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Abstract: The new coronavirus SARS-CoV-2 is the cause of the COVID-19 pandemic, which has created an
incomparable global health problem. 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.
The review begins by elucidating the functional and structural properties of SARS-CoV-2 PLpro, underscoring
its significance in viral pathogenicity and replication. Employing homology modeling, a tertiary structure
model of PLpro is constructed, laying the groundwork for subsequent investigations. To expedite the search
for potential therapeutic candidates, the study harnesses computational methodologies. Molecular docking
techniques are employed to explore binding sites for antiviral drugs within the catalytic region of PLpro. This
computational approach not only aids in drug development but also provides crucial preliminary data before
experimental research commences. The stability of drug-PLpro complexes is assessed through comprehensive
all-atom molecular dynamics (MD) simulations, affording dynamic insights into drug-PLpro interactions. By
evaluating binding energy estimates from MD simulations, stable drug-PLpro complexes with potential
antiviral properties are identified. However, it is emphasized that experimental validation is imperative to
confirm these computational findings, necessitating in vitro and in vivo tests to assess safety and efficacy. This
pivotal stage bridges the computational realm with real-world clinical applications. The review emphasizes
the imperative need for enhancements in the existing PLpro-targeting drugs currently on the market. Their
actions are insufficient for clinical use and necessitate thorough characterization and improvement. The
Supervised Molecular Dynamics (SuMD) simulation technique reveals critical information about drug
unbinding pathways, shedding light on opportunities for refinement. In addition to optimizing existing drugs,
the investigation of sub-structurally similar molecules emerges as a promising avenue for drug development.
In conclusion, the review underscores the pivotal role of targeting SARS-CoV-2 PLpro in the ongoing battle
against COVID-19. By integrating molecular dynamics simulations, structural modeling, and computational
insights, a robust foundation is established for identifying promising antiviral drug candidates. The continual
need for improvement in existing drugs and the exploration of novel compounds remain paramount in the
global effort to combat COVID-19. The evolution and management of COVID-19 hinge on the symbiotic
relationship between computational insights and experimental validation, illustrating the interdisciplinary
synergy crucial to this endeavor.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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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 epidemic in
December 2019 [1]. 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 696.4 million confirmed cases and 6.9 million fatalities. Following previous coronavirus
illness outbreaks, such as SARS in 2002-2003 and Middle East respiratory syndrome (MERS) in 2012,
this event presented serious obstaacles 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 [2,3].

Like 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 is in
charge of virus attachment and membrane fusion during infection [4]. 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 [5].

SARS-CoV-2 is a member of the Betacoronavirus genus and possesses a large single-stranded
RNA genome that codes for several different proteins, including accessory and structural proteins
[6]. By means of a ribosomal frame-shifting mechanism, non-structural proteins (Nsps) are translated
from big polyproteins, Ppla and Pplab, during the replication process of SARS-CoV-2 [7]. The release
and maturation of the 15 Nsps, which make up the replicase-transcriptase complex in charge of
transcription and replication of the viral genome, depend on appropriate polyprotein processing [7].

Since it interacts to the angiotensin-converting enzyme 2 (ACE2) receptor on the surface of host
cells, the spike (S) protein facilitates viral entry and is crucial to the SARS-CoV-2 infection process [8].
The two primary domains of the S protein are S1 and S2, where 51 mediates ACE2 binding and S2
facilitates viral membrane fusion with the host cell membrane [9]. The S1 domain's receptor-binding
domain (RBD) interacts with ACE2, and the entry of the virus into host cells depends on the cleavage
of the S protein at specific areas [10].

The lipid membrane that envelops coronaviruses is produced from the host cell, and the spike
(S) protein on their surface gives them their distinctive halo-like appearance [11]. Among all RNA
viruses, the coronavirus genome is one of the biggest known [12]. It is a single-stranded RNA with
positive polarity [13].

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 [14]. The virus has infected millions of people and significantly increased
mortality rates despite vaccine efforts, particularly in low-income nations [15].

One of SARS-CoV-2's non-structural proteins, papain-like protease (PLpro), has a variety of
functions in the growth and replication of the virus [16]. It contributes to the cleavage of viral
polyproteins and, through downregulating type I interferon production, impedes the host's immune
response to the virus [17]. The 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) [18].

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. SARS-CoV-2 PLpro in particular has drawn attention as a potential
therapeutic target because of its vital function in both the host's immune response regulation and
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viral replication [19]. To find potential drugs to treat SARS-CoV-2, computational techniques like
homology modeling, molecular docking, and MD simulations have been used [20].

