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Abstract: The main proteinase (Mpro), or 3CLpro, is a critical enzyme in the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) lifecycle and is responsible for breaking down and releasing vital functional viral 

proteins crucial for virus development and transmission. As a catalytically active dimer, its dimerization 

interface has become an attractive target for antiviral drug development. Recent research has extensively 

investigated the enzymatic activity of Mpro, focusing on its role in regulating the coronavirus replication 

complex and its significance in virus maturation and infectivity. Computational investigations have identified 

four druggable pockets, suggesting potential allosteric sites beyond the substrate-binding region. Empirical 

validation through site-directed alanine mutagenesis targeted residues in both the active and allosteric regions 

corroborated these predictions. Structural studies of drug target proteins can inform therapeutic approaches, 

with metadynamics simulations shedding light on the role of H163 in regulating Mpro function and providing 

insights into its dynamic equilibrium to the wild-type enzyme. Despite the efficacy of vaccines and drugs in 

mitigating SARS-CoV-2 spread, ongoing viral evolution, selective pressures, and continued transmission pose 

challenges, potentially leading to resistance mutations. Phylogenetic analyses indicated the existence of several 

resistance variations predating drug introduction to the human population, emphasizing the likelihood of drug 

spread. Hydrogen/deuterium-exchange mass spectrometry reveals the structural influence of the mutation, 

while clinical trials on 3CLPro inhibitors underscore the clinical significance of reduced enzymatic activity and 

offer avenues for future therapeutic exploration. Understanding the implications of 3CLPro mutations holds 

promise for shaping forthcoming therapeutic strategies against COVID-19. This review delves into factors 

influencing mutation rates and identifies areas warranting further investigation, providing a comprehensive 

overview of Mpro mutations, their categorization, and terminology. Moreover, we examined their associations 

with clinical outcomes, illness severity, unresolved issues, and future research prospects, including their 

impact on vaccine efficacy and potential therapeutic targeting. 
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1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 3C-like protease (3CLpro) is a 

critical enzyme that breaks down and releases vital functional viral proteins that are necessary for 

virus development and transmission. Since 3CLpro is a catalytically active dimer, its dimerization 

interface has become a desirable target for the development of antiviral drugs [1]. The introduction 

of single amino acid changes at important sites at this interface has been investigated by structural 

research with the goal of comprehending the complex link between dimerization and catalytic 

activity [2]. 

Investigations have been conducted on the effects of single amino acid changes at regions of the 

3CLpro dimer interface. Alanine substitutions at residues S1 and E166, in particular, showed 

interesting effects at site 1, with S1 displaying a twofold increase and E166 exhibiting lower relative 

activity [3,4]. Mutations in 3CLpro can impact viral replication and protein processing, potentially 

affecting viral infectivity and pathogenicity. Understanding these mutations is crucial for vaccine 

development and antiviral drug design, as they may alter the efficacy of therapeutic interventions. 

Surveillance of 3CLpro mutations is essential for monitoring viral evolution and the emergence of 

variants with altered phenotypes, informing public health strategies to combat the ongoing COVID-

19 pandemic. Furthermore, in recent studies, mutations at site 2, such as S10, E14, and K12, have 

shown varying results, with some eliminating all activity entirely, while others maintaining 

approximately 60% of the relative activity [5]. With the exception of S139A, which showed 46% 

relative activity, mutations at residues R4, E290, and Q299 at site 3 completely eliminated all activity 

[6]. Remarkably, the relationship between the oligomerization states and catalytic activity of the 

mutants contradicted conventional thinking on the interaction between dimerization and enzyme 

performance [7]. 

In an attempt to investigate the possibility of drug resistance variations, a triple mutant (L50F 

E166A L167F) with noticeably higher 50% effective concentration (EC50) values for several 3CLpro 

inhibitors was found [8]. Although these alterations increase resistance, they also result in a 

significant decrease in enzymatic activity, which raises the possibility of a decrease in viral fitness [9]. 

Understanding changes in inhibitor/enzyme interactions through structural analysis helped to 

explain the observed evolution of resistance [10]. These results highlight the intricate relationship 

between enzyme activity and inhibitor resistance, which advances our knowledge of treatment 

approaches that target 3CLpro. In another study, the activity of every potential single mutant of 

SARS-CoV-2 3CLpro was methodically profiled using a thorough mutational scanning technique. 

The investigation demonstrated the protease's extraordinary flexibility and its capacity to withstand 

changes in any part of the protein, including the substrate binding site [11,12]. Despite this ability to 

adapt, some residues essential for protease activity were found, indicating possible new targets for 

the development of 3CLpro inhibitors in the future [13]. Furthermore, the discovery that the E166V 

mutation confers resistance against the therapeutic 3CLpro inhibitor nirmatrelvir emphasizes the 

findings' clinical significance and their implications for drug development concerning the present 

and potential coronavirus pandemics [14]. 

To elucidate the mechanism of MPro inhibition, ebselen derivatives were produced in parallel. 

The results of the investigation showed that adding an electron-withdrawing group (NO2) to the 

original ebselen inhibitor doubled its inhibitory potency [15]. The specific mechanism of interaction 

between the novel ebselen derivative and MPro was revealed by structural and biochemical 

investigations, which demonstrated that MPro was inhibited by the derivative via inhibition of the 

catalytic Cys145 [16]. In addition, the crystal structure of the catalytically inactive mutant H41N-

MPro revealed gatekeeper residues in the substrate binding pocket that prevent substrate binding 

and shed light on the protein's inhibited state [17]. These results significantly increase our 
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understanding of the mechanism underlying Mpro inhibition and offer important insights into the 

development of covalent inhibitors [17]. 

Furthermore, the 3CL or nsp5 protease is essential for the maturation of viral proteins during host 

infection in the setting of SARS-CoV-2 infection [18]. Molecular dynamics simulations were carried 

out for SARS-CoV-2 3CLpro variants associated with substrates nsp 4|5 and nsp 5|6, including beta 

and Omicron variants. According to the simulations, conformational changes and substrate binding 

affinities were not significantly affected by mutations in the 3CLpro versions [19]. Nevertheless, the 

Beta and Omicron variants showed noticeably high cleavage rates for the nsp4–nsp5 boundary, 

indicating a possible critical role in viral replication and fitness gain [20]. The importance of Gly143 

and Glu166 in substrate recognition was shown by hydrogen bonding investigations, indicating that 

these residues could be used as possible pharmacophoric centers in the design of inhibitors against 

beta and Omicron variations [21]. These results imply that mutations may affect the cleavage rate, 

despite the computational limitations of the study [22]. The goal of this research was to understand 

how these mutations affect 3CLpro function mechanistically and how they could affect the 

development of antiviral drugs. These findings could inform future experimental research and drug 

design approaches. 

2. SARS-CoV-2 Main Protease (3CLPro) 

3CLPro is a critical enzyme for viral replication, cleaving polyproteins into functional units 

necessary for the virus's lifecycle (see Figure 1). As a highly conserved and essential component of 

the virus, 3CLPro is a prime target for antiviral drug development. Inhibitors of 3CLPro have the 

potential to halt viral replication, making it a focal point in the fight against COVID-19. It is a 

promising option for antiviral therapy due to its ability to regulate the activities of the coronavirus 

replication complex [23]. Remarkable substrate-binding site conservation was revealed by the crystal 

structures of human coronavirus (strain 229E) Mpro, a porcine coronavirus (transmissible 

gastroenteritis virus [TGEV]) Mpro inhibitor complex, and a homology model for SARS coronavirus 

(SARS-CoV) Mpro [24]. The capacity of recombinant SARS-CoV Mpro to cleave a TGEV Mpro 

substrate supports this conservation [24]. A viable path for future drug development is the potential 

modification of already available rhinovirus 3CLpro inhibitors for the treatment of SARS, according 

to molecular modeling [25]. 

 

Figure 1. Structure of 3CLpro (SARS-CoV-2) retrieved from RCSB using accession number 6LU7. (A) 

The domain architecture of three different domains. Domain 1 is magenta, domain 2 is orange, 
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domain 3 is cyan, and connecting loops are gray, while the drug molecule in the active site is shown 

in yellow as a sphere. (B) The electrostatic potential of 3CLPro and the important active site residues 

in the sticks, including the two essential residues His41 and Cys145 (catalytic dyad). 

Due to its critical function in the proteolytic processing of viral replicase polyproteins, the 

coronavirus protease nsp5, commonly referred to as MPro or 3CLpro, continues to be the principal 

target for coronavirus therapy [26]. Considering the variety of known coronaviruses, the critical 

function of nsp5 in coronavirus biology should be highlighted. This study offers a thorough 

examination of the structure and function of this protease in relation to different coronaviruses, 

assesses previous and ongoing attempts to create inhibitors, and suggests innovative strategies for 

successful therapeutic treatments [27]. This evaluation will direct the development of drugs targeting 

the coronavirus protease nsp5 given the recent advent of SARS-CoV-2. 

