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SUMMARY 
 

 

Researchers have been diligently investigating antiviral treatments for SARS-CoV-

2 due to its significant global impact, with over 380 million infections and 5.7 million 

deaths in the last three years. The emergence of the highly contagious omicron variant, 

capable of evading antibodies, underscores the urgency of developing effective therapies. 

A pivotal target is the SARS-CoV-2 main protease (Mpro or 3CLpro), responsible for 

cleaving viral polyproteins into essential structural and non-structural proteins during 

infection. Understanding the interaction between Mpro and its substrates is critical, 

especially considering potential therapeutic resistance driven by mutations. Molecular 

Dynamics simulations and free energy techniques, MMP(G)BSA, were employed to 

investigate the SARS-CoV-2 Mpro-substrate interaction. This study investigates the impact 

of residue mutations within the substrate recognition region on binding free energy. Key 

findings revealed the dominance of amino acids with small aliphatic side chains, such as 

alanine, valine, and glycine, in Mpro-peptide interactions. Notably, the glutamine residue 

at position P1 exhibited substantial changes in its interaction with Mpro, differing between 

substrates and products. Intriguingly, the study proposed that the arginine amino acid at 

positions P3-P5, along with P4’, could enhance the interaction's strength. This research is 

the first to shed light on these critical aspects of Mpro-peptide recognition, offering 

valuable mechanistic insights. Targeting the identified regions and amino acids presents a 

promising avenue for disrupting Mpro's function experimentally. In sum, this study 

contributes significantly to the ongoing quest for effective antiviral medications against 

SARS-CoV-2, crucial for managing the global health impact of the virus. 

 

 

 

 

 

 

Keywords: Binding Free Energy, Molecular Dynamics, Protein-Protein Interaction, 

Substrate Recognition, SARS-Cov-2 Mpro.  
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ÖZET 
 

 

Araştırmacılar, son üç yılda SARS-CoV-2’nin önemli küresel etkisi nedeniyle 

antiviral tedavilere özenle araştırma yapmaktadır; son üç yılda 380 milyondan fazla 

enfeksiyon ve 5.7 milyon ölüm yaşanmıştır. Yüksek derecede bulaşıcı olan omicron 

varyantının ortaya çıkması, antikorları atlayabilme yeteneğine sahip olması, etkili 

tedavilerin geliştirilmesinin aciliyetini vurgular niteliktedir. Ana hedef, SARS-CoV-2’nin 

ana proteazı (Mpro veya 3CLpro) olup, enfeksiyon sırasında viral poliproteinleri temel 

yapısal ve yapısal olmayan proteinlere ayıran sorumlu enzimdir. Mpro ile substratları 

arasındaki etkileşimin anlaşılması, özellikle mutasyonlar tarafından tetiklenebilecek 

potansiyel terapötik direncin göz önünde bulundurulması bakımından kritiktir. Moleküler 

Dinamik simulasyonları ve serbest enerji teknikleri olan MMP(G)BSA, SARS-CoV-2 

Mpro-substrat etkileşimini araştırmak için kullanılmıştır. Çalışma, substrat tanıma 

bölgesindeki kalıntı mutasyonlarının bağlanma serbest enerjisi üzerindeki etkisine 

odaklanmıştır. Temel bulgular, Mpro-peptit etkileşimlerinde alanin, valin ve glicin gibi 

küçük alifatik yan zincirli amino asitlerin baskın olduğunu göstermiştir. Özellikle, P1 

konumundaki glutamin kalıntısının, substratlar ve ürünler arasında farklılık gösteren 

büyük değişiklikler sergilediği belirlenmiştir. Çalışma, aynı zamanda P3-P5 

konumlarındaki arginin amino asidinin ve P4’teki amino asidin etkileşimin gücünü 

artırabileceğini öne sürmüştür. Bu araştırma, Mpro-peptit tanımanın bu kritik yönlerini ilk 

kez aydınlatan ve değerli mekanistik anlayışlar sunan bir çalışmadır. Belirlenen bölgeleri 

ve amino asitleri deneysel olarak hedeflemek, Mpro’nun işlevini bozmak için umut veren 

bir yol sunmaktadır. Özetle, bu çalışma, SARS-CoV-2’ye karşı etkili antiviral ilaçların 

süregiden arayışına büyük katkı sağlamakta olup, virüsün küresel sağlık etkisini yönetmek 

açısından hayati önem taşımaktadır. 

 

 

 

 

Anahtar Kelimeler: Bağlanma Serbest Enerjisi, Moleküler Dinamikler, Protein-

Protein Etkileşimi, Substrat Tanıma, SARS-Cov-2 Mpro.  
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1. INTRODUCTION 

As of February 2022, the 2019 Covid illness (Coronavirus) pandemic has infected 

396 million people and caused the death of more than 5.7 million [1]. It has become 

perhaps of the most wrecking irresistible sickness in mankind's set of experiences. The 

responsible factor of Coronavirus (CoV) is a positive-sense, single-strand RNA (+ssRNA) 

infection having a place with the Betacoronavirus variety in the Coronaviridae group of 

the Orthocoronavirinae subfamily. Covids have a long history in the human population. 

HCoV-229E and HCoV-OC43 were first identified in 1966-1967 and shown to induce 

mild respiratory tract illnesses similar to the common cold virus. Starting around 2003, a 

few infections with serious pathologies, for example, extreme intense respiratory disorder 

Covid (SARS-CoV), Middle East respiratory condition Covid (MERS-CoV), and SARS-

CoV-2, have arisen, stressing the need to comprehend and defeat these infections. CoV 

has an outstandingly enormous +ssRNA genome of roughly 30 kb, requiring remarkable 

systems to guarantee proficient combination of viral RNA. Upon entering the host cell, 

the sequential replication and transcription of CoV are associated with the generation of 

full-length complementary RNA (cRNA) or subgenomic RNA (sgRNA) templates and the 

copying of cRNA or sgRNA into positive-sense genomic RNA (gRNA) or subgenomic 

mRNA [2]. Both CoV gRNA and mRNA are covered at the 5' end with a cap structure 

(7MeGpppA2'OMe) and polyadenylated at the 3' end. Notwithstanding, cRNA has 

polyuridylic corrosive adornment at its 5' end rather than the cap structure. The 5' cap (1) 

structure on CoV gRNA/mRNA is a construction where the initial 5' nucleotide of the 

recently started pre-gRNA/mRNA is connected to the N7-methyl-guanine segment, and 

the ribose 2'- O position of the principal translated nucleotide is further methylated. This 

design is critical to advance interpretation commencement, safeguard mRNA, and help 

the infection in sidestepping host resistant acknowledgment. The concurrent covering of 

gRNA/mRNA is accomplished through four continuous activities [3]. First, a 5'-

diphosphate end (ppA) is created when an RNA 5'-triphosphatase (RTPase) removes the -

phosphate from the newly initiated pre-gRNA/mRNA's 5'-triphosphate end (pppA) [4], 

[5]. Second, the cap core (GpppA) is formed when a guanylyltransferase (GTase) moves 
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a guanosine monophosphate to the remaining 5'-diphosphate end [3]. Thirdly, the cap (0) 

structure (7MeGpppA) is created when an N7-methyltransferase (N7-MTase) methylates 

the first guanine at the N7 position [6]. A 2'-O methyltransferase, 2'-O-MTase, methylates 

the ribose 2'-O position of the first transcribed nucleotide in the final stage to complete 

cap (0) and transform it into cap (1) (7MeGpppA2'-OMe) [7]–[9]. The genome of SARS-CoV-

2 encodes 4 primary proteins, 16 non-underlying proteins (nsp1-nsp16), and a few extra 

proteins [10]. Within the host cell, non-structural proteins, also known as replicases, are 

crucial for a variety of aspects of the virus's life cycle. Non-structural proteins are 

translated into the replication-transcription complex (RTC) upon entry into host cells. This 

complex oversees several processes, including the transcription and replication of the viral 

genome, the molecular sieve-like formation of double-membrane vesicles (DMVs), and 

the control of protein translation on host ribosomes. The development of our knowledge 

of the structures and functions of coronavirus-encoded non-structural proteins has 

accelerated since the SARS outbreak. Single-particle cryo-electron microscopy (cryo-

EM) technology has made it possible to observe the dynamics of CoV within host cells, 

which has led to significant advancements in the research on the assembly of CoV RTC. 