Our research study, "Unveiling the Inhibitory Potentials of Peptidomimetic Azanitriles and
Pyridyl Esters towards SARS-CoV-2 Main Protease: A Molecular Modelling Investigation," describes
how we evaluated new peptidomimetic nitriles that are azatripeptide and azatetrapeptide as possible
inhibitors of the SARS-CoV-2 main protease. We used molecular docking, molecular dynamics (MD)
simulations, and several post-MD analyses, such as percentage hydrogen occupancy, in this
investigation. These methods were used to clarify the binding free energy potentials that the chosen
compounds displayed in response to SARS-CoV-2. Additionally, we pinpointed the precise residues
responsible for the drug-binding characteristics of the selected inhibitors with relation to SARS-CoV-
2 Mpro. Furthermore, the focus of our current studies, "In Silico Analysis of Repurposed Antiviral
Drugs as Prospective Therapeutic 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, Isotretinoin, Ginkgolic Acids, and
GRL0617 might reduce the activity of the 3CLpro enzyme. Targeting 3CLpro and PLpro makes sense
because of its critical function in viral replication. In order to investigate these compounds' potential
as COVID-19 therapeutic agents, this study aims to shed light on the binding interactions of these
compounds. This investigation entails examining their capacity to bind to and inhibit the activity of
the 3CLpro and PLpro enzymes, essential targets in the development of coronavirus-targeting
antiviral medications.

To sum up, the COVID-19 pandemic has increased the demand for efficient antiviral drugs, and
there has been a lot of interest in the potential therapeutic role of SARS-CoV-2 PLpro [21]. In-depth
analysis of the virus's structural and functional features, vaccines 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 like 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 involving viral
enzymes and host receptors, have a complex connection to both the evolution of viruses and the
control of COVID-19 [22]. In order to comprehend this relationship, we must go into the various
phases of the SARS-CoV-2 life cycle and the potential targets for therapeutic treatments [6]. A crucial
step in the life cycle of a virus is the attachment to host cells that occurs at the beginning of the
infection [6]. Initially, the human angiotensin-converting enzyme 2 (hACE2) receptor is how SARS-
CoV-2 binds to human cells [23]. One possible treatment approach to stop viral infection in its tracks
is to interfere with this first virus-host contact [24]. Once within the host cell, the replication of SARS-
CoV-2 is dependent on the action of particular viral enzymes [6]. In this setting, two crucial proteases
are the 3-chymotrypsin-like protease (3CLpro) and the papain-like protease (PLpro) [25]. The
cleavage of viral polyproteins by these proteases results in the production of non-structural proteins
that are necessary for viral replication [26]. Thus, these proteases become 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 [27]. When comparing SARS-CoV-2 to its predecessor,
SARS-CoV, which produced the SARS pandemic in 2002-2003, the importance of these proteases,
particularly PLpro, in the context of SARS-CoV-2's life cycle becomes even more evident [28]. 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 pathogenicities [29]. In
particular, PLpro is essential for the cleavage of proteins in the host's innate immune pathways,
which permits the replication of SARS-CoV-2 [25]. In addition to viral proteases, RNA-dependent
RNA polymerase (RdRp) is another essential enzyme involved in the viral life cycle [30]. This enzyme
could be the target of a therapeutic intervention because it is essential for the synthesis of viral RNA
[31]. While this role is well-recognized in the setting of SARS-CoV, it is equally significant in the case
of SARS-CoV-2 [32].
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Figure 1. SARS-CoV-2 life cycle and the potential targets for therapeutic treatments as adapted from
source.

One key factor in the development of COVID-19 is the interaction between the virus and host
receptors, particularly ACE2 receptor [33]. How the virus impacts distinct organs is largely
dependent on the expression of ACE2 in the lungs, heart, kidneys, and intestines, among other host
tissues [34]. It is noteworthy that ACE2 seems to have two roles in infections with SARS-CoV-2 [35].
It protects the lungs from acute respiratory lung injury, including damage brought on by the SARS-
spike protein, but it also increases viral susceptibility [36]. Apart from ACE2, it has been shown that
SARS-CoV-2 entrance and pathogenesis are mediated by other receptors and proteases, including
TMPRSS2, DPP4, and cathepsin B and L [37]. Presently discovery of the exact processes by which
these receptors and proteases aid in viral entrance are still studied [38]. However, these results
highlight their potential as therapeutic intervention targets.