As an essential component of the CoV life cycle, 3CLpro breaks down viral polyproteins to 

produce mature, nonstructural proteins [28,29]. Many 3CLpro inhibitors have been reported for 

human-related SARS-CoV, Middle East respiratory syndrome coronavirus (MERS-CoV), and SARS-

CoV-2 [30]. 3CLpro inhibitors are known to be popular antiviral drugs [31]. Knowing the structural 

characteristics of 3CLpro and the function of its inhibitors offers important new perspectives for the 

creation and enhancement of antiviral strategies to treat CoV infections [25]. 

The 3CLpro enzyme remains essential for regulating coronavirus replication. A study screened 

a medicinal plant library, identifying possible lead compounds for further optimization in the drug 

development process to attack COVID-19, by analyzing the sequence and building a 3D homology 

model of SARS-CoV-2 3CLpro [32–34]. This strategy highlights how crucial it is to target 3CLpro to 

provide effective therapeutic approaches against coronavirus infections. 

3. 3CLPro Mutational Landscape 

The development of antiviral drugs focused on targeting 3CLpro of SARS-CoV-2. This enzyme 

is essential for the maturation and infectivity of the virus. Its enzymatic activity has been thoroughly 

examined in recent research, with an emphasis on the dimerization interface [35]. Previous studies 

have attempted to elucidate the complex relationship between dimerization and catalytic activity by 

means of mutational studies at important locations within this interface [36]. Remarkably, the 

outcomes disproved the widely held notion that catalytic ability requires the dimeric structure as a 

whole [36]. Significantly, the investigation pinpointed two distinct allosteric locations (R4/E290 and 

S10/E14) at the interface, providing insight into possible targets for the development of antiviral 

drugs that target the dimer interface as opposed to the active site [37]. This complex knowledge opens 

up new possibilities for the development of more potent antiviral drugs by providing insightful 

information on the adaptability of 3CLpro [38]. 

Moreover, studies on SARS-3CLpro have added new insights into its enzymatic function. The 

L141T mutation was used in the investigation to precisely disrupt the helical shape of the inactive 

monomer [39]. This unexpectedly resulted in the production of an enzymatically active monomer, 

challenging the generally accepted notion that the dimer structure is a necessary condition for 

preserving an active conformation[39]. Simple mutations have shown the enzyme to be highly 

adaptable, underscoring the need for in-depth knowledge of its structural dynamics and creating 

new avenues for drug creation that may not exclusively rely on its usual dimeric shape [40]. Models 

of SARS-CoV-2 3CLpro variations, especially those linked to variants of concern (VOCs), have been 

extremely helpful in understanding the dynamics of enzyme catalysis [10]. 

Although there were no significant structural alterations caused by these mutations, higher 

cleavage rates were noted at the borders. Notably, important residues such as Glu166 and Gly143 are 

essential for substrate recognition [41]. With this finding, the development of antiviral drugs that 

target beta and Omicron variants can better target these residues as possible pharmacophoric centers 

[41]. Research on the effects of mutations linked to newly emerging variations of concern (VOCs) 

provides support for the effectiveness of already available antivirals [42]. AVI-8053 and nirmatrelvir 

both showed continuous efficacy against MPro mutations (See Figure 2). This minimizes worries 
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about emerging viral variations by demonstrating the continuing viability of MPro as a top-priority 

antiviral therapeutic candidate [42]. 

 

Figure 2. Structure of the SARS-CoV-2 MPro with nirmatrelvir. (a) The domain organization is 

represented based on the crystal structure of the enzyme complexed with nirmatrelvir (7RFS.pdb). 

The inhibitor is represented as sticks, the carbon atoms are green, the oxygen atoms are red, and the 

nitrogen atoms are blue. (b) Enlarged view of the active site showing the most relevant enzyme-

inhibitor interactions. The active-site residues forming at least one main-chain- and side-chain-

mediated hydrogen bond are colored blue and red, respectively. The residues forming polar 

interactions are shown in orange. (c) Most relevant inhibitor-binding interactions at the active site. 

The backbone and side chain-mediated hydrogen bonds are colored blue and red, respectively. The 

direction of the arrow indicates the donated hydrogen atom. Polar interactions are shown in orange. 

The colored dots indicate the average number of nonbonded contacts for individual atoms. Orange 

represents 1 contact, light green represents 2–4 contacts, and dark green represents ≥ 5 contacts. The 

interactions were mapped based on five crystal structures (7vh8, 7 si9, 7te0, 7rfs, and 7rfw) using 

PDBSum [62] and LigPlot+ [63]. 

Furthermore, studies further investigated the Pro132His mutation in the Omicron version of the 

SARS-CoV-2 MPro, delving deeper into the field of allosteric regulation [43]. An allosteric feature 

was suggested by molecular dynamics simulations, which showed a change in conformational 

equilibrium and enhanced dynamics in the catalytic site entry loop [44]. The kinetics changed, but 

the catalytic efficiency remained the same, suggesting possible functional diversification [44]. This 

thorough knowledge of allosteric mutants becomes important when considering the evolution of 

viruses and guides the development of potent antiviral drugs that can combat the dynamic nature of 

the virus and its protease [45]. 

4. Structural Alterations of 3CLPro 

4.1. Insights into How Mutations Affect the Overall Structure of 3CLPro. 

3CLpro is an important target for the development of antivirals. Competitive inhibitors targeting 

the active site were the main focus of early research on the COVID-19 pandemic [46]. On the other 

hand, four druggable pockets were identified by recent computational investigations, which indicate 

possible allosteric sites that are not in the substrate-binding region [47]. Site-directed alanine 

mutagenesis was used to target residues in both the active and allosteric regions to empirically 

validate these predictions [48]. The outcomes showed that to maintain the thermodynamic stability 

and catalytic activity of 3CLpro, certain residues in both locations are necessary [49]. This 
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experimental validation established a platform for the development of novel treatment strategies 

against COVID-19 by bridging the computational and experimental domains. 

The structural changes in the SARS-CoV-2 MPro were investigated in relation to its vulnerability 

to conformational changes associated with redox reactions. A disulfide bond-adopting oxidized 

conformation point mutant (H163A) was found, indicating a defense mechanism against excessive 

oxidation [50]. Simulations using metadynamics have shed light on how H163A modifies 

conformational equilibrium and revealed possible large-scale rearrangements [51]. Comprehending 

these redox-related alterations improves our knowledge of MPro dynamics and provides novel 

directions for future SARS-CoV-2 studies [52]. 

Antiviral drugs, such as nirmatrelvir, can cause target protein alterations, which may enhance 

viral resistance [53]. Previous research utilized an all-encompassing methodology involving the 

integrated analysis of naturally occurring mutations with by residue breakdown to identify putative 

resistance-inducing mutations in 3CLpro [9]. The effects of these mutations were further clarified by 

molecular dynamics simulations, which showed that some variations had an increased activation free 

energy and a changed binding affinity [54]. This integrated method helps predict and target potential 

resistance mechanisms while offering insightful information about the dynamics of drug-protein 

interactions [45]. 

A computational investigation to clarify the 3D structure of Omicron 3CLpro was initiated by 

the appearance of the Omicron variant [55]. Due to changes in chemical interactions caused by recent 

changes in amino acids, molecular dynamics simulations have revealed possible obstacles to the 

efficacy of current drugs that target the SARS-CoV-2 primary protease [56]. Targeting conserved 

areas despite developing variations is crucial, as one study emphasized, and it is important to use 

computational and in vitro approaches to find novel 3CLpro inhibitors [57]. Comprehensive 

knowledge of the effects of viral mutations on therapeutic approaches is facilitated by the 

combination of structural insights and dynamic simulations. 

Moreover, to investigate ebselen derivatives as possible inhibitors of MPro/3CLpro, the major 

protease of SARS-CoV-2, chemical synthesis and knowledge of their modes of interaction are needed 

[58]. Modifications improved the effectiveness of the inhibition, as demonstrated by LC‒MS data and 

crystal structures [59]. The binding profile of ebselen-based inhibitors was determined using 

inhibition experiments and predictions from molecular modeling [60]. Furthermore, the crystal 

structure of a mutant that is catalytically inactive revealed the inhibited state and highlighted the 

function of gatekeeper residues [60]. By combining theoretical and experimental methods, this 

multimodal approach expands our knowledge of possible treatments that target the primary protease 

of SARS-CoV-2. 