1.1. Non-Structural Proteins 

Figure 1.1 shows the non-structural proteins encoded by SARS-CoV-2. The 

functions of each nsp will be discussed briefly. 

nsp1: In SARS-CoV-2 infection, the N-terminal cleavage product of the CoV 

genome's replicase polyprotein, protein nsp1, acts as a virulence factor. It has an N-

terminal domain and a C-terminal domain that adopt a helix-turn-helix (HTH) structure 

when folded [11]–[16]. SARS-CoV-2 or SARS-CoV nsp1's C-terminal domain prevents 

mRNA from entering the host ribosome and diverting antiviral signaling pathways 

intended to suppress the host's innate immunity [14]–[18]. Additionally, the N-terminal 

domain binds to the viral genome's 5'-untranslated region (5'-UTR) with high affinity 

(0.31 M) [19]. In addition, nsp1 facilitates the accelerated cellular 5'-3' exoribonuclease 

1-mediated decay of host mRNA by cleaving the 5'-UTRs of host mRNA [20],[21]. It is 

possible that nsp1's high-affinity binding to the 5'-UTR of the viral genome helps it avoid 
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mRNA decay [22]. SARS-CoV-2 nsp1's N-terminal domain has been shown to form a 

stable complex with the host's DNA polymerase, according to recent research [23]. 

Although the full-length nsp1 was utilized for the structural investigation in this study, 

only the N-terminal domain could be discerned in the experimental cryo-EM density. This 

observation suggests that the N- and C-terminal domains might concurrently perform 

distinct functions. 

 

 
 

Figure 1.1:  Nonstructural proteins encoded by SARS-CoV-2. Domains in nsp1–nsp16 

with known functions are indicated. Abbreviations: 2’ -O-MTase, 2’-O-methyltransferase; 

3Ecto, ectodomain; Adp, adaptor; DMV, double-membrane vesicle; DPUP, domain 

preceding Ubl2 and PLpro; ExoN, exoribonuclease; HEL, helicase; HVR, hypervariable 

region; Macro, macrodomain; Mpro, main protease; N7-MTase, N7-

methyltransferasensp, nonstructural protein; PLpro, papain-like protease domain; RdRp, 

RNA-dependent RNA polymerase; RTC, replication– transcription complex; SARS-CoV-

2, severe acute respiratory syndrome coronavirus 2; ssRNA, single-stranded RNA; TM, 

transmembrane region; Ubl, ubiquitin-like domain; Y, Y1 and CoV-Y. 

 

nsp2: nsp2 is one of the CoV non-structural proteins whose primary sequence and 

biological function are among the most diverse. It is connected to viral replication, protein 
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expression, localization, and functions that interfere with host cells' normal activities [24], 

[25]. However, the precise role that nsp2 plays throughout the CoV life cycle is still poorly 

understood. The multidomain structure of nsp2 includes a zinc finger-rich domain (ZRD) 

with three zinc fingers at the N-terminus, a middle region with a structure resembling an 

armadillo repeat, and a highly adaptable C-terminal domain with mostly loops and coils. 

The structure-function relationship of nsp2 requires further examination. 

nsp3: The largest of the three membrane-associated proteins that the CoV genome 

encodes is nsp3. It typically embraces eight prominent domains: ubiquitin-like domain 1 

(Ubl1), Glu-rich acidic region (also known as hyper-variable region or HVR), 

macrodomains I-III (Macro I-III), a region preceding the papain-like protease domain 

containing Ubl2 (DPUP), PLpro, an exodomain located between two transmembrane 

regions (TM1 and TM2) (also known as zinc-finger or ZF domain), and two Y domains 

(Y1 and CoV-Y) [26]–[31]. Although the individual structures of many CoV nsp3 

fragments have been characterized, the structure of the full-length protein is still unknown. 

The papain-like protease (PLpro) not only cleaves pp1a and pp1ab polyproteins to release 

the viral proteins nsp1, nsp2, and nsp3, but it also removes host ubiquitin and ubiquitin-

like interferon-stimulated gene 15 (ISG15) from signaling proteins to suppress innate 

immune responses [32]. The classic catalytic triad (Cys111-His272-Asp286) in PLpro's 

catalytic region preferably cleaves the tetrapeptide motif (LXGG) in adjacent viral 

proteins (nsp1-nsp2) and the C-terminal tails of cellular ubiquitin and ISG15. The 

blockade loop 2 (BL2), a flexible -hairpin loop, regulates substrate access to the catalytic 

site, which is nearly 15 away from the catalytic region. There have been reports of over 

thirty potent PLpro inhibitors. In light of their components of activity, anti PLpro inhibitors 

can be classified into three groups: class (i) covalent inhibitors that bind to the catalytic 

cysteine via a C-S thioether bond; (ii) non-covalent inhibitors of class that prevent PLpro 

substrates from entering the catalytic site; (iii) non-covalent inhibitors that bind to 

allosteric pockets. Covalent inhibitors like VIR250 and VIR251 are peptidomimetics in 

class (i) that inhibit PLpro peptidase activity by mimicking the LXGG tetrapeptide motif 

[33]. As peptide substrates with only two glycine residues at the P1 and P2 positions can 

accommodate the substrate binding pockets, the "non-canonical" two glycine residues in 

the LXGG motif present a challenge for the development of potent peptidomimetic 



5 
 

inhibitors [34]. Non-covalent inhibitors in class (ii) block substrate access to the catalytic 

site by filling the BL2 pocket [34]. Due to sequence and structural differences in the BL2 

pocket, the majority of these inhibitors typically only inhibit SARS-CoV and SARS-CoV-

2, but not MERS-CoV. In class (iii), non-covalent inhibitors like HE9 target an allosteric 

pocket 30 Å away from the catalytic site to prevent ISG15 and ubiquitin from binding to 

PLpro. There are also zinc-depleting drugs like disulfiram that block the allosteric Zn2+ 

binding pockets of PLpro. [35]. Human immune responses are altered, and viral protein 

maturation is prevented by PLpro inhibition [36]. However, designing selective PLpro 

inhibitors can be challenging, as PLpro structurally resembles a large group of human 

deubiquitinase enzymes (DUBs) and DUB-like protease family that recognize ubiquitin 

or ubiquitin-like proteins [37]. Deubiquitinase enzymes and deubiquitinase-like proteases 

are being investigated as therapeutic targets for other human diseases, but inhibitors for 

these proteins have not been approved yet. [38]. 

nsp4 and nsp6: In addition to nsp3, CoV encoding two membrane-spanning 

proteins: nsp4, nsp6 [39], [40]. The combined efforts of the nsp3 and nsp5 proteases result 

in the release of the 56 kDa protein known as nsp4 from the polyprotein. nsp4 is 

anticipated to have four transmembrane spaces: an N-terminal transmembrane domain, a 

luminal domain, three additional transmembrane regions that are closely spaced apart, and 

a small C-terminal domain that faces the cytosol and is approximately one hundred amino 

acids long [39], [40]. Although the structure of nsp4's C-terminal domain has been figured 

out by crystallography [41], [42], little is known about the protein's overall structure. nsp6, 

another membrane-associated protein, is an autophagy-activating integral membrane 

protein [40], [43]. There are no structural details available for nsp6. nsp4 and nsp6 can 

induce double-membrane vesicles (DMVs) as replication organelles along with nsp3 [30] 

and form a hexagonal crown-shaped porous structure that covers the DMVs as an opening 

facing the cytosol [44]. It has been hypothesized that this porous structure eases the 

transfer of RNA to the cytosol by interacting with RTCs within DMVs. 

nsp5: Due to its characteristic chymotrypsin-like structure, nsp5, also known as the 

3C-like protease (3CLpro), plays a pivotal role. [45]–[49]. Nsp5 acts as the main protease 

(Mpro) by cleaving pp1a and pp1ab to form individual proteins, specifically nsp4 to nsp16 

[26], [50]–[52]. A characteristic cleavage motif P4-P2' (small)-X-(L/I/V/F/M)-Q(S/A/G), 
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where X denotes any amino acid and indicates the cleavage site, summarizes the catalytic 

region of nsp5 [52]. Its essential function and absence of a homolog in humans make nsp5 

a promising target for antiviral development against SARS-CoV-2 and other CoVs [45], 

[53]–[61]. Additionally, nsp5 forms a homodimer where one protomer's N-terminal 

domain (N-finger) shapes the S1 pocket and oxyanion hole of the other protomer, 

necessitating dimerization for catalytic activity [45], [46]. The SARS-CoV-2 main 

protease (Mpro), also referred to as the 3C-like protease, is a crucial cysteine protease 

responsible for releasing viral proteins from the pp1a and pp1ab polyproteins, specifically 

nsp4 to nsp16. Inhibiting Mpro-mediated proteolytic cleavages disrupts the maturation of 

important viral enzymes like nsp12 and nsp13, thus halting viral replication. Mpro's 

catalytic dyad, consisting of a nucleophilic cysteine (Cys145) at position 145 and a nearby 

histidine residue (His41) at position 41, exists in each subunit of the homodimer and 

catalyzes the covalent carbon-sulfur bond formation between the P1 glutamine and 

substrate's main chain carbonyl group [62], [63].  