The spike protein and the activation of viral entry by cellular proteases are other examples of
the interaction between the virus and host [39]. Inhibitors that target TMPRSS2, in particular, have
demonstrated promise in reducing viral infection. TMPRSS2 is essential in priming the spike protein
for viral entry [40,41].

Proteomics and genomics of SARS-CoV-2 are equally intriguing. Proteases such as 3CLpro are
essential in breaking down polyproteins into useful proteins [42]. The virus codes for a variety of
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 [26,43].
Enzymes like nsp3, nsp4, nsp5, nsp12, nsp13, and nsp14 are among the many components of RTC
that work together to coordinate various stages of viral replication [44]. These enzymes reveal
themselves as excellent possibilities for the creation of antiviral drugs since they lack near
homologues in hosts [45].

A crucial step in the viral entry process is the interaction of SARS-CoV-2 with a variety of
proteases and receptors, such as TMPRSS2, CatB/L, and furin proteases [46]. Finding inhibitors for
these proteases is a promising approach to stop the spread of viruses [47]. Effective antiviral drugs
require a thorough understanding of the host receptors and viral enzymes involved in SARS-CoV-2
infection [9,48]. We might discover novel approaches to stop viral replication, lessen the severity of
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COVID-19, and possibly contain this worldwide epidemic by focusing on particular proteins and
receptors [49].
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Table 1. Summary the various enzymes, receptors, and their functions in the context of SARS-CoV-2.

Enzyme/Receptor

ACE2

TMPRSS2

DPP4

PLpro (Protease)
3CLpro (Mpro)
RdRp (RNA
Polymerase)
Helicase (NSP13)

Cathepsin B/L

Furin

Function/Role

Viral Entry, Lung
Protection

Viral Entry, Priming
Possible Receptor

Viral Replication,
Polyprotein Cleavage
Polyprotein Cleavage,
Replication

RNA Synthesis,
Replication

RNA Unwinding,
Replication

Viral Entry

S Protein Cleavage

Target for Therapeutic
Development
Therapeutic Target

Potential Inhibitor
Role Uncertain

Drug Target for
Inhibition

Drug Target for
Inhibition

Potential Drug Target

Potential Target
Target for Inhibiting

Entry
Potential Drug Target

Virus-Host Interaction

Facilitates viral entry and
cross-talk with host cells

Mediates viral entry and

spike protein cleavage

Possible binding to SARS-

Implication in Viral Evolution and SARS-CoV-2
Management

Dual role in COVID-19 infections; potential protection [50,51]
from acute lung injury and ARDS; increased

susceptibility due to high ACE2 expression

Important for viral entry; inhibitors may prevent [52]
infection and reduce viral spread

Role in virus-host interaction needs further [53]

CoV-2 investigation; may be involved in viral entry

Essential for viral Critical for cleaving polyproteins; potential drug target [54]
replication for inhibiting viral replication

Essential for viral Key for cleaving polyproteins; promising target for [55,56]
replication antiviral strategies

Crucial for viral genome Required for replication; promising drug target for [44]
replication antiviral strategies

Facilitates RNA Important for viral genome replication; potential [57]
unwinding and replication therapeutic target for anti-COVID-19 strategies

Involved in viral entry Blocking cathepsin activity can prevent viral entry [568-60]
Cleavage of S protein and Promising target for inhibiting viral entry and spread [60,61]

virus entry
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3. Structure and Function of SARS-CoV-2 PLpro

A key player in the genomic RNA replication of SARS-CoV, and also important for the closely
related SARS-CoV-2, is the papain-like cysteine protease (PLpro) [18]. Three nonstructural proteins
(NSPs-1, 2, and 3) are produced when polyproteins (PPs) have their N-terminal regions cut by PLpro.
PLpro's catalytic core domain, which includes the consensus sequence LXGG, is a crucial component.
Since 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 [62]. Three domains have been
identified in the crystal structure of SAR-CoV-2 PLpro, which highlights the catalytic cysteine
cleavage domain, a potential labile Zn-binding domain, and a ubiquitin domain [63]. The labile ZnlII
ion is essential for preserving the structural integrity of SAR CoV-2 PLpro, while the catalytic site, is
defined by the amino acid triad Cys111-His272-Asp286 [64]. All of these domains are viable targets
for therapy because the ubiquitin domain is connected to the host's innate immune responses [65].