4.2. Examination of Changes in Key Structural Motifs and Domains 

Delving into the repercussions of mutations within SARS-CoV-2 on the protein structure of 

MPro and its impact on antiviral therapy efficacy, MPro is one of the key components of SARS-CoV-

2 and is crucial for the life cycle of the virus [61,62]. One of the possible reported inhibitors and 

treatment options for the MPro of SARS-CoV-2 is boceprevir [63]. A recent study examined the effects 

of mutations in SARS-CoV-2 on the protein structure of MPro and how these alterations affected the 

affinity of boceprevir, a significant candidate for therapy [64]. Computational tools such as RDP4, 

MegaX, and mutations were used, while ProMod3 and three-dimensional models assisted in 

constructing the mutant MPro [65,66]. Structural validation and modeling using qualitative model 

energy analysis, ProSA, and MolProbity provided insights into the conformational changes induced 

by these mutations (see Figure 3) [67]. 

In previous studies, molecular docking utilizing AutoDock 4.2 elucidated the binding affinity of 

boceprevir to the active site of MPro, revealing decreased affinity in the presence of mutations. 

DynOmics facilitated the development of models depicting the functional dynamic structures of 

MPro [68]. Furthermore, a study identified seven mutations within the MPro of SARS-CoV-2 (L89F, 

K90R, P108S, A191V, T224A, A234V, and S254F) with consequential effects on the binding affinity of 

boceprevir [67]. The affinity of the putative protease inhibitor boceprevir decreased as a result of 
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these alterations [69]. When boceprevir was docked to the MPro active site, the binding energies for 

the wild-type and mutant forms were −10.34 and −9.41 kcal.mol-1, respectively [67]. Elastic network 

model research revealed Debye–Waller factors, underscoring alterations in the dynamic behavior of 

mutant MPro compared to that of its wild-type counterpart. These findings underscore the potential 

challenge posed by mutations in critical pharmacological targets, potentially rendering existing 

treatments ineffective against SARS-CoV-2 [55,67]. 

 

Figure 3. Sequence and structural analysis of Mpro: (A) A phylogenetic tree was constructed using 

the maximum likelihood method to infer the closest homologs of SARS-CoV-2 3CLpro. (B) Multiple 

sequence alignment was performed for the closest homologs of SARS-CoV-2 3CLpro with ≥70% 

sequence identity. (C) A cartoon representation of the SARS-CoV-2 3CLpro homodimer is shown, 

with Chain-A (protomer-A) in multicolor and Chain-B (protomer-B) in dark blue. The N-finger, 

crucial for dimerization and maintaining the active conformation, is highlighted in hot pink. Domain 

I is colored cyan, domain II is green, and domain III is yellow. The N- and C-termini are labeled, and 

the residues of the catalytic dyad (Cys-145 and His-41) are highlighted in yellow and labeled. (D) A 

cartoon representation of the 3CLpro monomer model (Chain/Protomer-A) of SARS-CoV-2 is 

superimposed with the SARS-CoV 3CLpro structure. The SARS-CoV 3CLpro template is colored 

cyan, the SARS-CoV-2 3CLpro structure is colored grey, and all identified mutations are highlighted 

in red. (E) Docking of 5,7,3′,4′-tetrahydroxy-2’-(3,3-dimethylallyl) isoflavone within the receptor-

binding site of SARS-CoV-2 3CLpro is shown, illustrating hydrogen bonds with the catalytic dyad 

(Cys-145 and His-41). The 3CLpro structure is colored dark blue, the isoflavone is orange, and 

hydrogen bonds are maroon. (https://www.sciencedirect.com/science/article/pii/S2095177920301271). 

This review illuminates the intricate interplay between mutations in SARS-CoV-2 and the 

efficacy of pharmacological interventions, particularly focusing on MPro and its interaction with the 

putative protease inhibitor boceprevir and other antivirals. Through comprehensive computational 

analyses and modeling techniques, the structural consequences of mutations on MPro were 

elucidated, shedding light on potential mechanisms underlying altered drug binding. The observed 

decrease in the affinity of treatments such as boceprevir for mutant MPro highlights the dynamic 
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nature of virus‒host interactions and underscores the need for continuous surveillance and 

adaptation in therapeutic strategies to combat evolving viral variants. These insights have significant 

implications for the development of future therapeutics and underscore the importance of 

understanding viral mutational landscapes in the context of global health emergencies such as 

COVID-19. The structural alterations in 3CLpro/main protease were elucidated, as were their 

potential consequences (see Table 1). 
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Table 1. Outline of the structural alterations of the 3CLPro. 

Structural 

Alterations 
Description Potential Consequences Research Implications Ref. 

Active Site 

Analysis of changes in residues 

crucial for substrate binding and 

catalysis, including mutations that 

may affect substrate specificity or 

enzymatic activity. Structural 

modifications in the active site can 

impact inhibitor binding and 

efficacy. 

Mutations in the active site 

may lead to altered substrate 

specificity, reduced 

enzymatic activity, or 

resistance to inhibitors. 

Understanding 

alterations in the active 

site provides insights 

into the design of 

specific inhibitors 

targeting mutant 

enzymes. 

Kidera, A., Moritsugu, K., Ekimoto, T. and Ikeguchi, 

M., 2021. Allosteric regulation of 3CL protease of 

SARS-CoV-2 and SARS-CoV observed in the crystal 

structure ensemble. Journal of Molecular 

Biology, 433(24), p.167324, Al Adem, K., Ferreira, J.C., 

Fadl, S., Mustafa, M. and Rabeh, W.M., 2023. Key 

allosteric and active site residues of SARS-CoV-2 

3CLpro are promising drug targets. Biochemical 

Journal, 480(11), pp.791-813. 

Substrate Binding 

Pocket 

Examination of modifications in the 

pocket's shape, size, and residues 

involved in substrate recognition. 

Alterations in the substrate binding 

pocket can influence substrate 

affinity, catalytic efficiency, and 

enzyme-substrate interactions. 

Understanding changes in this 

region is crucial for predicting the 

impact on enzymatic function and 

drug binding. 

Changes in the substrate 

binding pocket may affect 

substrate recognition, 

leading to altered enzymatic 

activity or decreased 

inhibitor binding. 

Knowledge of substrate 

binding pocket 

alterations aids in the 

design of novel 

inhibitors with 

improved binding 

affinity and specificity. 

Ferreira, J.C., Fadl, S. and Rabeh, W.M., 2022. Key 

dimer interface residues impact the catalytic activity 

of 3CLpro, the main protease of SARS-CoV-2. Journal 

of Biological Chemistry, 298(6), Al Adem, K., Ferreira, 

J.C., Fadl, S., Mustafa, M. and Rabeh, W.M., 2023. Key 

allosteric and active site residues of SARS-CoV-2 

3CLpro are promising drug targets. Biochemical 

Journal, 480(11), pp.791-813. 
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Catalytic 

Residues 

Assessment of alterations in 

residues directly involved in 

catalysis, such as those 

participating in nucleophilic attack 

and formation of the enzyme-

substrate complex. Changes in 

catalytic residues can disrupt 

enzymatic activity, leading to loss 

of function or altered kinetics. 

Identifying mutations in these 

residues provides insights into the 

mechanisms underlying enzyme 

dysfunction. 

Mutations in catalytic 

residues can impair 

enzymatic activity, resulting 

in reduced substrate 

turnover or altered reaction 

kinetics. 

Understanding the 

effects of catalytic 

residue mutations 

helps elucidate the 

molecular basis of 

enzyme dysfunction 

and guides the 

development of 

therapeutic strategies 

targeting these 

mutations. 

Ferreira, J.C., Fadl, S., Ilter, M., Pekel, H., Rezgui, R., 

Sensoy, O. and Rabeh, W.M., 2021. Dimethyl 

sulfoxide reduces the stability but enhances catalytic 

activity of the main SARS-CoV-2 protease 

3CLpro. The FASEB Journal, 35(8), Kidera, A., 

Moritsugu, K., Ekimoto, T. and Ikeguchi, M., 2021. 

Allosteric regulation of 3CL protease of SARS-CoV-2 

and SARS-CoV observed in the crystal structure 

ensemble. Journal of Molecular Biology, 433(24), 

p.167324. 

Dimerization 

Interface 

Investigation of changes in residues 

forming the dimer interface, 

affecting enzyme activity and 

stability. The dimerization interface 

plays a crucial role in maintaining 

enzyme structure and function. 

Mutations in this region can disrupt 

dimer formation, leading to 

monomerization or altered dimer 

stability. Understanding alterations 

in the dimer interface is essential for 

elucidating the impact on enzyme 

oligomerization and function. 

Mutations at the 

dimerization interface may 

disrupt enzyme 

dimerization, leading to 

decreased enzyme stability 

or altered catalytic activity. 

Knowledge of 

dimerization interface 

alterations informs 

strategies for 

stabilizing enzyme 

dimers or disrupting 

aberrant dimerization 

as therapeutic 

interventions. 

Ferreira, G.M., Kronenberger, T., Tonduru, A.K., 

Hirata, R.D.C., Hirata, M.H. and Poso, A., 2022. 