Similar to the rational design of inhibitors for other proteases, Mpro's catalytic dyad 

interacts comprehensively with atoms in the S1', S1, S2, S3, and S4 subregions of Mpro 

[64], [65]. Mechanistically, Mpro inhibitors are categorized into four groups: Class (i) 

comprises peptidomimetic inhibitors covalently binding to the catalytic pocket via an 

electrophilic warhead such as nitrile, ketone, α-ketoamide, or aldehyde acceptor. Class (ii) 

involves non-peptidomimetic inhibitors that block the catalytic pocket via covalent 

interactions. Class (iii) includes non-covalent inhibitors that occupy Mpro's substrate 

binding pocket without forming covalent bonds. Class (iv) centers on non-covalent 

inhibitors preventing Mpro dimer formation at allosteric sites. 

In class (I), nirmatrelvir, a peptidomimetic with a nitrile warhead, reversibly inhibits 

Cys145 by forming a covalent bond. Nirmatrelvir effectively reduces viral loads in mice 

and hamsters [66] by inhibiting seven human coronaviruses (HCoVs) in cell culture [61] 

and various SARS-CoV-2 variants [67].   

Non-covalent inhibitors synthesized in Class (ii) disrupt the catalytic pocket's 

accessibility through non-covalent interactions, such as penicillin derivatives [68], ebselen 

derivatives [69], ester derivatives [70], spiro-cyclic derivatives [71], and myricetin 

derivatives [72].  
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Class (iii) features ensitrelvir and other non-covalent inhibitors occupying Mpro's 

substrate binding pocket through hydrogen bonds, hydrophobic contacts, and stacking 

interactions [73].  

Allosteric inhibitors in Class (iv), including NB1A2, colloidal bismuth subcitrate, 

and x1187, target Mpro's dimer interface to prevent dimer formation.  

nsp7 and nsp8: nsp7 and nsp8 structure are steadily complicated and they act as 

cofactors for nsp12 polymerase, together framing the replication-transcription complex 

(RTCs). The nsp7/nsp8 complex exhibits low fidelity de novo RNA synthesis and 

extension abilities on ssRNA templates, suggesting that nsp8 serves as an RNA primer for 

the synthesis of short oligonucleotide primers for subsequent extension by the nsp12 

polymerase [74], [75]. Biochemical studies have shown that nsp8 functions as a second 

polymerase in CoVs. The structure of the nsp8 protein consists of two parts, whereas the 

structure of the nsp7 protein folds into a tight helical bundle. In the C-terminal region, a 

central -sheet surrounded by helices, and in the N-terminal region, a long helical structure. 

The postulated double-stranded RNA (dsRNA) binding channel and the SARS-CoV 

nsp7/nsp8 complex's structure were first identified as a hexadecamer ring structure [76]. 

In this hexadecamer complex, the N-terminal helix of nsp8 takes on two distinct 

configurations [76]. In a similar vein, it has been demonstrated that the N-terminal helix 

of nsp8 stabilizes the template-product duplex that is produced by the nsp12 polymerase, 

either as a component of the nsp7 complex or in RTCs [77]–[80]. 

nsp9: The protein nsp9 is involved in CoV replication and is a single-stranded 

nucleic acid binding protein [81], [82]. It binds long oligonucleotides with moderate 

binding strength and shares topological characteristics with oligonucleotide and 

oligosaccharide binding (OB-folding) proteins [81], [82]. Crystallography studies indicate 

that the interaction between the C-terminal -helices and the GXXXG motif will result in 

nsp9's transformation into a biological dimer [81]–[86]. The spread of the virus is 

significantly slowed down by mutations at the nsp9 dimerization interface. In late 

examinations, monomeric nsp9 was found to tie firmly with nsp12 nidovirus RNA-

subordinate RNA polymerase (RdRp)- related nucleotidyltransferase (NiRAN), which 

constricted NiRAN GTase action, trailed by Cap (0). It has been seen that nsp9 is 

successfully drawn in by nsp12 to produce RTC [87]. Intriguingly, the fact that the 
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interfaces for nsp9 dimerization and interaction with other Cap (0)-RTC components 

largely overlap raises the possibility that the homodimeric form of nsp9 may switch 

constitutively prior to its assembly into RTCs. 

nsp10: The ZF protein nsp10 has a molecular weight of approximately 15 kDa. Two 

ZFs with the sequence motifs C-(X)2-C-(X)5-H-(X)6-C and C-(X)2-C-(X)7-C-(X)-C are 

present [88]. Initially reported to possess a global dodecameric architecture in a 

crystallographic study, it has later been demonstrated that nsp14 and nsp16 function as 

monomers, acting as stimulants for their enzymatic activities [89], [90]. 

nsp12: nsp12 is the most important nonstructural protein for virus replication and 

transcription. It is an RNA-subordinate RNA polymerase (RdRp) that uses nsp7 and nsp8 

as cofactors to catalyze the synthesis of viral RNA [91], [92]. There are three regions in 

SARS-CoV-2 nsp12: the N-terminal nidovirus RdRp-associated nucleotidyl transferase 

domain (NiRAN) district, a connection point locale in the center area, and the C-terminal 

right-hand polymerase (Pol) area. This Pol district embraces the preserved design of the 

viral polymerase family [93] and comprises of the fingers, palm, and thumb subdomains. 

In the focal channel of nsp12 Pol, the A-G themes structure the synergist community for 

RNA union. It was first discovered that the N-terminal NiRAN region of nidovirus RdRp 

possesses G/U-specific nucleotidyltransferase activity [94]. SARS-CoV-2 nsp12 NiRAN 

has as of late been displayed to work as a GTase that catalyzes the subsequent coat activity 

to shape the cap center design GpppA from the ppA forerunner [95]. It is likewise guessed 

that posttranslational change of nsp9 by nsp12 NiRAN assumes a part in RTC 

development. nsp12 RdRp is a profoundly moderated holoenzyme encoded by nsp12 that 

is engaged with viral RNA replication and record. In the viral replication-transcriptional 

complex, mature nsp12 collaborates with other nonstructural proteins (nsp7 to nsp10, 

nsp13 to nsp16) following Mpro-mediated proteolytic processing. This complex catalyzes 

format opening, RNA combination, RNA correction, and RNA covering. A range of 

antiviral compounds can be developed to inhibit various stages of RNA synthesis by 

focusing on the main components of the replication-transcription complex. These stages 

include RNA synthesis inhibition (nsp12 RdRp inhibitors), template unwinding (nsp13 

helicase inhibitors), RNA proofreading (nsp14 exonuclease inhibitors), uridine excision 

(nsp15 endoribonuclease inhibitors), and RNA capping inhibition (nsp9 inhibitors, nsp12 
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NiRAN inhibitors, nsp13 ATPase inhibitors, nsp14 guanine-N7-methyltransferase 

inhibitors, and nsp16 2'-O-methyltransferase inhibitors), all aiming to prevent RNA 

synthesis. For viral RNA capping and other functions, NiRAN and C-terminal RdRp 

domain of nsp12 are present. The NiRAN domain is a guanyltransferase that adds a 

guanosine 5'-triphosphate to the 5'-end of viral RNA during the capping process. The 

NiRAN dynamic site can be obstructed by nucleoside analogs, for example, remdesivir 

triphosphate and bemnifosbuvir triphosphate. The NiRAN domain shares significant 

structural similarities with numerous human kinases, including insulin receptor kinase, 

spleen tyrosine kinase, and O-mannose kinase, making it difficult to develop NiRAN 

inhibitors with high specificity and low toxicity. A significant drug target is the RdRp 

active site of SARS-CoV-2. As nucleoside and non-nucleoside analogues, RdRp 

inhibitors, like HIV reverse transcriptase inhibitors, have distinct mechanisms of action. 

nsp13: The protein nsp13 is a superfamily 1 (SF1) helicase with various enzymatic 

capabilities, including opening double-strand RNA, nucleoside triphosphatase, and 

RTPase movement [95], [96]. Nsp13 preprocesses high-order conformation in the ssRNA 

template and unfolds template–product pairs in order to direct RNA synthesis [97, 98]. 