Playing a dual purpose is one of the primary roles of the conserved cysteine residue in viral
PLpro [62]. First and foremost, it binds to the Znll ion, which is necessary to preserve correct protein
folding and stability of the local geometry [66]. Secondly, it attacks the substrate in the capacity of a
nucleophile, changing PLpro's structure and functionality [67]. Potential antiviral methods to
interfere with PLpro activity and hinder viral replication include inhibiting the catalytic cysteine at
the active site or focusing on the elimination of the labile ZnlII ion [68,69].

SARS-CoV-2 Papain-like Protease
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Figure 2. Redrawn SARS-CoV-2 papain-like protease structure as adapted from source].

SARS-CoV-2 drug development interests seem to be drawn to PLpro, although other
subdomains such as nsp3, nspl0, and nsp13 also have putative labile Zn sites, which broadens the
pool of possible targets. As a result of their weaker selectivity, Zn-ejector drugs present a problem in
the development process because they could affect different Zn-containing proteins in the human
body [70]. Substance-based inhibitors, on the other hand, exhibit promise in stopping viral replication
and hence reducing infection since they specifically bind the catalytic cysteine at the active site of
SARS-CoV-2 PLpro. Peptide-based inhibitors offer potential for increased antiviral efficacy and allow
for more rational design. As a result, thiol-targeting inhibitors are a potentially effective treatment
for SARS-CoV-2.

Nsp3, which contains the PLpro domain, stands out as 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 [71]. The
cleavage of peptide bonds at particular places by these cysteine proteases releases Nspl, Nsp2, and
Nsp3, which are essential for viral replication [72]. The identification and cleavage of PLpro depend

doi:10.20944/preprints202311.0529.v1
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on the LXGG motif present in Ppla/Pplab. Beyond its involvement in viral replication, PLpro
performs a variety of other tasks that affect host immunological responses, such as deubiquitinating
and delSG15ylating [71]. It is a prime candidate for treatment since it affects many host cellular
pathways, suggesting that it plays a crucial role in the growth and replication of viruses [73].

Previous research on SARS-CoV-2 antiviral drug development has mostly concentrated on
particular Nsp proteins, such as Nsp3 PLpro, Nsp5 Mpro, and Nspl2 RNA-dependent RNA
polymerase, which were found from investigations on other coronaviruses [73]. The argument for
focusing on the SARS-CoV-2 Nsp3 domain, PLpro, is discussed in this context. This enzyme's
potential as a therapeutic target is highlighted by its conservation across coronaviruses and low
sequence similarity to human enzymes [48]. Many coronaviruses have structural characterizations of
PLpro available, which are a great resource for structure-based drug development [74]. Nevertheless,
obstacles have arisen in the development of antivirals against SARS-CoV and SARS-CoV-2, requiring
new approaches [75].

Despite having less research done on it than Mpro, PLpro is a multifunctional protein that
functions as a deubiquitinase and a cysteine protease, which opens the door for the development of
powerful PLpro inhibitors [64]. This special combination of roles affects host immune responses in
addition to viral protein processing [64]. Thus, PLpro is an appealing target for antivirals since
blocking its functions may prevent viral replication and interfere with host immune systems [76]. The
expertise obtained from investigating SARS-CoV PLpro can be quickly used to the investigation of
SARS-CoV-2 PLpro, hence accelerating the development of new antivirals and retargeting drug
methods for SARS-CoV-2 [74]. Developing effective inhibitors will need a full understanding of the
substrate specificity, structure, and processes of SARS-CoV-2 PLpro [25]. This presents a promising
path for the creation of antiviral medications to battle the COVID-19 pandemic.

SARS-CoV-2, the agent responsible for causing COVID-19, is a positive-sense genomic RNA that
encodes ten open reading frames (ORFs) [77]. Of these, the majority of the genome is made up of
ORF1lab. ORFlab translates into two big polypeptide products, ppla and pplab, in the host cell [42].
Proteolytic cleavage of these polypeptides is necessary to produce the crucial nonstructural proteins
(nsps) required for viral replication [26]. Notably, two cysteine proteases, PLpro (Nsp3) and MPro
(Nsp5), catalyze the autocatalytic cleavage process [78]. Nsp1, Nsp2, and Nsp3, which are essential
for host regulation and viral replication, are released when PLpro recognizes and cleaves LXGG
patterns between viral proteins [71]. Furthermore, PLpro is a desirable target for the development of
antiviral drugs due to its deubiquitinating and deISGylating actions that influence the host's innate
immune responses [18,79].

