

Computational
Technique

Applicability of the
Technique to SARS-CoV-2

Advantages Limitations Ref.

Molecular
Dynamics (MD)

For an atomistic analysis of
the dynamic interactions
between inhibitors and

PLpro or other enzymes in
SARS-CoV-2, MD

simulations are a good
choice. They could record
conformational changes

over time, offering insights
into the kinetics and

binding mechanisms of the
creation of protein–ligand

complexes. MD
simulations provide useful
information regarding the
flexibility and stability of
the binding site, thereby
making structure-based

drug design easier.

By thoroughly examining
binding events, MD

simulations help scientists
understand the intricate
relationships between
inhibitors and target

enzymes. They offer an
atomistic-level

understanding of the
dynamic behavior of the
protein–ligand complex,
which helps to rationally

design new inhibitors with
a higher selectivity and

affinity. Furthermore, MD
simulations can capture the
impacts of ions and solvent
molecules on the binding

process, thereby improving
the precision of binding
free energy estimates.

MD simulations are
computationally demanding

despite their high level of
realism, especially when

extended periods are required to
observe uncommon binding
events. The selection of force

field parameters and simulation
techniques, which may induce
bias or inaccuracies, also affects
the accuracy of MD simulations.

Furthermore, the predictive
power of MD simulations may
be limited by their inability to

adequately mimic specific
features of protein dynamics,

such as extensive conformational
changes or allosteric effects.

[189–191]

Molecular
Docking

One popular technique for
estimating the binding

affinities and mechanisms
of small-molecule

inhibitors to PLpro or other
SARS-CoV-2 enzymes is

molecular docking. Large
compound libraries can be

virtually screened to
identify possible inhibitors
and rank lead compounds
for additional experimental
confirmation. By offering

insightful information
about the interactions

between inhibitors and
target enzymes, molecular

docking helps optimize
lead compounds for
structure-based drug

design strategies.

High-throughput screening
capabilities provided by

molecular docking enable
researchers to quickly

assess how well various
possible inhibitors bind to
PLpro or other enzymes.
This makes it easier to
rationally design new

inhibitors with an
improved potency and
specificity by precisely
predicting the binding

modes and poses of ligands
within the active site of the

enzyme. Moreover,
researchers with limited
computer resources can

access molecular docking
because it is comparatively
less expensive to compute

than other approaches.

The precision with which
molecular docking techniques
can capture protein flexibility
may be limited, which could

result in estimates of the ligand
binding affinity that are either

falsely positive or falsely
negative. They depend on stiff
receptor architectures, which

may not accurately capture the
dynamic character of the

interaction between a protein
and a ligand. The consideration

of solvent effects and
conformational changes in the
binding site may be limited in

molecular docking predictions of
binding free energies.

Furthermore, the quality of the
protein structure and the scoring

function employed affect the
accuracy of molecular docking

results, which could add
uncertainty to the predictions.

[76,192–194]
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Table 3. Cont.

Computational
Technique

Applicability of the
Technique to SARS-CoV-2

Advantages Limitations Ref.

Free Energy
Perturbation

(FEP)

FEP calculations provide a
quantitative assessment of
the binding free energies
between inhibitors and

PLpro or other enzymes in
SARS-CoV-2. By shedding

light on the
thermodynamic stability of

the protein–ligand
complex, it is possible to

rank lead compounds
according to how well they
are projected to bind. FEP
calculations can capture
minor energy differences
between ligands, guiding

sensible tuning of inhibitor
potency and selectivity.

By providing researchers
with a thorough and

quantitative evaluation of
binding affinities, FEP

calculations enable them to
rank potential inhibitors

for additional experimental
validation and compare the

effectiveness of various
inhibitors. By taking

solvent effects, entropy
fluctuations, and molecule

flexibility into
consideration, they provide

insightful information
about the energetics of

ligand binding.
Furthermore, by

highlighting important
interactions between
inhibitors and target

enzymes, FEP calculations
can direct structure-based

drug design efforts and
help rationalize the

development of innovative
treatments with

increased efficacy.

FEP computations are
computationally and time

intensive because they require
meticulous equilibration and

substantial sampling to obtain
accurate findings. To guarantee
the validity of the forecasts, they

depend on precise force field
parameters and simulation

techniques, which, if improperly
calibrated, may introduce

uncertainties or inaccuracies.
Furthermore, some features of

protein–ligand interactions, such
as conformational changes or

solvent effects, may be difficult
for FEP calculations to

adequately simulate, which
could result in inaccurate

binding free energy predictions.
Furthermore, the computing
expense of FEP computations
can restrict their suitability for
intricate biological systems or

sizable compound libraries,
necessitating cautious evaluation

of available resources.