Dissimilar to most SF1 helicases and +ssRNA infection SF2 helicases, recomposite apo 

CoV helicases unpair in the 5'- 3' bearing [97]–[100]. In addition, CoV nsp13 uses RTPase 

activity to facilitate initial coated action [3]–[9], [99]. SARS-CoV-2 nsp13 has a 

commonplace collapsing of the SF1 helicase and contains a 1B locale connected to ZBD 

by means of the N-terminal zinc-restricting district (ZBD), two head Rec-like districts (1A 

and 2A), and a stem district [97], [98]. Districts 1A and 2A handle the reactant site for 

ATP hydrolysis, while locales 1A, 2A and 1B structure an RNA restricting section to 

embrace ssRNA. Recent research has revealed that the 1B region detaches from its initial 

location, undergoes remarkable conformational change, and may serve as a driving force 

for a potential back-slip. In contrast to the 5'-3' feature discovered in biochemical 

experiments [97]–[100], ssRNA binds in the 3'-5' direction in the RNA binding groove. 

nsp14: nsp14 is a bifunctional enzyme with a C-terminal N7-MTase domain that 

catalyzes the third coated action to produce cap (0) and a proposed N-terminal 

exonuclease (ExoN) domain to maintain replication accuracy. The C-terminal N7-MTase 

has an abnormal MTase collapsing containing the S-adenosylmethionine (SAM) 
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restricting theme [90], [101], [102] and embeds SAM in the space adjoining the GpppA 

restricting site. According to the proposed 3'–5' ExoN activity, the N-terminal ExoN can 

remove misincorporated nucleotides from the 3' end of the nascent product RNA to correct 

replication and transcription errors [101]–[104] and perform a trans-transitive 

retrospective. It has a mechanism for validation [87]. In order for nsp14 to perform its full 

function, it must be linked to nsp10 [90] . However, nsp10 only binds to nsp14 ExoN and 

boosts the activity of that protein [7], [105], but it has no effect on nsp14 N7-MTase 

activity [90]. 

nsp15: Among coronaviruses, Coronavirus nsp15 is a conserved uridine-specific 

endoribonuclease (endoU). There is a C-terminal endoU domain as well as an N-terminal 

domain and a middle domain whose function is unclear in the nsp15 folding [106]–[108]. 

Albeit the job of its oligomerization isn't completely perceived, nsp15 is dynamic just in 

a hexametric structure. This protein is primarily uridine-specific in its cleavage of the 3' 

end of RNA substrates [109], [110]. nsp15 is a particular uridine endoribonuclease that 

cleaves 5'-polyuridine sequences in negative-sense viral RNA to prevent host immune 

responses from being activated. A potential drug binding site exists in the Mn2+-

dependent endoribonuclease active site of nsp15, which cleaves viral RNA substrates and 

produces 2′,3′-cyclic phosphodiester and 5′-hydroxyl termini. Due to the absence of close 

human homologues, nsp15 endoribonuclease might be an appealing antiviral target in 

theory. 

nsp16: The final nonstructural protein in the CoV genome, nsp16 catalyzes the final 

coat action as a 2'-O-MTase [111], [112]. Cap (0) pockets are formed by loop regions that 

originate from the central -sheet and house SAM as a substrate and methyl donor. SARS-

CoV-2 nsp16, on the other hand, has a distinct adenosine binding pocket about 25 Å from 

the catalytic pocket, suggesting that it may be involved in the coating's pre-mRNA binding 

[7], [8], [89], [111]. CoV nsp16's 2'-O-MTase activity can be enhanced when it forms 

complexes with nsp10. However, it has been observed that nsp10 does not induce any 

significant conformational changes in either nsp10 or nsp16. 

The complexes of these nsps with Mpro is the focus of the current thesis. Several C- 

and N- terminal fragments (peptides) of these nsps have been co-crystalized with Mpro. 
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The sequential difference of these peptides provide insight into understanding the Mpro’s 

substrate recognition. 

1.2. Replication-Transcription Complexes  

For sequential replication and transcription, a collection of protein machinery 

known as RTCs (Replication-Transcription Complex) is formed when individual 

nonstructural proteins organize themselves inside host cells. The primary endeavor to 

comprehend the profoundly requested association of CoV nonstructural proteins came 

from the crystallography investigation of the SARS-CoV nsp7/nsp8 complex [76]. Due to 

the complex's large molecular size and the dynamic process of RTC formation, the 

investigation of RTC assembly and function came to a halt until the structure of the SARS-

CoV nsp12/nsp7/nsp8 complex was determined using single-particle cryo-EM technology 

in 2019 [91]. With the strong support provided by single-particle cryo-EM, our 

understanding of CoV RTC assembly and function has significantly advanced, particularly 

based on studies of SARS-CoV-2 RTCs. Six major stages make up the CoV replication 

and transcription cycle in host cells, according to our current understanding. 

Prior to RNA synthesis, nsp12 interacts with its coenzymes nsp7 and nsp8 to form 

the central RTC (C-RTC). The C-RTC serves as a central component that encompasses all 

states of the RTC. Both SARS-CoV and SARS-CoV-2 C-RTCs consist of one nsp12, one 

nsp7, and two nsp8 molecules each [78], [91]. An individual nsp8 (nsp8-1) collaborates 

with the nsp12 connection point and finger subdomains, while another nsp8 (nsp8-2) and 

nsp7 cooperate with the nsp12 finger and head subdomains. The N-terminal helices of 

both nsp8 are not visible in the apo form of C-RTC. However, when template-product 

duplex is present, the nsp8 N-terminal helices manifest as long helices and function as a 

crane, separating the pair from the template that extends from the nsp12 Pol catalytic 

center [79], [80]. 

Due to the presence of numerous higher-order structures in the RNA genome, it's 

unlikely that C-RTC initiates RNA synthesis on its own. For this purpose, the involvement 

of nsp13 in the C-RTC is necessary. Thus, a template is created to guide C-RTC by 

processing these higher-order structures in advance. The complex formed by nsp13 and 
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C-RTC is referred to as the elongation RTC (E-RTC) [98]. Due to nsp13's weak binding 

affinity with C-RTC, a template-product duplex resembling a single-stranded template 

extending from the 5' end of the template to the nsp12 Pol catalytic center of nsp13 has 

been designed. This assists in capturing the structure of E-RTC [97], [98]. An unexpected 

structural feature is the binding of two nsp13 molecules to C-RTC. One of them binds to 

the 5' end of the template, while the other does not bind to RNA. The helicase activity of 

E-RTC is enhanced by interactions between the two nsp13 molecules.  

It is likely that positively labeled CoV gRNA and mRNA are capped at the 5' end, 

whereas negatively labeled cRNA or sgRNA are not [113], [114]. Since the 5' end of the 

product cRNA or sgRNA dissolved by the helicase does not require further modification, 

it is likely that it is directly released into the medium to synthesize cRNA or sgRNA under 

the direction of gRNA. However, a four-step cap (1) process at the 5' end is required to 

synthesize gRNA or mRNA using cRNA or sgRNA as a template. The nsp13 RTPase 

activity and the nsp12 NiRAN GTase activity facilitate the first two capping processes 

[3]–[9], [99]. At the 5' end of the product RNA, the RTCs that make up the ppA tip and 

the GpppA cap core are referred to as Cap (-2)-RTC and Cap (-1)-RTC, respectively. While 

we don't utilize the terms Cap (- 2) and Cap (- 1) as formal logical articulations to signify 

ppA and GpppA develops, we might involve these terms here for simplicity of portrayal. 

There are currently no constructs for Cap (-2)-RTC and Cap (-1)-RTC. However, due to 

the extremely large distance (more than 120  in linear distance) between the 5' end of the 

product RNA in the E-RTC and the catalytic center of the nsp12 NiRAN, either (a) another 

component or components by relocating to the RTC, a pathway is formed to cis-cap the 5' 

end of the product to the nsp12 NiRAN, or (b) a specific oligomerization state of the RTC, 

positioning, which reveals an in-transit mechanism for the initial two capping actions. 