Since PLpro is a difficult pharmacological target, there hasn't been much research done on its
inhibitors [80]. When contrast to MPro, its active site pocket is flatter [81]. Finding initial hits with
potential PLpro inhibitors for additional optimization can be facilitated by screening for cysteine
protease and deubiquitinase inhibitors, given its dual activity as a cysteine protease and
deubiquitinase [82].

Viral protein processing is greatly aided by PLpro, which is distinguished by its Cys-His-Asp
catalytic triad and is essential for immune evasion [21]. Not only does inhibition of PLpro prevent
viral replication, but it also interferes with different host immunological responses, underscoring its
potential as a crucial target for drug development [49].

The insights and expertise obtained by studying SARS-CoV PLpro can be applied immediately
to improve the development of antivirals targeting SARS-CoV-2 PLpro [48]. A thorough
comprehension 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 [74].

4. Multifaceted Approach with MD Simulations Targeting SARS-CoV-2 Papain-Like Protease
(PLpro)

In the midst of the ongoing SARS-CoV-2 pandemic, researchers have taken a variety of
approaches to finding efficient ways to fight the virus [83]. Targeting Papain-like Protease (PLpro),
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the virus's main protease enzyme, is essential to this mission [74]. To tackle the problems caused by
this multifunctional protein, scientists are using thiol-reacting inhibitors, substrate-based peptides,
FDA-approved drugs repurposing, and molecular dynamics (MD) simulations [84].

Finding thiol-reacting inhibitors is a potential path, especially if they can covalently bind to the
conserved cysteine residues in SARS-CoV-2-PLpro [85]. By forming a Cys-inhibitor complex through
this covalent connection, the PLpro is rendered inactive and viral replication is impeded [86]. The
capacity of Zn-ejector compounds to remove zinc ions (Znll) from the PLpro active site has drawn
significant interest [87]. Disulfiram (DSF) and other disulfide-based thiol-reacting inhibitors are
notable among them [87]. The potential of DSF, an FDA-approved drug for treating persistent alcohol
abuse, as a Zn-ejector has been thoroughly investigated [88]. 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 [89]. The multifunctionality of DSF has been revealed by recent
investigations [90]. In addition to acting as a Zn-ejector, it also modifies cysteines, causing damage to
SARS-CoV-2 PLpro's structural and functional integrity [91]. Due to 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) [89]. Notably, in cell cultures, 6-TG has demonstrated a significant inhibition of
SARS-CoV-2 PLpro [21]. 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 [93].

As mentioned above, SARS-CoV-2 PLpro, which recognizes and cleaves peptide bonds at LXGG
patterns between nonstructural proteins (nsps), is a crucial component in the virus's replication
mechanism [71]. These motifs are the target of small peptides that are developed to function as
substrate-based inhibitors [87]. The creation of two highly selective tetrapeptides that effectively
inhibit SARS-CoV-2 PLpro, VIR250 and VIR25], is the result of recent breakthroughs [74]. The
purpose of these peptides is to bind to the catalytic Cys111 residue via thioether linkage, so blocking
the enzyme's ability to cleave polyproteins and stopping the spread of the virus [94]. 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 [30].

Repurposing FDA-approved drugs is an alternative therapy approach being studied for COVID-
19 [95]. The FDA has approved Remdesivir, an RNA-dependent RNA polymerase inhibitor, as the
only antiviral drug for treating COVID-19 [96]. Its efficacy in patients is, however, rather moderate
[97]. Ritonavir has been used to block SARS-CoV-2 PLpro which it is well-known anti-HIV-1
properties [48]. This drug affects the coordination of signals within infected cells by targeting
polyproteins produced by viral proteases [49].

Understanding the stability and interactions between small molecules and proteins is made
possible through the use of molecular dynamics simulations [98]. This computational method sheds
light on the kinetics of binding and interactions between drugs and proteins.
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Table 2. MD simulation studies for SARS-CoV-2 PLpro inhibitors.