SARS-CoV-2 Mpro conformational changes induced 

by covalently bound ligands. Journal of Biomolecular 

Structure and Dynamics, 40(22), pp.12347-12357, 

Tekpinar, M. and Yildirim, A., 2022. Impact of 

dimerization and N3 binding on molecular dynamics 

of SARS-CoV and SARS-CoV-2 main 

proteases. Journal of Biomolecular Structure and 

Dynamics, 40(14), pp.6243-6254. 
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Allosteric Sites 

Analysis of modifications in sites 

distal from the active site, 

influencing enzyme activity 

through allosteric regulation. 

Changes in allosteric sites can 

allosterically modulate enzyme 

function, altering substrate binding 

affinity or catalytic activity. 

Identifying alterations in these sites 

provides insights into potential 

allosteric regulatory mechanisms 

and their impact on enzyme 

function. 

Mutations in allosteric sites 

may affect enzyme 

regulation, leading to 

altered substrate binding or 

catalytic activity in response 

to regulatory signals. 

Understanding 

alterations in allosteric 

sites elucidates 

mechanisms of enzyme 

regulation and 

provides opportunities 

for developing 

allosteric modulators to 

modulate enzyme 

activity. 

Chan, H.H., Oliveira, A.S.F., Schofield, C.J., 

Mulholland, A.J. and Duarte, F., 2023. Dynamical 

nonequilibrium molecular dynamics simulations 

identify allosteric sites and positions associated with 

drug resistance in the SARS-CoV-2 main 

protease. JACS Au, 3(6), pp.1767-1774, Al Adem, K., 

Ferreira, J.C., Fadl, S., Mustafa, M. and Rabeh, W.M., 

2023. Key allosteric and active site residues of SARS-

CoV-2 3CLpro are promising drug 

targets. Biochemical Journal, 480(11), pp.791-813. 

Domain 

Arrangement 

Examination of changes in the 

arrangement or conformation of 

structural domains, affecting 

enzyme function and stability. 

Alterations in domain arrangement 

can disrupt domain-domain 

interactions, affecting enzyme 

stability or catalytic efficiency. 

Understanding modifications in 

domain arrangement provides 

insights into structural changes that 

may impact enzyme function and 

stability. 

Changes in domain 

arrangement may affect 

enzyme stability, alter 

domain-domain 

interactions, or disrupt 

catalytic activity. 

Knowledge of domain 

arrangement 

alterations informs 

strategies for 

stabilizing enzyme 

structure or designing 

domain-specific 

inhibitors to target 

mutant enzymes. 

Kidera, A., Moritsugu, K., Ekimoto, T. and Ikeguchi, 

M., 2021. Allosteric regulation of 3CL protease of 

SARS-CoV-2 and SARS-CoV observed in the crystal 

structure ensemble. Journal of Molecular 

Biology, 433(24), p.167324, Gasparini, P., Philot, E.A., 

Pantaleão, S.Q., Torres-Bonfim, N.E.S.M., Kliousoff, 

A., Quiroz, R.C.N., Perahia, D., Simões, R.P., Magro, 

A.J. and Scott, A.L., 2023. Unveiling mutation effects 

on the structural dynamics of the main protease from 

SARS-CoV-2 with hybrid simulation 

methods. Journal of Molecular Graphics and 

Modeling, 121, p.108443. 
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Overall Structure 

Assessment of global structural 

changes, including alterations in 

secondary structure elements and 

overall folding pattern. Changes in 

overall structure can impact 

enzyme stability, substrate binding, 

and catalytic activity. Analyzing 

alterations in overall structure 

provides insights into the structural 

basis of enzyme dysfunction and 

the potential effects on enzymatic 

function. 

Modifications in overall 

structure may lead to 

protein misfolding, 

decreased stability, or loss of 

enzymatic function. 

Understanding 

alterations in overall 

structure aids in 

identifying structural 

determinants of 

enzyme dysfunction 

and guides the 

development of 

strategies to restore 

enzyme function or 

stability. 

Chen, Y.W., Yiu, C.P.B. and Wong, K.Y., 2020. 

Prediction of the SARS-CoV-2 (2019-nCoV) 3C-like 

protease (3CL pro) structure: virtual screening 

reveals velpatasvir, ledipasvir, and other drug 

repurposing candidates. F1000Research, 9, Diessner, 

E.M., Takahashi, G.R., Cross, T.J., Martin, R.W. and 

Butts, C.T., 2023. Mutation effects on structure and 

dynamics: adaptive evolution of the SARS-CoV-2 

main protease. Biochemistry, 62(3), pp.747-758. 
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5. Consequences for Viral Replication of SARS-CoV-2 

5.1. Relationship between 3CLPro Mutations and Viral Replication 

Similar to past coronaviruses such as SARS-CoV and MERS-CoV, the advent of SARS-CoV-2 has 

prompted a worldwide health emergency [70]. Initial drugs that targeted these ancient viruses 

proved ineffective against SARS-CoV-2, despite their structural similarities [71]. By examining the 

genomic, proteomic, and pathogenic features of SARS-CoV-2 infection, a thorough investigation has 

examined mutations and how they affect target proteins [72]. Therapeutic approaches are influenced 

by structural studies of drug target proteins, such as 3CLpro, which sheds light on the 

pathophysiology [73]. Significant differences exist between the cytokine profile and inflammatory 

signaling in SARS-CoV-2 infection, indicating the necessity for customized treatments because the 

small genetic variation makes current drugs ineffective (see Figure 3) [55]. 

Although vaccines have been created, finding antivirals against SARS-CoV-2, which has posed 

a serious threat to world health and prompted the designation of the pandemic, is still very important 

[74,75]. Since 3CLpro/MPro is involved in the maturation of viral proteins, 3CLpro/MPro, which is 

encoded by the viral genome, is a viable target for treatment [76]. One effective way to prevent viral 

replication is to inhibit 3CLpro, and structural research can offer important information for well-

considered drug development. To create powerful protease inhibitors to fight COVID-19, this review 

highlights the significance of structure-guided drug design, which makes use of high-resolution 

structures and a variety of chemical scaffolds [77]. 

The MPro of SARS-CoV-2 indicates that it processes viral polyproteins, which is essential for the 

construction of replicase complexes [78]. One mechanism that has evolved to be evolutionarily 

conserved among coronaviruses is the cleavage of human MAGED2 by MPro [79]. According to a 

previous study, the MPro of the beta variant cleaves MAGED2 more effectively than does the MPro 

of the Omicron variant [79]. By interfering with the connection between the viral nucleocapsid protein 

and DNA, MAGED2 functionally prevents SARS-CoV-2 replication [79]. MPro inhibits MAGED2, 

revealing details on the intricate relationship between the virus and its host as well as possible targets 

for therapeutic intervention [79]. 

 

Figure 4. Nirmatrelvir is shown attached to the MPro complex of SARS-CoV-2 as adapted from its 

source. These mutations have caused drug resistance, which has been reported from time to time. 

Several significant mutations have been detected in the SARS-CoV-2 Omicron variant and its 

subvariants that cause therapeutic escape. The phenomenon of therapeutic escape is of immense 

concern to scientists. Recently, several mutations have been noted in MPro/3CLpro, which might be 

responsible for nirmatrelvir resistance. The M49I mutation was discovered in 1,883 genomes in May 
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2022, with a minor increase in late 2021. Sasi et al. highlighted that the potency of nirmatrelvir is 

decreased by five mutations, namely, Q189E, Q192T, N142L, Q189I, and E166M. The IC50 of 

nirmatrelvir against the E166M mutation was reduced by a factor of 24. According to phylogenetic 

analyses, nirmatrelvir-resistant variants are transmissible and appear to have existed before 

nirmatrelvir was introduced into the human population. designed specific mutations to hinder 

nirmatrelvir’s ability to attach to its substrate to study nirmatrelvir resistance. They used 12 wild-type 

SARS-CoV-2 replicons and one subvariant of the Omicron (BA.1), followed by specific enzymatic 

assays and cell-based complementation. The results demonstrated that E166V conferred strong 

nirmatrelvir resistance, approximately 55-fold, with a significant decrease in wild-type replicon 

fitness (nearly 20-fold) but not in the BA.1 subvariant (2-fold) in both cases. However, L50F improved 

the fitness of the wild-type replicons (https://www.cell.com/molecular-therapy-family/nucleic-

acids/fulltext/S2162-2531%2823%2900072-0). 

Inhibitor repurposing or de novo medication discovery has become essential for long-term 

measures against viruses comparable to the global spread of SARS-CoV-2 and similar viruses in the 

future [80]. The structural differences between SARS-CoV-2 and the SARS MPro are shown by in-

depth simulations of the MPro, suggesting difficulties in the repurposing of drugs [81]. Rapid drug 

design is hindered by the mutability of the virus and the flexibility of the binding site [82]. The 

rational design of small-molecule inhibitors is complicated by the lack of recognized stabilizing 

residues [83]. This extensive analysis offers thorough knowledge of the difficulties in creating viable 

treatments to combat SARS-CoV-2. 