An important intermediate state of the RTC, known as the Cap (-1)-RTC, occurs 

with the provision of nsp9 to E-RTC before the third and fourth capping processes 

performed by nsp14 and nsp16 [3]. While emerging as a dimer in crystallographic 

structures, nsp9 is accommodated as a single monomer in Cap (-1)-RTC and serves as an 

adaptor for further recruitment of nsp10/nsp14 or nsp10/nsp16, thus providing a platform 

for the formation of the co-transcriptional capping complex (CCC) for capping [81], [82], 

[84]–[86]. Furthermore, there are two proposed mechanisms by which nsp9 binding may 
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halt RNA elongation and capping. To begin, the nsp9 N-terminus is deeply embedded in 

the nsp12 NiRAN catalytic center, where it forms stable interactions with a cation and a 

GDP [3]. GpppA formation and nsp12 NiRAN GTase activity are clearly diminished when 

Nsp9 is present [3]. Second, the orientation of nsp13-2 binding to the template in E-RTC 

is significantly altered when nsp9 is bound [3]. Nsp13-2 blocks upstream duplex 

movement by rigidly sliding its ZBD into the second minor groove of the template-product 

duplex when bound to Nsp9. In this specific circumstance, nsp9 not just gives a stage to 

the development of CCC, however is probably going to practically suspend replication 

and record after the second covering process. As examined in the nsp9 segment, this 

protein is a solitary abandoned nucleic corrosive restricting protein and offers topological 

likeness with OB-collapsing proteins to tie long oligonucleotides [81], [82].  

Cap (0)-RTC is created when nsp9 recruits the nsp10/nsp14 complex to Cap (-1)-

RTC. Cap (0)- RTC exists in both arrangement and cryo-EM caught state as monomeric 

and dimeric structures [87]. N7-CCC is formed when nsp9 and nsp12 NiRAN interact 

with nsp10 but only with nsp14 in monomeric Cap (0)-RTC [mCap(0)-RTC]. In the N7-

CCC, several highly positively charged regions have been identified; these are likely to 

serve as the path through which precursor gRNA and mRNA are transferred from the 

nsp12 NiRAN catalytic center to nsp14 N7-MTaz. Distinct parts in mCap (0)- RTC (i.e., 

nsp12 Pol and nsp13) are called EC (stretching complex) and EC and N7-CCC structure 

a hand weight molded design of mCap (0)- RTC. Most importantly, the presence of the 

back-correction mechanism in trans is confirmed by the dimeric Cap (0)-RTC [dCap(0)-

RTC] [87]. The catalytic center of a Cap (0)-RTC protomer's nsp14 ExoN is located 

approximately 35 Å from the 3' end of the product RNA, in opposition to the catalytic 

center of a nsp12 Pol protomer. When RTC finds that a nucleotide is not properly 

incorporated into product RNA, nsp13-2 1B undergoes significant conformational 

changes to drag template RNA in the opposite direction of RNA elongation [87]. This 

allows the 3' end of the wrongly incorporated nucleotide to be reinserted into the nsp14 

ExoN to correct the error [87]. After the correction of a mismatched nucleotide, nsp13-2 

returns to its regular position for helicase function. This significant conformational change 

in nsp13-2 1B is not observed in any other SF1 or SF2 helicase.  
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The nsp10/nsp16 complex with 2'-O-MTase activity is recruited during the decisive 

step of cap synesthesia to complete the capping process. The name of this complex is Cap 

(1)-RTC. nsp14 and nsp16 are less likely to be co-recruited into RTCs by nsp10 because 

their footprints on nsp10 overlap [105]. In addition, if we superpose Cap (0)-RTC 

structures [87] with nsp10/nsp16 structures [111], [112] the position of nsp16 significantly 

conflicts with the interprotomer interface in dCap (0)-RTC, rendering dCap (0)-It may 

adversely affect the correction in RTC. 

1.3. Other Non-Structural Proteins with A Related RTC 

CoVs typically replicate and transcribe their genomes at a location associated with 

modified host membranes, which are referred to as DMVs (double-membrane vesicles). 

These membranes are the predominant component of the transformed endoplasmic 

reticulum (ER) membranes of the viral replication organelle [115]–[117]. DMVs may 

provide a microenvironment to shield viral RNA from host cell innate immunity by 

packaging the dsRNA replication intermediate [115]–[117]. RTC is associated with the 

luminal side of the nsp3/nsp4/nsp6 pores in subtomogram analysis of DMVs induced by 

CoVs [44], suggesting that mRNA can be exported to the cytosol immediately following 

expression in the RTC. In addition, the N-terminus domain of nsp1 has a high affinity for 

binding to the 5'-UTR [19]. 

1.4. Structural Proteins 

SARS-CoV-2 is a positive single-abandoned RNA-containing envelope infection 

going from 80 to 220 nm in measurement, having a place with the β-CoV class of human 

Covids [118]. A fragile lipid envelope, four structural proteins, and genomic RNA make 

up the entire SARS-CoV-2 fragment. The membrane (M), nucleocapsid (N), envelope (E), 

and spike (S) proteins are the four structural proteins. In virus assembly, the M protein is 

crucial. Viruses and host factors can assemble at the cell membrane to form daughter virus 

particles thanks to their presence [119]. In viral transcription and splicing, the N protein 

and genomic RNA form an important complex. There are three parts to the N protein: N-
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terminal, C-terminal, and disordered central domains (RNA binding domain, CTD, and 

NTD) [120]. The E protein is a small, complete membrane protein that plays a role in the 

assembly and pathogenicity of SARS-CoV-2 throughout its life cycle [121]. The S protein 

assumes a critical part in the attack of SARS-CoV-2 into cells and is available as trimers 

on the outer layer of the infection film [122]. It comprises of S1 and S2 subunits, and the 

last option is the most moderated district of the spike protein [123]. The N protein interacts 

with the viral RNA to form the nucleus of the virus particle, while the E protein and M 

protein are located sequentially on the surface of the virus membrane and form the virus 

envelope with the S protein [118]. During viral replication, a polypeptide 1ab is translated 

from the ORF1ab in the viral genome and subsequently cleaved into 16 non-structural 

proteins by protease. The proteins of SARS-CoV-2 are highly glycosylated 8uy g[124]. 

There are 22 N-glycosylation sites per protomer in the SARS-CoV-2 S protein [125]. 

When developing vaccines and antibodies, glycosylation of the S protein must be 

considered because glycosylation is necessary for virus invasion [124]. 

1.5. The SARS-CoV-2 Life Cycle 

SARS-CoV-2 binds to the cell surface via the S protein to Angiotensin-converting 

enzyme 2 (ACE2), a functional SARS-CoV receptor, allowing it to enter the cell via 

membraneization and endocytosis [123]. SARS-CoV-2's invasion processes are aided by 

proteins from host cells, such as the serine protease TMPRSS2 [126] and the HDL 

scavenger receptor type B (SR-B1) [127]. Transmembrane serine protease 4 (TMPRSS4) 

is a protein generally fundamentally connected with ACE2 [128]. SARS-CoV-2 has an 

exceptional Furin cleavage site not recently found in other Covids, and this is expected 

for infection section into cells lacking cathepsin protease [129]. Furin can activate the S1 

and S2 subunits of the SARS-CoV-2 spike protein by cleaving the S1/S2 region of the 

protein [118]. During the process of packaging the virus, the truncation occurs [130]. The 

virus particle uses the host ribosome to translate the viral polyproteins pp1a and pp1ab 

after entering the host cell [131]. Viral proteases 3CLpro [132] and PLpro [133] then cut 

the polyproteins into different dynamic proteins. A nonstructural protein-based 

replication/transcriptional complex dominates viral replication [134]. The virus-
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independent RNA polymerase construct (RdRp), for instance, is made up of nsp7, nsp8, 

and nsp12 [79]. Interpretation of nsp14 can capture protein union and restrain the natural 

resistant reaction, while its relationship with nsp10 improves this impact [135]. The N 

protein binds to the genome after transcription produces four structural proteins. The 

remaining three proteins S, E, and M integrate into the endoplasm before being transported 

to the endoplasmic reticulum-Golgi intermediate region (ERGIC) for further processing, 

such as Furin-mediated cleavage. Consequently, the daughter virus that is produced is used 

for the subsequent invasion of the host cell and is released through excitolysis or budding. 

Protein E can cause pro-inflammatory effects in ERGIC by forming pores that release 

calcium and activate the NLRP3 inflammasome [136]. 

1.6. Drugs That Target The SARS-CoV-2 Life Cycle  

There are multiple stages in which SARS-CoV-2 enters the human body and self-

replicates to release the progeny virus. Drug targets for these specialized processes have 

been developed to inhibit the virus's viability based on the characteristics of each dynamic 

stage. 