Inhibitor/Drug Candidate Simulation Method
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VIR250 and VIR251
Neobavaisoflavone
Ritonavir
Dasabuvir (A17)
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Vaniprevir (A53)
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Carmofur

Ebselen

Tideglusib
Shikonin

PX-12 (Belinostat)

Molecular Dynamics
Simulation
Molecular Dynamics
Simulation
Molecular Dynamics
Simulation
Molecular Dynamics
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Molecular Dynamics
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Molecular Dynamics
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Simulation
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Simulation
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Since they are commercially available and have a track record of safety, FDA-approved drugs
make perfect repurposing candidates [110]. One important goal is to identify the most effective
options among these drugs based on their robust binding ability to SARS-CoV-2 PLpro [74]. To assess
the stability, binding affinity, and interactions of drug-PLpro binding, molecular
mechanics/generalized Born surface area (MM/GBSA) binding energy estimates are used after
molecular dynamics simulations [111].

Molecular dynamics simulations are utilized to study the stability and interactions of small
molecules bonded to proteins in more detail [112]. Since 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 emergency situations [113].
The ultimate goal of this research is to repurpose drugs for the inhibition of SARS-CoV-2 by
identifying the best candidates among FDA-approved drugs with substantial binding potential for
SARS-CoV-2 PLpro [48]. Using molecular dynamics simulations over 50 ns, the most promising
drugs based on the anticipated docking scores for COVID-19 PLpro will be examined in further detail
[114]. Throughout the MD simulated time, drug-PLpro binding energies (AGbinding) will be
assessed using a molecular mechanics/generalized Born surface area (MM/GBSA) technique [115].
Estimates will also be made of the drug-PLpro binding's stability, affinity, and interactions [116].

Three antioxidants and cell protectants (NAD+, quercitrin, and oxiglutatione), three antivirals
(ritonavir, moroxydine, and zanamivir), two antimicrobials (doripenem and sulfaguanidine), two
anticancer drugs, three benzimidazole anthelmintics, one antacid (famotidine), three anti-
hypertensive ACE receptor blockers (candesartan, losartan, and valsartan), and other various
systemically or topically acting drugs were among the top results expected to bind with SARS-CoV-
2 PLpro strongly [117]. These drugs binding patterns were superior to those of 6-mercaptopurine (6-
MP), the previously discovered SARS CoV PLpro inhibitor, indicating the possibility of using these
drugs as an alternate way to treat COVID-19 [118].

One drug that has been repurposed to inhibit PLpro function in the replication process is
ritonavir, which is an inhibitor of protease that works against the Human Immunodeficiency Virus
Type 1 (HIV-1) [119]. Ritonavir provides a multifaceted approach to stop the growth of viruses by
interfering with the cleavage of the polyproteins produced by viral proteases, which is necessary for
the transcription and replication of viral RNA [120].

The use of SuperNatural Database conducted a high throughput virtual screening (HTVS)
program with the aim of finding inhibitors that target Papain-Like Proteases (PLpro) [121]. This later,
revealed that two substances, SN00334175 and SN00162745, showed docking scores of -10.58 kcal/mol
and -9.93 kcal/mol, respectively, according to the XP docking results [122]. Furthermore, Van der
Waal energy and hydrophobic energy components were identified as significant contributors to the
overall binding free energy in the PRIME MMGB-SA investigations [123]. SN00334175/7JN2 and
SN00162745/7JN2 were shown to be stabilized by ligand binding, which formed interacts with
Gly266, Asn267, Tyr268, Tyr273, Thr301, and Asp302, Lysl57, Leul62, Aspl64, Argl66, Glulé?,
Pro248, and Tyr264 [123]. This information was obtained from a 100 ns molecular dynamics
simulation of these complexes [123].

A study screened 21 antiviral, antifungal, and anticancer compounds using an in silico molecular
docking technique to find potential inhibitors of the SARS-CoV-2 papain-like protease [124]. This
study showed that Neobavaisoflavone is the one with the highest binding energy to the papain-like
SARS-CoV-2 protease among them [120]. These compounds may bind close to the ISGylation,
ubiquitination, and papain-like protease critical catalytic triad of SARS-CoV-2: Trp106, Asnl09,
Cysl111, Met208, Lys232, Pro247, Tyr268, GIn269, His272, Asp286 and Thr301 [125]. These compounds
may be useful options for therapeutic intervention against COVID-19 since inhibiting the papain-like
protease is a crucial tactic in the battle against viruses [125].

To sum up, the multifunctional technique utilizing MD simulations to target SARS-CoV-2-PLpro
is a comprehensive approach to suppress viral replication and control COVID-19 [126]. In the fight
against the current pandemic, thiol-reacting inhibitors, substrate-based peptides, FDA-approved
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drug repurposing, and molecular dynamics simulations are combined to provide information on
potential candidates and modes of action.