Moreover, the functional implications of SARS-CoV-2 MPro vulnerability to redox-associated 

conformational changes have been called into doubt by recent research [50]. The crystal structure of 

an oxidized MPro point mutant (H163A) points to a potential defense mechanism against oxidative 

stress [50]. The equilibrium shift caused by point mutations was clarified by metadynamics 

simulations, suggesting directions for novel studies [51]. A comprehension of the ways in which H163 

modifies this equilibrium offers insights into the intricate dynamics of SARS-CoV-2 [51]. In addition 

to identifying possible targets for therapeutic intervention, this research advances our knowledge of 

virus‒host interactions [84]. 

5.2. Insights into How Mutations May Influence the Overall Fitness of the Virus 

Autoactivation of the main protease (MProWT) from precursor polyproteins is a critical step in 

the complex process of assembly and maturation of SARS-CoV-2 [85]. A study revealed how 

mutations affect MPro autoprocessing, which is essential for viral maturation [86]. A mutation in 

MPro called E290A causes time-dependent autoprocessing at cleavage sites, which affects the 

generation of dimers. On the other hand, MPro, a precursor including mutations in E290A and 

R298A, has modified cleavage patterns, resulting in intermediate monomeric products [85]. The 

process suggested by these insights involves intramolecular cleavage of the N-terminus followed by 

intermolecular cleavage, which highlights the possibility of developing drugs that specifically target 

the mostly monomeric MPro precursor (see Figure 5) [85]. 
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Figure 5. Nsp5 (3CLpro) structural features of SARS-CoV-2 protease. (a) Monomeric structure of the 

SARS-CoV-2 nsp5 protease (PDB 6M2N) with the three domains shown. Key structural regions 

including the N-terminal finger (NF), N-terminal helix (NH) and domain 2-domain 3 interdomain 

loop (IDL) are labelled. Corresponding locations of MHV nsp5 resistance mutations identified in 

Deng et al. are labelled with stars [144]. (b) A view of the active site with a consensus cleavage site 

peptide bound. The catalytic dyad residues are shown. (c) SARS-CoV-2 nsp5 dimer structure with the 

orientation of the two dimers shown by arrows and the dimerization interface labelled. Green 

asterisks denote the catalytic site with black sticks shown for the catalytic dyad residues (His41 and 

Cys145) in both the monomeric (a) and the dimeric structures (c). 

Effective antiviral drugs are becoming increasingly necessary as severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) evolves and becomes increasingly dangerous [28]. A key 

pharmacological target is the major protease (MPro), yet resistance issues have been raised [53]. A 

thorough mutational scan of MPro identified a network of essential amino acids that are 

mutagenically sensitive, providing prospective sites for inhibitor targeting [48]. Fitness landscapes 

reveal surface regions that are not active sites that serve as effective targets for inhibitors [45]. Human 

population-wide clinical variations in MPro show functional competence, indicating high selection 

pressure and potential for treatment resistance [87]. The MPro mutational guide offers important 

information for creating inhibitors that have a lower chance of causing viral resistance to evolve [88]. 

Moreover, concerns over new variations impacting vaccine efficacy were raised during the 

COVID-19 pandemic, underscoring the need for potent antiviral drugs [89]. Drug development could 

be centered on the MPro of SARS-CoV-2, a well-known therapeutic target [90]. A promising clinical 

MPro inhibitor is nirmatrelvir, a peptidomimetic inhibitor [91]. The catalytic competence of MPro 

variants from different SARS-CoV-2 lineages is comparable to that of the wild type when they are 

expressed [91]. Notably, nirmatrelvir is still effective against these variations, indicating that its 

effectiveness is not compromised by changing COVID-19 variants [92]. 

Among coronavirus enzymes, SARS-CoV-2 3CLpro is an important therapeutic target because 

it is largely conserved [93]. The mutability and mutation tolerance of 3CLpro are fully understood 

due to the use of a deep mutational scanning method based on yeast [94]. The flexibility of the protein 

was demonstrated by the identification of specific residues as unchangeable, which may serve as 

targets for upcoming inhibitors [95]. Notably, E166V, a mutation that confers resistance to the 3CLpro 

inhibitor nirmatrelvir, which is used in clinical practice, was detected. [53] This functional map helps 

with coronavirus drug development methods by providing insights into the biological characteristics 

of 3CLpro. Specific mutations in 3CLpro can enhance viral replication efficiency, alter protein 
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processing, and improve immune evasion, thereby increasing viral survival and transmissibility. 

These changes can also lead to the emergence of drug-resistant strains, posing significant challenges 

for therapeutic interventions and public health management. 

6. Host Immune Evasion in SARS-CoV-2 

6.1. Exploration of Potential Mechanisms by Which 3CLPro Mutations Contribute to Immune Evasion 

3CLPro mutations contribute to immune evasion in SARS-CoV-2, which is crucial for 

understanding the virus's ability to persist and cause disease. 3CLPro is essential for processing viral 

polyproteins into functional units necessary for viral replication. Mutations affecting autoprocessing 

that result in different cleavage patterns are found in MPro, including E290A and E290A/R298A [96]. 

The population of dimers increases via intramolecular N-terminal cleavage, which is followed by 

intermolecular C-terminal cleavage [85]. Drug development against SARS-CoV-2 may benefit from 

the inhibition of mostly monomeric MPro precursors [97]. Mutations in 3CLPro can alter its substrate 

specificity and processing efficiency, leading to variations in viral protein expression. These 

variations can obscure viral epitopes from being effectively presented on major histocompatibility 

complex (MHC) molecules, which reduces the recognition and response of cytotoxic T lymphocytes. 

This evasion from T-cell surveillance allows the virus to replicate and spread within the host with 

reduced immune interference. Changes in the 3CLPro structure might influence its interaction with 

host cell proteins involved in antiviral responses, such as those regulating interferon signaling 

pathways, thereby further dampening the host's immune defenses. 

Furthermore, 3CLPro mutations may impact enzyme susceptibility to protease inhibitors, which 

are key components of antiviral therapy. Structural changes caused by these mutations can reduce 

the binding affinity of inhibitors, rendering treatments less effective and allowing the virus to evade 

therapeutic interventions. This poses a significant challenge for the development of antiviral drugs, 

as resistance can develop, necessitating continuous monitoring and adaptation of therapeutic 

strategies. Additionally, these mutations can enhance viral fitness by improving replication efficiency 

or by more effectively evading host immune responses (Figure 4). 

 

Figure 6. An overview of the SARS-CoV-2 nonstructural proteins that contribute to host immune 

escape (in red boxes). (A) Pathogen-associated molecular patterns (PAMPs) of viruses are recognized 

by various immune cells (macrophages, monocytes, neutrophils, and dendritic and epithelial cells). 

Upon infection, these immune cells recognize foreign viral antigens and molecules (PAMPs) via 

pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs) and RIG-I-like receptors 

(RLRs), thus stimulating cytokines and IFNs and subsequently inducing host immune responses. (B) 

Type I and type III IFNs are produced and bind to their specific cell surface IFN receptors, thus 

activating JAK/STAT signaling to promote IFN-stimulated genes (ISGs) to achieve antiviral 

responses. (Adapted from Park et al. and https://doi.org/10.3390/v14091991). 
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Moreover, site-directed mutagenesis verified critical residues in druggable pockets, including 

allosteric regions, as determined by computational analysis [98]. Changes in the catalytic activity and 

thermodynamic stability of the 3CLpro active and allosteric regions indicate possible targets for 

competitive and noncompetitive inhibitors against COVID-19 [6]. By residue analysis is required to 

identify resistance-conferring mutations and guide inhibitor design techniques since antiviral drugs 

such as nirmatrelvir, a 3CL protease inhibitor, have the potential to cause mutations [48]. 

The COVID-19 epidemic emphasizes how important treatment choices are in the face of viral 

evolution [99]. Since December 2021, MPro has experienced rapid mutational dynamics, especially in 

the vicinity of the active site, according to genomic data analysis [100]. The development of antiviral 

resistance is suggested by this increased mutational variability, underscoring the significance of 

tracking and accounting for these differences in drug development techniques [45]. 

In an effort to combat COVID-19, the FDA has approved PAXLOVID, a combination therapy 

that includes nirmatrelvir, which was reported to inhibit 3CLpro activity [101,102]. This approach 

takes structural and evolutionary aspects into account, emphasizing residues that are susceptible to 

mutation. The effects go beyond creating broad-spectrum antivirals and fighting drug-resistant virus 

mutations [53]. Investigating these mechanisms requires a multidisciplinary approach that integrates 

structural biology to elucidate the effects of specific mutations, virology to understand the impact on 

viral replication and pathogenesis, and immunology to assess changes in immune recognition. Such 

comprehensive studies are essential for designing next-generation therapeutics and vaccines that can 

counteract these evasion strategies and provide robust protection against SARS-CoV-2 and its 

variants. 