1.6.1. Competitive Binding to ACE2 and the SARS-CoV-2 Spike Protein  

The primary entry receptor for some human coronaviruses, including SARS-CoV, 

SARS-CoV, and HCoV-NL63 [137], is ACE2. Spike RBD recognizes the N-terminal 

domain of the ACE2 dimer on the cell surface during the first step of virus entry into host 

cells. After SARS-CoV-2 disease, ACE2 articulation is decreased and guideline of the 

human renin-angiotensin framework by means of ACE2 is lessened, bringing about 

aspiratory hypertension, aggravation, and cardiovascular intricacies [138]. By imitating 

ACE2 with peptide fragments or mini-proteins like APN01, a potential treatment strategy 

aims to prevent SARS-CoV-2 from entering host cells. The soluble extracellular fragment 

of wild-type human ACE2 known as APN01 is a miniature protein [139]. APN01, on the 

other hand, did not significantly outperform the placebo control in a phase II study 

involving COVID-19 patients in terms of 28-day all-cause mortality or the use of invasive 
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mechanical ventilation. In preliminary clinical studies, small molecules like SB27041 that 

target ACE2 have been investigated as potential anti-SARS-CoV-2 agents. SB27041 

inhibits ACE2 interactions with the SARS-CoV-2 spike without affecting ACE2 

enzymatic functions by targeting the allosteric binding site of ACE2 and causing 

conformational changes [140].  

The SARS-CoV-2 spike is an attractive antiviral target because it is a homotrimeric 

class I fusion glycoprotein on the virus surface that is necessary for viral entry. N- and O-

lycosy bonds are used by host proteases to cleave the spike protein to the receptor-binding 

subunit S1 and envelope-fusion subunit S2 in most cases. After critical conformational 

adjustments, the receptor restricting site (RBD) of the SARS-CoV-2 spike ties with ACE2 

on the cell surface with high affinity, just multiple times higher than the SARS-CoV 

spike's ACE2 [141]. The postfusion conformation of the three helix bundles that connect 

the viral membrane to the plasma membrane of the host is driven by subsequent structural 

transitions and proteolytic interruptions [142]. Spike-ACE2 interaction or membrane 

splicing can be inhibited by various agents, including neutralizing antibodies, small 

molecule inhibitors, and peptide inhibitors. 

1.6.2. Cell Proteases 

Cellular proteases such as Furin, Transmembrane Protease Serine 2 (TMPRSS2), 

cathepsin proteases, ADAM10, and ADAM17 cleave and prime the SARS-CoV-2 spike 

protein for viral entry [143]–[146]. The envelope fusion of SARS-CoV-2 virions with host 

cells is linked to the proteolytic cleavage of the viral spike and relies on a two-step process: 

Firstly, cleavage at the S1/S2 junction (684AR↓SV687) by furin releases the receptor-

binding subunit S1 and the envelope fusion subunit S2 [146]. Secondly, a proteolytic 

cleavage is performed at the S2′ site (814KR↓SF817) within the envelope fusion subunit 

S2 to release the fusion peptide of the spike that holds the cell membrane [147]. During 

rapid cell-envelope fusion, TMPRSS2 or TMPRSS13 are responsible for cleavage in the 

S2′ region of SARS-CoV-2 S protein, while endosomal cathepsin proteases (primarily 

cathepsin B and L) are responsible for slow endosomal internalization [148]. 

These structural proteins are beyond the scope of the current thesis. 
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1.7. Rising SARS-CoV-2 Variants  

 

SARS-CoV-2 is constantly evolving, resulting in a greater risk to global public 

health and a faster spread and higher infectious efficacy. WHO classifies variants as 

variants of interest (VOI) and variants of concern (VOC) to facilitate prevention or 

medical countermeasures and better assess the consequences of various variants [138]. 

There are at present two VOIs (Kappa and Mu) and five VOCs (Alpha, Beta, Gamma, 

Delta, and Omicron). On November 24, 2021, another SARS-CoV-2 variation B.1.1.529, 

named Omicron, was found in South Africa. In the past, the SARS-CoV-2 Delta variant 

had emerged as the predominant epidemic strain in numerous nations [149]. A new level 

of focus and vigilance has emerged because of the omicron's emergence. Mutations in 

Omicron are concentrated in the S protein, and there is a tendency to accumulate mutations 

of the virus that are beneficial for immune evasion. [139], [140]. Omicron's infectivity, 

according to one model, is approximately ten times that of the original virus or twice that 

of the Delta variant. Omicron can significantly reduce the effectiveness of the FDA-

approved monoclonal antibody (mAb) from Eli Lilly [143]. New concerns regarding 

antiviral medications and vaccines for the COVID-19 pandemic are raised by major 

variants of SARS-CoV-2 that have been reported in a variety of locations across the globe. 

The virulence and spread of SARS-CoV-2 are determined by critical mutation sites in the 

genome, which offer novel drug design concepts for major emerging variants.  

The D614G mutation in the S protein will not significantly affect the neutralizing 

properties of antibodies against SARS-CoV-2, and the vaccines that are currently in 

development are still effective against strain D614G [144]. The neutralizing power of 

various potent mAbs that alter the receptor binding motif on the RBD will be diminished 

if E484K, the S protein's receptor binding site (RBD), is mutated [145]. Addition of the 

E484K change into other variation strains will likewise diminish balance of the 

immunization and antibodies [146]. The neutralizing effect of neutralizing nanospheres 

(Nbs) is little affected by the N501Y mutation in British variant strain B.1.1.7 [147]. 

However, the mutant strain frequently contains additional significant amino acid 

mutations that affect the S protein's ability to bind to ACE2. The L18F mutation in the 

NTD region may prevent the S2L28 monoclonal antibody from binding to NTD [150] and 
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may have a positive correlation with mortality [148]. The K417N change near the ACE2 

restricting site marginally hinders interactions with ACE2 [146] yet can advance effective 

avoidance of variations from antibodies by disposing of the inserted interface salt 

extension among RBD and the killing counter acting agent CB6 [151]. The L452R 

mutation found in the hydrophobic plates of the RBD [152] builds the spike protein's 

limiting affinity for ACE2 and disables Capture restricting [153] and sidesteps the 

infection from the monoclonal immunizer LY-CoV555 [154]. P681R is a mutation that 

occurs close to the Furin cleavage site [155]. It increases the full-length spike's cleavage 

of S1 and S2 to facilitate infection from the cell surface [156]. 

1.7.1. Non-Structural Protein Mutations  

Among the nsp of SARS-CoV-2, important drug targets include virus-associated 

enzymes like RdRp and 3C [157]. These mutations may make the virus more resistant to 

drugs that are related [158], [159]. Studies have shown that the mutation C14408T 

increases the viral mutation rate, while the mutation C15324T reduces its impact [160]. 

There may be a correlation between the severity of SARS-CoV-2 symptoms and mutations 

in nsp. One study found a significant correlation between asymptomatic COVID-19 and 

mutations in the nsp6 coding region [161], which may make it challenging to begin 

screening COVID-19 patients. Mutations can alter the structures and functions of various 

nsps [162]. The G1691C mutation in Nsp3 decreases the protein's flexibility, while the 

V121D mutation in nsp1 may have a disruptive effect [54]. When developing COVID-19 

medications, vaccines, or treatments, mutations in these nsps should be considered. 

1.7.2. Viewpoints In Drug Plan For SARS-CoV-2 Variations 

There are more than 100 monoclonal antibodies (mAbs) utilized in the treatment of 

human illnesses, a few of which are utilized for viral diseases, for example, palivizumab 

for respiratory syncytial infection and ansuvimab for Ebola infection [163], [164]. Several 

mAb and mAb cocktails against SARS-CoV-2 have been approved for emergency use or 

emergency use authorization (EUA) so far. In outpatients with mild to moderate COVID-
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19, the majority of mAbs and their cocktails are approved as prompt treatment options 

[165]. The majority of mAbs are no longer recommended due to the continued emergence 

of SARS-CoV-2 variants, and their efficacy must be continuously evaluated [166]. With 

amino acid modifications in the fragment crystallized (Fc) region, potent wild type mAbs 

can then be engineered to produce mAbs with longer half-lives and enhanced effector 

functions [167]. IgG1 mAbs make up all commercially available anti-SARS-CoV-2 

antibodies. Finally, as a natural source of polyclonal antibodies against SARS-CoV-2, 

high-titer convalescent plasma derived from COVID-19 survivors can be used for passive 

immunotherapy [168], [169].  