5. Clinical and Preclinical Studies: Integrating MD Simulation Insights

Targeting the SARS-CoV-2 Papain-like Protease (PLpro) has been the focus of extensive studies
due to the urgent need to discover new therapeutic techniques to attack COVID-19 [25]. We examine
preclinical and clinical research on PLpro inhibition as well as the knowledge obtained from
molecular dynamics (MD) simulations in this thorough review.

Targeting SARS-CoV-2 PLpro, GRL-0617, a non-covalent inhibitor, demonstrated potential
which primary its intent purpose was for SARS-CoV PLpro [127]. 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 [25,76,128]. The conserved
Tyr268 in SARS-CoV-2 PLpro and GRL-0617 share a same binding mechanism, which was further
supported by computational simulations [85].

Although vaccines like those from Moderna, Johnson & Johnson, and Pfizer/BioNTech provide
promise in controlling the pandemic, their efficacy against novel virus strains remains uncertain
because they mostly target the Spike protein [129]. Moreover, vaccinations act as prevention
measures, which makes the creation of antiviral drugs necessary for the treatment of COVID-19
necessary [130].

Recent research has shown irreversible inhibitors with great selectivity for SARS-CoV-2 PLpro,
such as VIR250 and VIR251 [74]. These structural discoveries provide the groundwork for logical
drug design approaches that efficiently target SARS-CoV-2 PLpro [131].

Molecular docking and molecular dynamics simulations are two examples of computational
techniques that have been very useful in determining the binding affinities and stability of different
drugs to PLpro [114]. These techniques are essential for drug development since they have revealed
compounds that may have antiviral qualities [132]. Furthermore, structurally related substances from
many sources, including marine species and medicinal plants, have been also the focus of exploration
[133]. Compounds that may inhibit SARS-CoV-2 PLpro have been effectively found through
computational screening, expanding the pool of possible antiviral options [76]. Using Supervised
Molecular Dynamics (SuMD) simulations, the unbinding mechanisms of PLpro inhibitors have been
explained [134]. The significance of the BL2 loop and its function in inhibitor unbinding were brought
to light by these simulations [135]. This information can help optimize inhibitors to stop natural
fluctuations in the loop and improve binding efficacy [136].

To sum up, this analysis highlights the diverse strategy employed to specifically target SARS-
CoV-2 PLpro in the COVID-19 pandemic [128]. It includes the repurposing of well-known inhibitors,
the investigation of structurally related molecules, and the application of simulations and
computational techniques to drug discovery [137]. This comprehensive strategy continues to be
essential for creating potent antiviral therapies as the pandemic progresses [137].

6. Challenges and Future Directions: Guided by MD Simulations

There have been numerous challenges in the way of finding efficient coronavirus protease
inhibitors, especially those that target the papain-like protease (PLpro) and major protease (Mpro) of
SARS-CoV-2 [25]. The main causes of these obstacles are the inhibitory efficacy and pharmacokinetic
properties of potential drugs [138]. In order to be deemed a promising drugs or drug candidate, a
molecule needs to accomplish two things: it needs to successfully reach target in the body and trigger
the desired biological reactions [139,140]. These are important factors to take into account while
developing antiviral drugs, particularly in light of the critical need to eradicate COVID-19 [141,142].

Baicalein, Disulfiram, Carmofur, Ebselen, Tideglusib, Shikonin, and PX-12 are only a few of the
compounds that have proven to exhibit drug-like qualities and fit the requirements to be taken into
consideration for drug development [143]. Nevertheless, these substances still struggle to attain the
appropriate level of potency and selectivity against coronavirus proteases [144]. This paradox is also
shown in the case of SARS-CoV-2 PLpro inhibitors, where it is still difficult to strike a precise balance
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between drug-like qualities and the capacity to elicit strong and targeted protease inhibition [145]. It
is critical to address these problems because they have an immediate influence on the viability of
creating antiviral drugs [145].

Studies on the structure-activity relationship (SAR) have provided important new information
on the properties of protease inhibitors [146]. Covalent and peptididomimetic inhibitors have
demonstrated the ability to selectively and potently inhibit these enzymes' active sites [147]. But when
it comes to pharmacokinetic factors, these inhibitors often come up short, even when they show
promise [147]. They are not acceptable as drug candidates because of their poor metabolism,
excretion, absorption, distribution, and toxicological properties [147]. On the other hand, low-
molecular-weight or non-peptidomimetic compounds show potential in meeting drug- like criteria
[142]; yet, they encounter difficulties in obtaining the required potency and selectivity against
coronavirus proteases [148]. In order to close this gap, it is imperative to concentrate on lead
optimization of low-molecular-weight, non-peptidomimetic drugs [149].