6.2. Discussion on the Role of Mutations in Modulating Host‒Virus Interactions 

Mutations in the SARS-CoV-2 3CLpro/Mpro gene are pivotal for modulating host‒virus 

interactions and significantly influence viral replication efficiency and immune evasion. 3CLpro is 

essential for the processing of viral polyproteins into functional components required for viral 

replication. Mutations in this protease can modify its substrate specificity and catalytic efficiency, 

leading to altered viral protein maturation. Such changes can impact the presentation of viral 

peptides on major histocompatibility complex (MHC) molecules, thereby affecting recognition by 

cytotoxic T lymphocytes and facilitating immune evasion. Additionally, these mutations might 

influence protease interactions with host proteins, such as those involved in antiviral signaling 

pathways, further dampening the host immune response. Structural alterations in 3CLpro due to 

mutations can also affect the binding affinity and efficacy of protease inhibitors, posing challenges 

for antiviral drug development. By enhancing the protease’s ability to evade immune detection and 

resist therapeutic interventions, these mutations contribute to the persistence and pathogenicity of 

the virus. Understanding the role of 3CLpro mutations in modulating host‒virus interactions is 

crucial for developing targeted antiviral strategies and improving the effectiveness of therapeutic 

interventions against SARS-CoV-2. 

Due to its conservation and lack of a human analog, dimeric MPro, which is essential for viral 

proteolytic cleavage, is a top prospect for therapeutic development [64]. Increasing our knowledge 

of MPro behavior is essential for successful treatment [112]. Like SAR-CoV, all-atom molecular 

dynamics simulations of fifty mutant MPro dimers from the GISAID database shed light on the 

behavior of the SARS-CoV-2 MPro [41]. Mutations in residues GLY15, VAL157, and PRO184, the 

formation of a distinct loop with the D48E variation, and information on substrate binding surface 

broadening with a noncanonical position for PHE140 are among the new discoveries [41]. 

Furthermore, the associated compaction dynamics in dual allosteric pockets and the function of 

certain residues, such as 17 and 128, in dimer stability were clarified [41]. 

The use of antiviral drugs, such as nirmatrelvir, a covalent inhibitor of the primary protease of 

SARS-CoV-2 (3CL protease), has raised questions regarding the possibility of drug resistance due to 

induced mutations [53]. Understanding naturally occurring mutations and noncovalent interactions 

helps identify possible resistance-inducing mutations in the 3CL protease [12]. The effects of 

mutations are investigated using QM/MM methods, which emphasize the reduced binding affinity 
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and increased activation free energy of the E166V variation as contributing factors to the observed 

resistance [122]. These findings may help with the design of inhibitors to address potential resistance 

mechanisms by revealing the effect of nirmatrelvir on the fitness landscape of the virus. 

A crucial target for antiviral therapy is the SARS-CoV-2 3CLpro, a study investigating allosteric 

locations for reversible noncompetitive inhibitor design, but most related research has focused on 

competitive inhibitors that target the active site [46]. Four druggable pockets are predicted 

computationally, and these predictions are validated experimentally by site-directed alanine 

mutagenesis, which reveals important residues in both the active and allosteric locations. These 

crucial residues are important because mutations in these residues can reduce or inactivate 3CLpro 

activity [123]. The basis for developing both competitive and noncompetitive inhibitors as possible 

COVID-19 treatments is provided by this experimental validation. 

Protease inhibitors are powerful antiviral medications, and the U.S. FDA has authorized palovid 

(nirmatrelvir/ritonavir), the first protease inhibitor against SARS-CoV-2 [124,125]. An engineered 

chimeric vesicular stomatitis virus (VSV) that relies on the protease was created to find mutations 

that are resistant to nirmatrelvir [48]. Mutations generated by selective pressure were verified 

through reintroduction into 3CLpro and assessment using a cellular assay. The predicted alterations 

show potential emerging resistance variations by alignment with current SARS-CoV-2 sequences 

[48]. This method helps to characterize the susceptibility of viruses to nirmatrelvir and provides 

insights into resistance mechanisms. Moreover, these mutations may affect the interaction of PLpro 

with host cellular proteins, potentially altering the dynamics of viral replication and host cell 

manipulation. By modulating these interactions, SARS-CoV-2 can achieve a more favorable 

environment for replication and persistence, highlighting the need for ongoing research to 

understand the implications of PLpro mutations on viral pathogenicity and immune evasion. 

Understanding these mutations is critical for the development of antiviral strategies that can 

effectively target 3CLpro and mitigate its immune evasion capabilities. 

7. Antiviral Drug Resistance in SARS-CoV-2 

7.1. Evaluation of How Mutations in 3CLPro May Confer Resistance to Existing Antiviral Drugs 

Since nirmatrelvir is the first clinical protease inhibitor to be licensed for use against the primary 

protease of SARS-CoV-2, 3CLpro, it is a powerful antiviral drug [126]. A chimeric vesicular stomatitis 

virus (VSV) system that relies on 3CLpro autocatalytic processing of a polyprotein for viral 

replication was created to investigate resistance mechanisms against nirmatrelvir [127]. After 

applying nirmatrelvir to select for resistance mutations, several independent tests, such as VSV-based 

systems, cellular assays, biochemical assays, and a recombinant SARS-CoV-2 system, were used to 

validate the results [128]. Certain mutants exhibited cross-resistance to GC376 and Ensitrelvir. It was 

previously discovered that these resistance mutations were present in circulating SARS-CoV-2 

strains, indicating their existence in the GISAID and NCBI databases [129]. 

Although vaccines and drugs have helped to reduce the spread of SARS-CoV-2, the ongoing 

evolution of the virus, growing selective pressures, and continued transmission present difficulties 

that could result in resistance mutations [130]. Extensive studies on the susceptibility of natural 

variants of the major protease of SARS-CoV-2 (Mpro/3CLpro) to protease inhibitors have shown that 

MPro has several single amino acid modifications that confer resistance to nirmatrelvir, the active 

component of paraclovir [129]. The resistance mutation profile to Ensitrelvir, a clinical-stage inhibitor, 

is unique[129]. The possibility of these resistant variations spreading is highlighted by phylogenetic 

analyses, which highlight the fact that several of them existed before these drugs were introduced to 

the human population[129]. These results highlight the importance of maintaining vigilant resistance 

and developing a variety of protease inhibitors and antiviral drugs with unique modes of action and 

resistance profiles to facilitate the development of successful combinatorial treatments. 
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7.2. Implications for Drug Development Strategies 

Given its vital function in virus replication, the primary protease of SARS-CoV-2 (MPro) is an 

important target for antiviral drug research [131]. Concerns about possible changes in MPro that 

change its structural and functional features and, as a result, affect the effectiveness of current and 

future antiviral drug surfaces include the emergence of novel variations of concern (VOCs) [55]. 

Through the crystal structures of 11 MPro mutants, changes in substrate binding and the rate of 

cleavage of a viral peptide were revealed by an analysis of 31 mutations spanning five VOCs [132]. 

Interestingly, mutations affect proteolysis of the immunomodulatory host protein Galectin-8 (Gal-8), 

which leads to a notable reduction in cytokine release, suggesting changes in host antiviral pathways 

(see Figure 5) [42]. Mutations linked to the extremely pathogenic Delta VOC and Gamma VOC 

significantly increased Gal-8 cleavage [42]. Significantly, the IC50s of AVI-8053, an irreversible 

inhibitor, and nirmatrelvir (Pfizer) demonstrated constant efficacy against all mutations, confirming 

the ongoing status of Mpro as a top-priority antiviral drug candidate during SARS-CoV-2 evolution 

[42]. 

 

Figure 7. Redrawn Diagram Progress on SARS-CoV-2 3CLpro inhibitors as adapted from the source: 

(A) Schematic diagram of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

morphology. (B) Number of cleavage site numbers of papain-like protease (PLpro) and 3C-like 

proteinase (3CLpro) in the polypeptide chain. (C) SARS-CoV-2 3CLpro 3D structure (monomer and 

dimer) and the N-terminal catalytic dyad (His41-Cys145) (D). The substrate-binding pocket of SARS-

CoV-2 3CLpro included the S1’-S1-S2-S4 core sites. (E) SARS-CoV-2 3CLpro catalytic mechanism 

(https://doi.org/10.2147/DDDT.S359009). 