There are two primary ways that anti-spike antibodies reduce SARS-CoV-2 

infection. The first is to eliminate the pathogen by blocking viral entry with antibodies 

that bind specifically to spike RBD [170]. In COVID-19 recovery plasma, approximately 

90% of neutralizing antibody titers are made up of antibodies that bind to RBD [171]. 

Antibodies use the opsonization pathway, complement-dependent cytotoxicity, and/or 

antibody-dependent cellular phagocytosis and cytotoxicity to eliminate SARS-CoV-2 

virions or infected cells as the second mechanism [172]. Currently available antibodies 

typically inhibit the spike–ACE2 interaction by targeting the RBD. Antibodies binding to 

the RBD can be divided into two classes based on their target epitopes. Firstly, the highly 

variable nature of the SARS-CoV-2 spike protein allows for the emergence of drug-

resistant mutations [166]. Many existing anti-spike antibodies are weakly effective or 

ineffective against concerning Omicron variants like BA.1, BA.1.1, BA.2, BA.4, and 

BA.5, as these variants exhibit over 30 amino acid changes, including at least 15 within 

the RBD of the spike protein. To prevent neutralization escape, it's crucial to develop 

effective antibodies and combinations targeting highly conserved, non-overlapping 

epitopes within or outside the spike RBD. Secondly, antibody-based therapies may have 

clinical benefits for specific patients in the early stages of the disease or those with 

undetectable anti-SARS-CoV-2 antibodies [173].  

In this way, the revelation of a wide range antiviral medications ought to be engaged 

and created. Most of the mutation sites that are being investigated at the moment are found 

in the S protein, which is a crucial step in the virus's infiltration of the human body [174]. 

However, the mutation rate is rapid, and a variant of SARS-CoV-2 typically carries a 
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combination of multiple mutation sites, resulting in a multiple mutant strain [175]. The 

effect of impacts from mixes of various transformation locales on viral disease exercises 

is of extraordinary concern. In conclusion, drug targets for highly conserved sites in the 

SARS-CoV-2 genome may warrant increased focus on maintaining antiviral activities 

against variants. 

 

1.8. SARS-CoV-2 Mpro Action Mechanism 

 

SARS-CoV-2 Mpro, like other proteases, is responsible for the cleavage of peptide 

bonds. Therefore, different proteins' cleavage sites are recognized and cut by binding to 

the active site of the main protease. SARS-CoV-2 Main protease (Mpro or 3CLpro) is a 

cysteine protease with 306 amino acids.  

It has been observed that this protease binds to many proteins with high specificity. 

As a result, the enzyme can easily develop resistance against drug molecules designed for 

it, even though mutations that may not be in the active site. This protease binds to many 

different proteins with high specificity. In other words, this enzyme can attach to specific 

proteins distinctly. However, as a result of this situation, the enzyme can easily develop 

resistance against designed drug molecules. Drugs usually attempt to hinder the function 

of these types of enzymes by targeting them. However, if this enzyme undergoes changes 

that lead to resistance against drugs, the drugs can become ineffective. This situation 

implies the development of resistance against drugs that are designed to hinder the 

effective functioning of the enzyme. The particularly emphasized point is that this 

resistance can develop not only in the specific region known as the "active site" of the 

enzyme but also through mutations outside this region. In other words, drugs can develop 

resistance not only against a specific region of the enzyme but also against changes in its 

overall structure. In conclusion, it can be inferred that a specific protease can bind to 

various proteins with high specificity, and this characteristic can result in the development 

of resistance against drugs. 

 Studies have reported that it cleaves the amino acid sequence of A-X-L-Q-(A/S) 

(where X can be any amino acid) after glutamine (Q). As substrates, nsps with this 

recognition sequence bind to the catalytic region (with the catalytic dyad of His41 and 
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Cys145) and cleaved (Table 1.1). The glutamine residue (Q) in the P1 position of the 

substrate is cleaved by Mpro using the protease Cys145-His41 dyad, where the cysteine 

thiol serves as the nucleophile in the proteolytic reaction. However, in this sequence of 

recognition, only glutamine (Q) at P1, leucine (L) at P2 and serine/alanine (A/S) at P1’ 

are specific residues and preserved in all substrates with a few exceptions. The amino acid 

at P3 is totally non-specific while the P4 region is mostly alanine or valine. There are also 

nsps with threonine (T) or proline (P) in the P4 region. 

 

Table 1.1: The amino acids of the SARS-CoV-2 Mpro and substrate in the cleavage 

mechanism. 

 

Enzyme 

M
pro

 

Pocket S4 S3 S2 S1 
catalytic 

dyad 
S1’ 

Amino 

acid(s) 

L167, Q192, 

M165, T190, 

A191, P168, 
E166 

M165, E166, 

N142, Q189 

H41, M49, 

P52, Y54, 
H164, M165, 

D187, R188, 

Q189 

F140, N142, 

S144, C145, 

H163, M165, 
H172 

H41, 

C145 

T25, T26, 
H41, N142, 

G143, A145 

Cleaved 

substrate 

Recognition 
site 

P4 P3 P2 P1 
peptide 
bond 

P1’ 

Recognition 

sequence 
A/V X L Q cleaved A/S 

 

In a recent study, Shaqra et al. [176] demonstrated that the preserved 3-dimensional 

structure of the substrate binding region is responsible for recognition and specificity [9]. 

The intermolecular interactions between the enzyme and substrate in this region play a 

crucial role in forming the preserved 3-dimensional structure and thus substrate 

recognition. Therefore, identifying the most dominant substrate residues in the recognition 

mechanism is of great importance. This will also provide insights into the resistance of 

SARS-CoV-2 Mpro mutations to drugs without compromising substrate recognition. 

Recently, complex structures of Mpro with some substrates and the corresponding 

cleaved fragment products of substrates (Mpro-fragment complex structures) have been 

reported [9]. Figure 1.2 illustrates the important regions of the substrate that form 

complexes with the main protease. 
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Figure 1.2: SARS-CoV-2 Mpro – substrate (peptide) (first picture 7T70 and second 

one is 7MB4. 7MB4 is cleaved one of 7T70) complex and recognition regions. Cleavage 

occurs in the P1-P1’ region. Colored regions on the surface representation of Mpro 

corresponds to S1-6 interaction regions as shown on Table 1.1. 

 

 

1.9. Mechanism for Drug Discovery and Protein-Peptide 

Interactions  
 

Numerous cellular processes are governed by protein-protein interactions (PPI). 

Many diseases in humans can be traced back to the disruption or disorganization of these 

intricate interactions. As a result, inhibitors that target specific protein-protein interactions 

are the subject of intense research. Hence, the creation of new drug candidates places 

complex protein-protein interactions at the center of their development. The discovery of 

numerous proteins and interaction interfaces as potential drug targets has been facilitated 

by the emergence of "omic" technologies like genomics, transcriptomics, and proteomics, 

which have greatly accelerated our comprehension of protein-protein interaction 

networks.  

A peptide is usually based on the sequence of the binding region between two 

proteins. Linear sequences can often arise from a loop within a structural domain or from 

a disordered region between protein terminals or specific areas. To accomplish the ideal 

viability, the designed peptide should target and tie to the fitting site, following vehicle to 

the right cell compartment. A short protein sequence that reaches, binds, and modifies the 

function of the target protein for a specified duration and efficacy would be an excellent 
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therapeutic agent. These linear sequences can be hard to find because of their short length 

and propensity to get comfortable cluttered districts in proteins.  

Protein and vesicle transport, gene expression, DNA repair, cytoskeleton control, 

and signal transduction cascades with targeted protein degradation are all regulated by 

dynamic protein interactions [177]–[179]. When designing peptide inhibitors in response 

to a protein-protein interaction, peptides derived from the binding site of an inhibitory 

protein frequently serve as the starting point. X-ray crystallography or NMR techniques 

may be used to obtain coordinate and distance information about the binding interface. 

Alanine scanning mutagenesis [180] chemical modification, mass spectrometry, and 

phage display [181] are additional experimental strategies for locating interface residues. 