[190,195,
196]

MM/PBSA and
MM/GBSA

When determining the
binding free energies

between inhibitors and
PLpro or other enzymes in

SARS-CoV-2, the
MM/PBSA and

MM/GBSA approaches
work well, especially in
large systems with many

flexible regions or binding
sites. They provide a

computationally affordable
substitute for explicit
solvent simulations,

facilitating the expeditious
identification of putative

inhibitors and the order of
importance of lead

compounds. The energetics
of protein–ligand

interactions are better
understood using the

MM/PBSA and
MM/GBSA techniques,

which help in the logical
adjustment of inhibitor
potency and selectivity.

Because the MM/PBSA
and MM/GBSA techniques

are less computationally
expensive than explicit

solvent simulations, even
researchers with limited
computing resources can
use them. They provide a

useful and effective
method for calculating
binding free energies in
large systems, making it

possible to quickly screen
for possible inhibitors and
identify lead compounds

for additional experimental
confirmation. Furthermore,
the contributions of certain
residues to ligand binding
can be captured using the

MM/PBSA and
MM/GBSA techniques,

offering important insights
into the major interactions

influencing inhibitor
efficacy and selectivity.

The MM/PBSA and MM/GBSA
techniques depend on implicit

solvent representations and
simplified energy models, which
may not be sufficiently accurate

to capture intricate
protein–ligand interactions.
They are susceptible to the

selection of force field
parameters, and if not calibrated

correctly, may yield erratic
results. Furthermore, the

projected binding free energies
may contain errors or

uncertainties due to the inability
of the MM/PBSA and

MM/GBSA methodologies to
consider solvent effects and

conformational changes in the
binding site. Furthermore, in

systems with high protein
flexibility or allosteric effects, the

accuracy of MM/PBSA and
MM/GBSA calculations may be
impaired, necessitating rigorous
validation and interpretation of

the results.

[76,190,197]
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Table 3. Cont.

Computational
Technique

Applicability of the
Technique to SARS-CoV-2

Advantages Limitations Ref.

Quantum
Mechan-

ics/Molecular
Mechanics
(QM/MM)

Enzyme–substrate
interactions in PLpro or

other SARS-CoV-2
enzymes can be studied

with a high accuracy using
QM/MM simulations,

which consider the
chemical reactivity and
electronic effects during

binding. They offer
thorough insights into the
mechanisms underlying

inhibitor binding and
enzyme catalysis, which

help to rationally develop
innovative medicines with
increased selectivity and

efficacy. QM/MM
simulations can capture the
effects of substrate changes
or active site mutations on

the enzyme activity and
inhibitor binding, making
them an excellent tool for

investigating complex
biological systems.

A thorough understanding
of enzyme–substrate

interactions at the
quantum mechanical level
is possible with QM/MM
simulations, which also

provide important insights
into the underlying

chemical mechanisms of
inhibitor binding and

enzyme catalysis. They
enable the logical

optimization of inhibitor
potency and selectivity by

enabling researchers to
investigate the energetics

of bond creation and
breaking in enzyme

processes. Furthermore, by
highlighting important

interactions between
inhibitors and target
enzymes, QM/MM

simulations can direct
structure-based drug

design efforts and help
develop innovative

therapies with improved
specificity and efficacy.

The usefulness of QM/MM
simulations is limited to tiny

systems or short timelines
because of their high processing

costs and requirements. To
guarantee the veracity of the

forecasts, they depend on precise
force field parameters and

quantum mechanical techniques,
which, if improperly calibrated,
may introduce uncertainties or
inaccuracies. Furthermore, the

effects of solvent molecules and
protein flexibility on the

interactions between the enzyme
and substrate may be difficult to

simulate in QM/MM
simulations, which could result
in inaccurate binding free energy

predictions. In addition, the
intricacy of quantum mechanical

computations and the
requirement for specific

knowledge in computational
chemistry may make it difficult

to interpret the outcomes of
QM/MM simulations.

[198–200]

In recent research efforts, drug development has been greatly aided by in silico studies;
however, it is crucial to validate these results with in vivo research [201]. These in vivo
investigations demonstrate the therapeutic potential of these drug candidates and confirm
their method of action [202]. Therefore, a multidisciplinary strategy that incorporates
in vivo research, pharmacokinetics, pharmacodynamics, and computational drug design
is crucial [203]. When combined, these tactics offer the best chance of surmounting cur-
rent obstacles and advancing the development of potent antiviral drugs for COVID-19
treatment [204]. Without a doubt, this effort will support the ongoing fight against the
worldwide epidemic and aid in the creation of vital drug compounds.