In the middle of the worldwide response to the coronavirus pandemic by nontherapeutic means 

and mass vaccination campaigns, therapeutic alternatives, specifically major protease (MPro) 

inhibitors for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), continue to be vital 

[91]. MPro is a relatively conserved target for drugs, even though antiviral agents are susceptible to 

the impacts of viral mutations [112]. Since December 2021, some countries have authorized the 

conditional or emergency use of nirmatrelvir, an antiviral that targets the MPro active site; numerous 

additional inhibitors are currently undergoing clinical study [133]. Accelerated mutational dynamics 

have been observed in MPro since early December 2021, according to a thorough examination of 

recent SARS-CoV-2 genomic data [134]. An eight-residue region (R188-G195) showed a considerable 
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increase in mutational diversity close to the active site, which raised concerns regarding the possible 

emergence of antiviral resistance. This changing diversity calls for constant lead optimization and 

careful observation in ongoing drug development [134]. 

Although drugs and vaccinations have helped lessen the severity of the illness and prevent the 

spread of SARS-CoV-2, problems still exist due to the continuous evolution of the virus and growing 

selection pressures [135]. An examination of how naturally occurring variations in the MPro respond 

to protease inhibitors revealed several single amino acid mutations that confer resistance to 

nirmatrelvir, the active ingredient in Paxlovid. Ensitrelvir (Xocova), another inhibitor in the clinical 

stage, has shown a unique resistance mutation profile [136]. Phylogenetic analysis revealed that 

before these drugs were introduced to the human population, resistant variations already existed and 

were able to propagate[136]. These results highlight the significance of maintaining resistance 

mutations and creating more protease inhibitors and antiviral drugs with a variety of modes of action 

and resistance profiles to facilitate successful combinatorial therapy. 

8. Experimental Approaches for SARS-CoV-2 3CLPro Mutations 

8.2. Overview of the Experimental Techniques Used to Study the Consequences of 3CLPro Mutations 

The SARS-CoV-2 MPro has undergone changes, and experimental methods to understand the 

effects of these mutations have combined structural and computational methods [103]. The 

vulnerability of MPro to redox-associated conformational changes caused by oxidative stress in cells 

and the immune system has been the subject of recent studies[50]. The oxidized conformation of an 

MPro point mutant (H163A), in which the catalytic cysteine forms a disulfide bond, was confirmed 

by crystallography [50]. Understanding the mechanisms underlying conformational changes in 

response to oxidative stress is made possible by this structural insight [50]. Furthermore, 

metadynamics simulations were used to clarify the possible function of H163 in regulating this shift, 

providing a dynamic view of the equilibrium that is likely present in the wild-type enzyme [50]. 

Other point mutations have been extensively investigated beyond structural investigations, and their 

effects on changing the conformational free energy and moving the equilibrium toward the oxidized 

state were found to be considerable [50]. A thorough understanding of how particular residues, such 

as H163, affect the conformational dynamics of MPro is made possible by these various experimental 

techniques, which range from crystallography to computational simulations [104]. These insights 

may be used to direct focused therapeutic interventions. 

Through the integration of crystallography and metadynamics simulations, scientists have 

investigated the functional implications of mutations in MPro [105]. This combined experimental 

approach provides new opportunities for studying SARS-CoV-2 and suggests possible targets for 

drug discovery and therapeutic intervention in addition to improving our understanding of the 

structural effects of mutations (see Table 3). 
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Table 3. Experimental techniques used to study the consequences of 3CLPro mutations. 

Experimental 

Technique 
Description Advantages Limitations Ref. 

X-ray 

Crystallography 

Determines the three-

dimensional structure of 

proteins, including mutant 

forms of 3CLPro, by analyzing 

the diffraction pattern of X-rays 

passing through protein 

crystals. Provides detailed 

atomic resolution information 

about protein structure. 

Provides high-

resolution structural 

data, allowing precise 

visualization of mutant 

3CLPro conformations. 

Requires protein 

crystallization, which can be 

challenging for some 

proteins and mutants. The 

technique is also time-

consuming and requires 

access to specialized 

equipment and expertise. 

Jaskolski, M., Dauter, Z., Shabalin, I.G., 

Gilski, M., Brzezinski, D., Kowiel, M., 

Rupp, B. and Wlodawer, A., 2021. 

Crystallographic models of SARS-

CoV-2 3CLpro: In-depth assessment of 

structure quality and 

validation. IUCrJ, 8(2), pp.238-256. 

Cryo-Electron 

Microscopy (Cryo-

EM) 

Utilizes electron microscopy to 

visualize biological samples, 

including mutant 3CLPro 

proteins, at cryogenic 

temperatures. Provides high-

resolution images of protein 

structure, offering insights into 

conformational changes caused 

by mutations. 

Enables visualization of 

protein structures in 

near-native states, 

including flexible 

regions and large 

protein complexes. 

Requires expensive 

equipment and significant 

expertise. Image processing 

and analysis can be complex, 

and resolution may be lower 

compared to X-ray 

crystallography for some 

samples. 

Kaniyala Melanthota, S., Banik, S., 

Chakraborty, I., Pallen, S., Gopal, D., 

Chakrabarti, S. and Mazumder, N., 

2020. Elucidating the microscopic and 

computational techniques to study the 

structure and pathology of SARS-

CoVs. Microscopy research and 

technique, 83(12), pp.1623-1638. 

Mass Spectrometry 

Identifies and quantifies 

proteins, peptides, and 

posttranslational modifications 

in mutant 3CLPro samples. 

Enables the characterization of 

Highly sensitive and 

versatile technique for 

analyzing protein 

samples, including 

Requires specialized 

equipment and expertise. 

Data analysis can be 

complex, particularly for 

large proteins and complex 

Abe, K., Kabe, Y., Uchiyama, S., 

Iwasaki, Y.W., Ishizu, H., Uwamino, 

Y., Takenouchi, T., Uno, S., Ishii, M., 

Maruno, T. and Noda, M., 2022. 

Pro108Ser mutation of SARS-CoV-2 
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protein structure, stability, and 

interactions, as well as the 

detection of mutation-induced 

alterations. 

mutant forms of 

3CLPro. 

samples. Sample preparation 

and handling may affect 

results. 

3CLpro reduces the enzyme activity 

and ameliorates the clinical severity of 

COVID-19. Scientific reports, 12(1), 

p.1299. 

Enzyme Activity 

Assays 

Measures the catalytic activity 

of mutant 3CLPro enzymes by 

monitoring substrate turnover 

or product formation. Assesses 

the impact of mutations on 

enzyme function, substrate 

specificity, and catalytic 

efficiency. 

Provides direct 

assessment of mutant 

3CLPro functionality, 

allowing quantitative 

analysis of enzymatic 

activity. 

May require optimization for 

specific mutants and 

conditions. The results may 

be influenced by assay 

conditions, substrate choice, 

and enzyme purification 

methods. 

Hu, Y., Lewandowski, E.M., Tan, H., 

Zhang, X., Morgan, R.T., Zhang, X., 

Jacobs, L.M., Butler, S.G., Gongora, 

M.V., Choy, J. and Deng, X., 2023. 

Naturally occurring mutations of 

SARS-CoV-2 main protease confer 

drug resistance to nirmatrelvir. ACS 

central science, 9(8), pp.1658-1669. 

Circular Dichroism 

Spectroscopy (CD) 

Analyzes the secondary 

structure of mutant 3CLPro 

proteins by measuring the 

differential absorption of 

circularly polarized light. 

Provides information about 

protein folding, stability, and 

conformational changes 

induced by mutations. 

Rapid and 

nondestructive 

technique for studying 

protein secondary 

structure and stability. 

Limited to analyzing protein 

secondary structure and may 

not provide detailed 

information about tertiary or 

quaternary structure. 

Requires careful 

interpretation of results. 

Abe, K., Kabe, Y., Uchiyama, S., 

Iwasaki, Y.W., Ishizu, H., Uwamino, 

Y., Takenouchi, T., Uno, S., Ishii, M., 

Maruno, T. and Noda, M., 2022. 

Pro108Ser mutation of SARS-CoV-2 

3CLpro reduces the enzyme activity 

and ameliorates the clinical severity of 

COVID-19. Scientific reports, 12(1), 

p.1299. 

Fluorescence 

Spectroscopy 

Studies the structural and 

dynamic properties of mutant 

3CLPro proteins by monitoring 

changes in fluorescence 

emission upon ligand binding 

or conformational transitions. 

Sensitive method for 

detecting changes in 

protein structure and 

dynamics. Can be used 

to study protein‒ligand 

interactions and 

Requires fluorescent labeling 

of proteins, which may affect 

protein function. Data 

interpretation can be 

complex, and results may be 

Moghadasi, S.A., Esler, M.A., Otsuka, 

Y., Becker, J.T., Moraes, S.N., 

Anderson, C.B., Chamakuri, S., Belica, 

C., Wick, C., Harki, D.A. and Young, 

D.W., 2022. Gain-of-signal assays for 

probing inhibition of SARS-CoV-2 
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Offers insights into protein 

stability, folding, and 

interaction dynamics. 

conformational changes 

induced by mutations. 

influenced by environmental 

factors. 

Mpro/3CLpro in living 

cells. MBio, 13(3), pp.e00784-22. 