To address these issues in the creation of protease inhibitors, fragment-based drug design
(FBDD) appears to be a potential strategy [150]. It entails identifying low-molecular-weight
compounds as potential protease inhibitors, using a combination of computational and experimental
methods to select advantageous fragments from peptidomimetic compounds, and incorporating
these fragments into the lead optimization process of low-molecular-weight compounds [151]. The
last phase is carefully optimizing hybrid compounds to achieve desirable pharmacokinetic and
pharmacodynamic characteristics [152]. This approach may offer a viable way to create protease
inhibitors that are more potent in the future.

Drug development efforts are greatly aided by in silico studies, however it is crucial to validate
these results with in vivo research [153]. These in vivo investigations demonstrate the therapeutic
potential of these possible drug candidates in addition to confirming their method of action [154].
Therefore, a multidisciplinary strategy that incorporates in vivo research, pharmacokinetics,
pharmacodynamics, and computational drug design is crucial [155]. When combined, these tactics
offer the best chance of surmounting current obstacles and advancing the creation of potent antiviral
drugs for COVID-19 treatment [156]. Without a doubt, the entire effort will support the ongoing fight
against the worldwide epidemic and aid in the creation of vital drug compounds.

7. Conclusions and Author Insights on Targeting SARS-CoV-2 Papain-Like Protease

We have examined the crucial role of focusing on the SARS-CoV-2 Papain-like Protease (PLpro)
in the development and control of COVID-19 in this review. The discovery of prospective antiviral
drugs and our understanding of this important enzyme have both benefited greatly from the
application of innovative computational techniques [157-159]. A tertiary structure model for SARS-
CoV-2 PLpro was created by homology modelling, and the catalytic region of the PLpro protein was
found to have binding sites for antiviral drugs through the use of molecular docking techniques [160].
In the process of creating new drugs, this computational method that combines modelling and
docking is a useful first step that lays the groundwork for further experimental studies [161].

Moreover, all-atom molecular dynamics (MD) simulations were performed to guarantee the
stability of the drug-PLpro complexes in a water solvent environment [162]. Important insights into
the dynamics and interactions between the drug candidates and the PLpro protein were provided by
MD simulations [76]. The most stable complexes were found using the binding energy estimations
from MD simulations, which is crucial in the search for effective antiviral drugs that inhibit SARS-
CoV-2 by inhibiting PLpro [163]. This versatile computational method has shown to be an effective
method in the search for new antiviral drugs [164].

Although the promise of certain therapeutic candidates targeting SARS-CoV-2 PLpro has been
revealed by computational approaches, it is crucial to stress that these results need to undergo
thorough in vitro and in vivo examinations [165]. To assess these recommended drugs therapeutic
worth, real-world experimental settings must validate their safety and effectiveness [166]. These
crucial next steps need to be completed in accordance with acceptable scientific methods in order to
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guarantee that encouraging computational results materialize in real progress against COVID-19.
[167,168]

This review makes it clear that the existing range of drugs intended to suppress PLpro is
insufficient. Their weak actions against this enzyme necessitate careful definition and refinement
before they may be considered clinically useful. Therefore, in order to fully utilize these drugs in the
therapeutic context, researchers must set out to optimize and improve their performance. Unbinding
events of PLpro inhibitors, like GRL0617 and its derivatives, have been recorded through a thorough
understanding of the unbinding pathways attained via the Supervised Molecular Dynamics (SuMD)
simulation method, providing important insights into drug behaviour and opportunities for
improvement [136].

Apart from optimizing existing drugs, investigating sub-structurally similar molecules is a
potentially fruitful path [169]. A variety of 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 [170]. 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.

The comprehensive review emphasizes how important it is to focus on SARS-CoV-2 PLpro in
the fight against COVID-19. We have made significant progress in locating and analyzing possible
antiviral drugs by utilizing computational methods including homology modeling, molecular
docking, and MD simulations. It is crucial to understand that these results are preliminary and need
to be rigorously validated by experiments. Moreover, the continuous battle against this worldwide
pandemic would require a concentrated effort to improve currently available drugs and investigate
new chemical compounds. This multidisciplinary strategy, which combines experimental validation
with computational insights, is critical to the development and control of COVID-19.
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