8. Conclusions and Author Insights into Targeting SARS-CoV-2 Papain-like Protease

To find efficient cures and solutions, the global response to the COVID-19 epidemic has
sparked uncommon experimental and computational research endeavors. Of the several
strategies used, machine learning (ML) has drawn interest because of its potential for drug
repurposing, that is, using drugs already approved by the FDA to fight SARS-CoV-2 [205].
Machine learning is used to forecast possible virus inhibitors, highlighting the critical
function of trustworthy databases [48]. The effectiveness of ML in virtual drug screening
also clarifies the shortcomings of databases and ML models, offering helpful guidance to
researchers negotiating this challenging terrain [206].

This review examined the crucial role of SARS-CoV-2 PLpro in the development and
control of COVID-19. The discovery of prospective antiviral drugs and our understanding
of this important enzyme have both benefited greatly from the application of innovative
computational techniques [142,207,208]. In previous research, a tertiary structure model for
SARS-CoV-2 PLpro was created using homology modeling, and the catalytic region of the
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PLpro protein was found to have binding sites for antiviral drugs using molecular docking
techniques [209]. In the process of creating new drugs, this computational method, which
combines modeling and docking, is a useful first step that lays the groundwork for further
experimental studies [210].

Moreover, all-atom MD simulations were performed to guarantee the stability of
the drug–PLpro complexes in a water solvent environment [211]. The MD simulations
provided important insights into the dynamics and interactions between drug candidates
and the PLpro protein. The most stable complexes were found using the binding energy
estimations from MD simulations, which are crucial in the search for effective antiviral
drugs that inhibit SARS-CoV-2 by inhibiting PLpro [212]. This versatile computational
method is effective in the search for new antiviral drugs [213].

Although the promise of certain therapeutic candidates targeting SARS-CoV-2 PLpro
has been revealed using computational approaches, it is crucial to stress that these results
need to undergo thorough in vitro and in vivo examinations [214]. To assess the therapeutic
value of these recommended drugs, real-world experimental settings must validate their
safety and effectiveness [215]. These crucial next steps need to be completed in accordance
with acceptable scientific methods to guarantee that encouraging computational results
will materialize, with real progress against COVID-19 [216,217].

This review contributes to the idea that the existing range of drugs intended to sup-
press PLpro is insufficient. Their weak actions against this enzyme necessitate careful
definition and refinement before they may be considered clinically useful. Therefore, to
fully utilize these drugs in the therapeutic context, researchers must optimize and improve
their performance. Unbinding events of PLpro inhibitors, such as GRL0617 and its deriva-
tives, have been recorded through a thorough understanding of the unbinding pathways
attained via the SuMD simulation method, providing important insights into drug behavior
sand opportunities for improvement [218].

Apart from optimizing existing drugs, investigating sub-structurally similar molecules
is a potentially fruitful path [219]. Various computational techniques have been used
to evaluate the possibility of compounds similar to ritonavir that were obtained from
the PubChem database as antiviral drugs for SARS-CoV-2 [220]. Once again, the use of
homology modeling, molecular docking, and MD studies together proved to be quite
helpful in identifying new drug candidates that may be effective in treating SARS-CoV-2
by specifically targeting PLpro.

Nevertheless, there are several inherent limitations to employing computational mod-
els to explore possible inhibitions targeting SARS-CoV-2 PLpro. First, the overall quality
and comprehensiveness of input data have a major impact on the accuracy and depend-
ability of computational models [144]. There may be omissions or inconsistencies in the
data used, which may introduce bias and uncertainty into the model predictions given
the complexity of biological systems and our limited understanding of the interactions
involved [145]. Furthermore, because of computing limitations, computer models some-
times oversimplify or overlook complicated biological processes, which may result in
simplified representations that fail to fully capture the complexity of PLpro inhibition
mechanisms [146]. These simplified assumptions could lead to incomplete or inaccurate
forecasts of putative inhibitory substances [147].

Furthermore, there are restrictions on the validity and generalizability of computer
models used to predict PLpro inhibitors [148]. Usually, models are evaluated and trained on
datasets or scenarios that cannot adequately capture the variety and unpredictability of real
PLpro interactions [132,149]. Consequently, these models may perform poorly when used
with fresh or untested data, which would lower their projected accuracy and restrict their
usefulness [221]. Therefore, the absence of standardization and reproducibility in computer
modeling techniques complicates the evaluation of the precision and dependability of
model predictions [222]. The identification of PLpro inhibitors may be questioned in the
absence of strong validation protocols, which could impede the development of these
compounds into useful therapeutics [223]. While computational modeling offers valuable
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insights into potential PLpro inhibitions, addressing these limitations is crucial to ensure the
validity and utility of the findings in advancing therapeutic strategies against SARS-CoV-2.

It is crucial to understand that these results are preliminary and need to be rigorously
validated by experiments. Moreover, future outbreaks and the continuous battle against
this worldwide pandemic would require a concentrated effort to improve the currently
available drugs and investigate new chemical compounds. This multidisciplinary strategy,
which combines experimental validation with computational insights, is critical for the
development and control of COVID-19.
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