Molecular 

Dynamics 

Simulations 

Uses computational models to 

simulate the behavior and 

dynamics of mutant 3CLPro 

proteins at the atomic level 

over time. Predicts protein 

structure, flexibility, and 

interactions, elucidating the 

effects of mutations on protein 

stability and function. 

Allows exploration of 

mutant 3CLPro 

behavior and 

interactions at atomic 

resolution, providing 

insights into dynamic 

processes. 

Requires computational 

resources and expertise. The 

results may be influenced by 

force field parameters, 

simulation length, and initial 

protein conformation. 

Interpretation can be 

challenging. 

Gasparini, P., Philot, E.A., Pantaleão, 

S.Q., Torres-Bonfim, N.E.S.M., 

Kliousoff, A., Quiroz, R.C.N., Perahia, 

D., Simões, R.P., Magro, A.J. and Scott, 

A.L., 2023. Unveiling mutation effects 

on the structural dynamics of the main 

protease from SARS-CoV-2 with 

hybrid simulation methods. Journal of 

Molecular Graphics and Modeling, 121, 

p.108443. 
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9. Future Perspectives on Tackling Similar Pandemics in the Future 

Understanding the consequences of 3CLPro mutations offers great potential for influencing 

upcoming therapeutic approaches in the fight against COVID-19 and future pandemics [106]. SARS-

CoV-2 variations have unavoidably emerged as a result of the global increase in infections; significant 

changes have been found throughout the viral genome, most notably in the spike protein [107]. 

Mutations such as D614G and N501Y have been linked to changes in virulence and transmissibility 

[108]. B.1.17, B.1.351, P.1, B.1.617.2, and B.1.1.529 are examples of variants of concern (VOCs) that 

have sparked worries because of their greater transmissibility, increased severity of the disease, and 

ability to escape immunity caused by vaccinations and spontaneous infection [109]. In recent studies, 

a thorough analysis of the landscape of mutations in structural and nonstructural proteins was 

performed to evaluate how they affect vaccine efficacy, treatments, and diagnostics [110]. 

Vaccines and antiviral drugs are essential for efficient coronavirus control and treatment 

methods, particularly for the fatal SARS-CoV-2 virus [111]. The critical function of 3CLpro in viral 

replication makes it an important target for the development of antiviral drugs [46]. However, 

comparing and evaluating possible inhibitors is more difficult due to the variety of 3CLpro 

expression designs and kinetic tests [112]. Examining the various expression designs and assays used 

to gauge enzymatic activity is the main emphasis of various studies on SARS-CoV-2. To enable direct 

comparisons across SARS-CoV 3CLpro inhibitors that have been produced globally, this study 

highlights the significance of standard assay settings and designs and presents a novel Alexa488-

QSY7 FRET-based peptide substrate for high-throughput screening [113]. 

With the 3CLPro inhibitor PF-07321332, recent clinical trials have demonstrated encouraging 

outcomes, including an 89% decreased risk of hospital admission or death linked to COVID-19 within 

three days of symptom onset [114]. A study that revealed that patients with a certain SARS-CoV-2 

sublineage and a 3CLPro mutation (Pro108Ser) had a milder clinical course than those without the 

mutation provides support for this important discovery [115]. A 58% decrease in activity was found 

through enzymatic characterization, which was linked to structural alterations in the substrate-

binding region [115]. The influence of the mutation on the structure was revealed by 

hydrogen/deuterium-exchange mass spectrometry. The mutation was located behind the 108th 

amino acid residue. The negative effects of affinity tags, nonnative sequences, or low enzyme 

concentrations on enzymatic activity have been demonstrated by experimental data [115]. In line with 

the encouraging results of 3CLPro inhibitor clinical trials, studies emphasize the clinical relevance of 

decreased 3CLPro enzymatic activity and open potential directions for future therapeutic 

approaches. This review explored the variables affecting mutation rates and suggested areas for 

further investigation. 

Future perspectives in tackling similar pandemics involve a multifaceted approach that 

integrates advanced scientific research, global collaboration, and robust public health infrastructure. 

Investment in cutting-edge technologies such as genomic sequencing and artificial intelligence will 

enhance our ability to rapidly identify and characterize emerging pathogens and their mutations. The 

establishment of global surveillance networks and data-sharing platforms will facilitate real-time 

tracking of infectious diseases and enable swift responses to outbreaks. Furthermore, developing 

broad-spectrum antivirals and vaccines that target conserved viral components can provide 

preemptive defenses against a range of pathogens. Strengthening public health systems with better 

preparedness plans, resources, and training is essential for effective crisis management. By fostering 

international cooperation and leveraging scientific advancements, we can build a resilient framework 

capable of mitigating the impact of future pandemics, ensuring timely and effective protection of 

global populations.  
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10. Conclusion and Importance of Ongoing Research in the Context of SARS-CoV-2 Main 

Protease Mutations 

Recent advancements into SARS-CoV-2 Mpro/3CLpro mutations have shown that it is crucial 

for understanding how changes in this enzyme may affect viral replication and drug efficacy. By 

identifying and characterizing these mutations, scientists can better anticipate resistance patterns and 

improve therapeutic strategies. This research is essential for developing robust antiviral treatments 

and ensuring long-term control of COVID-19. The Mpro of SARS-CoV-2 is a crucial target for 

inhibitor design because of its essential function in viral replication and substrate cleavage selectivity 

[24]. The requirement for the identification and structural characterization of MPro variants is 

highlighted by ongoing mutations caused by selection pressure and constant neutral drift [116]. 

Seventy-nine clinically detected MPro mutations were investigated in a thorough analysis that 

revealed patterns in viral evolution and the distribution of residue substitutions [117]. Differences in 

cohesion and active site flexibility were found by molecular modeling and protein structure network 

analysis, which is important for drug discovery projects [118]. Moreover, in another study, 102 

naturally occurring MPro mutations were systematically characterized to identify certain residues 

linked to drug resistance. Drug resistance was validated by X-ray crystal structures and recombinant 

virus assays, highlighting the significance of maintaining an eye on these hotspots [53]. These 

findings highlight the importance of continuing research to understand and cope with the changing 

field of SARS-CoV-2 MPro mutations. 

In response to the pressing need for SARS-CoV-2 treatments and to address future pandemics, 

current research endeavors focus on MPro as a prime candidate for pharmacological targeting [119]. 

Atomic-level interactions were understood by mechanistic insights obtained from molecular 

dynamics simulations of ligand-MPro complexes [103]. The identification of critical residues that 

stabilize ligands in catalytic sites and other pockets emphasizes the significance of a lateral pocket in 

the enhancement of catalytic sites [120]. Analysis of computational mutations demonstrated that 

HIS163 contributes to ligand binding [103]. This work provides an important molecular-level 

understanding for the development of strong inhibitors against SARS-CoV-2 MPro. 

Furthermore, the critical significance of SARS-CoV-2 3CLpro and its high degree of conservation 

among coronaviruses make it an important therapeutic target [24]. The great flexibility and mutation 

tolerance of 3CLpro were revealed by a methodical profile of every potential single mutant using a 

yeast-based deep mutational scanning technique [121]. Future inhibitors may target immutable 

residues as potential targets [95]. The E166V mutation was also found to confer resistance to 

nirmatrelvir, a 3CLpro inhibitor that is used in clinical practice [53]. With the help of this functional 

map, researchers may better understand the biological characteristics of 3CLpro and direct the 

creation of anti-coronavirus drugs. 

In conclusion, ongoing research into SARS-CoV-2 3CLpro mutations is crucial for advancing our 

understanding of the virus's evolution, pathogenicity, and mechanisms of immune evasion. The main 

protease is essential for the processing of viral polyproteins, which are critical for viral replication 

and the viral life cycle. Mutations in this protease can significantly alter its enzymatic activity, 

substrate specificity, and interaction with the host cell machinery. These changes can impact viral 

replication efficiency, the presentation of viral antigens, and viral susceptibility to protease inhibitors, 

all of which are pivotal for both the natural immune response and therapeutic interventions. By 

elucidating how specific mutations affect the structure and function of 3CLpro, researchers can better 

predict the emergence of more virulent or drug-resistant strains, guiding the development of more 

effective treatments and vaccines. 

The importance of ongoing research in this area cannot be overstated, particularly as SARS-CoV-

2 continues to evolve. Continuous monitoring and analysis of 3CLpro mutations will enable the 

scientific community to overcome potential challenges posed by new variants. This proactive 

approach is essential for the rapid adaptation of existing therapies and the design of new antiviral 

drugs that can effectively target mutated proteases. Moreover, understanding the broader 

implications of these mutations for host‒virus interactions will provide deeper insights into viral 

pathogenesis and immune evasion strategies. This knowledge is crucial not only for managing the 
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current pandemic but also for preparing for future coronavirus outbreaks, ensuring that global public 

health responses are informed, effective, and resilient. 
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