Peptide binding does not alter the conformation of the peptide binding site, which is 

typically a large, shallow pocket on the protein surface. Additionally, interactions with 

"hot spot" residues and hydrogen bonds with the peptide backbone contribute 

enthalpically to protein-peptide recognition. Aromatic residues with hydrophobic residues 

like Leu and Ile dominate the protein-peptide interface. More hydrophobic residues than 

the protein surface and structural motifs found in protein folding have been shown to 

characterize the protein-peptide interface, which shares a structure with the protein core 

[182], [183]. Conserved protein recognition domains and short linear peptide motifs with 

less than ten amino acids have been found to engage in numerous protein interactions 

[184]–[187]. Typically, members of a particular family of protein domains recognize a 

consensus motif, but they may also recognize various variants of this motif and possess 

distinct binding preferences [187]–[193]. Peptides can cooperate with globular protein 

spaces in a wide assortment of ways. Peptide interactions include binding to slits in 

extended beta or proline type II helix conformations, adopting a helical conformation, or 

binding to a protein domain forming an additional beta structure. Obstructing intracellular 

PPIs has been incredibly challenging for bigger or level restricting locales, for example, 

antibodies that can't cross the cell film. As of late, the more modest size of the peptides 

and the conformational equilibrium of firmness and adaptability have made them 

promising applicants with the possibility to target troublesome restricting connection 

points with good restricting proclivity and explicitness. Resolving and characterizing 

peptide-protein recognition mechanisms are important for developing peptide-based 
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strategies that intervene in endogenous protein interactions or enhance the binding affinity 

and specificity of existing approaches. Studies have uncovered which substrate buildups 

are most prevailing in the acknowledgment system of SARS-CoV-2 primary protease. As 

a result, SARS-CoV-2 has made a significant scientific contribution to the design of drugs 

that can target the primary protease. This will likewise give data about the opposition of 

transformations in the SARS-CoV-2 principal protease to existing or to be created 

therapeutics without debilitating substrate acknowledgment.  

Based on the newly crystallized structures of peptides with the Mpro of SARS-CoV-

2, this thesis work reveals the substrate recognition mechanism of Mpro by utilizing 

molecular dynamics and free energy calculation methods to determine Mpro-substrate 

binding energies and how the binding energy changes with mutations in the peptides. 

Classic molecular dynamics simulations were conducted using the AMBER software in 

the study, followed by the calculation of end-state free binding energies. By elucidating 

the sequence that best identifies peptides by assessing the rates of decreasing or increasing 

binding energies of the structures, an attempt has been made to contribute to drug 

development efforts for the Mpro of SARS-CoV-2. 
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2. THEORY: FREE ENERGY CALCULATIONS 

 

2.1. MM-P(G)BSA (Molecular Mechanics Poisson-Boltzmann 

Surface Area)  
 

It is acknowledged that high-level quantum mechanical (QM) techniques offer the 

most comprehensive and accurate descriptions of the structures, dynamics, and functions 

of molecules. However, due to their efficiency and reasonable accuracy, classical 

approaches have been still used commonly for many biochemical systems that are 

frequently overly complex or for biochemical processes that take a long time (at least 

nanoseconds of time scales). For molecular recognition models like protein-ligand binding 

interactions, Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) has 

emerged as an effective and dependable approach. Most of the time, there aren't many 

computational approaches for prediction of binding free energy of large and complex 

biomolecular recognition. Low efficiency and slow convergence are the main reasons for 

this.  

 

 
 

                  Figure 2.1: Thermodynamic cycle used in MM-PBSA calculations. 
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The MM-PBSA method's use as an effective and reasonable strategy for free energy 

simulations is made possible by several of its fundamental approaches. A continuum 

solvent model approximates the solution's contribution to the free energy using the PBSA 

model. The binding of a ligand (or a peptide) to a protein in aqueous is decomposed into 

the collection of several energy terms.                   Figure 2.1: Thermodynamic cycle used 

in MM-PBSA calculations. shows the thermodynamic cycle and energy components. 

The MM-PBSA method is frequently utilized in large-scale biomolecular 

recognition as well as the calculation of the binding free energies (∆𝐺𝑏𝑖𝑛𝑑) of small 

molecules to large biomolecular receptors. In an aqueous solvent, the approximate binding 

free energy (∆𝐺𝑏𝑖𝑛𝑑,𝑎𝑞) of the bound ligand-receptor complex is as follows: 

 

∆𝐺𝑏𝑖𝑛𝑑
𝑎𝑞

= ∆𝐻 − 𝑇∆𝑆 ≈ ∆𝐸𝑀𝑀
𝑔𝑎𝑠

+ ∆𝐺𝑠𝑜𝑙𝑣 − 𝑇∆𝑆 (2.1) 

∆𝐸𝑀𝑀
𝑔𝑎𝑠

= ∆𝐸𝑐𝑜𝑣 + ∆𝐸𝑒𝑙𝑒 + ∆𝐸𝑣𝑑𝑊 (2.2) 

∆𝐸𝑐𝑜𝑣 =  ∆𝐸𝑏𝑜𝑛𝑑 + ∆𝐸𝑎𝑛𝑔𝑙𝑒 + ∆𝐸𝑡𝑜𝑟𝑠𝑖𝑜𝑛 (2.3) 

∆𝐺𝑠𝑜𝑙𝑣 =  ∆𝐺𝑝𝑜𝑙 + ∆𝐺𝑛𝑝 (2.4) 

 

Here, the changes in molecular mechanical energy in the gas phase, free energy in 

the solution, and conformational entropy change upon binding are represented by ∆𝐸𝑀𝑀 , 

∆𝐺𝑏𝑖𝑛𝑑,𝑠𝑜𝑙𝑣 , −𝑇∆𝑆 , respectively.  The ensemble average is used to calculate these changes 

across a set of sampled conformations. ∆𝐸𝑀𝑀 can be further decomposed into bonded 

(covalent) and non bonded terms. The ∆𝐸𝑐𝑜𝑣 arises from covalent bonds with (∆𝐸𝑏𝑜𝑛𝑑), 

point terms (∆𝐸𝑎𝑛𝑔𝑙𝑒), and twist terms (∆𝐸𝑡𝑜𝑟𝑠𝑖𝑜𝑛). However, in the protein-ligand 

complex and structures containing only ligands, these terms balance each other out for 

intermolecular non-covalent interactions; the ligand can be another protein, a substrate, a 

peptide, or an inhibitor. Non-covalent terms are calculated by the sum of van der Waals 

(∆𝐸𝑣𝑑𝑊) and electrostatic (∆𝐸𝑒𝑙𝑒) terms. The polar (∆𝐺𝑝𝑜𝑙) and nonpolar (∆𝐺𝑛𝑝) 

contributions to the solvation free energy variation (∆𝐺𝑏𝑖𝑛𝑑,𝑠𝑜𝑙𝑣) are typically separated. 

The normal mode method typically uses a portion of selected snapshots to approximate 
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the entropy term, which is the most challenging term to calculate. The MM-PBSA method 

typically begins with either a single trajectory molecular dynamics (MD) simulation of 

the complex or three separate MD simulations of the complex, receptor, and ligand in the 

multi-trajectory approach to calculate the average of all ensembles for the calculation of 

binding affinity. The average values and uncertainties of various quantities of interest are 

then calculated using the snapshots, retrieved from the trajectory of the MD simulations. 

Before performing any calculations, MD simulations are frequently run on an explicit 

solvent model to obtain the most accurate snapshots. It is essential to collect many distinct 

snapshots or conformations within a reasonable time period for use in subsequent 

statistical analysis [194]. 

 

2.1.1. Polar solvation term 

 

The initial computation of the polar solvation term (∆𝐺𝑝𝑜𝑙) in equation (2.4) 

involved the numerical solution of the Poisson–Boltzmann equation (PBE) using a finite 

difference (FD) method. When considering a biomolecular system without any mobile 

ions, the Poisson equation can be expressed as: 

 

where 𝜀(𝒓) is the variation in dielectric constant with position, φ(𝐫) is the electric 

potential, 𝜌(𝒓) is the charge density of the solution. Nevertheless, in most biomolecular 

systems, the existence of salt in the solution necessitates solving the following equation 

to obtain the electrostatic potential φ(𝐫): 

In this equation, 𝜆(𝒓) represents the ion-exclusion function, which is predefined.  

 

∇ ∙ 𝜀(𝒓)∇φ(𝐫) = −4𝜋𝜌(𝒓) (2.5) 

  

∇ ∙ 𝜀(𝒓)∇φ(𝐫) + 4𝜋𝜆(𝒓) ∑ 𝑧𝑖. 𝑒. 𝑐𝑖 . 𝑒
[
−𝑧𝑖.𝑒.φ(𝐫)

𝑘𝐵𝑇
]

𝑁

𝑖=1

= −4𝜋𝜌(𝒓) (2.6) 
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Its value is 0 within both the Stern layer and the interior of the molecule, while it 

takes on a value of 1 outside the Stern layer. Additionally, 𝑧𝑖 denotes the charge of ion 

type 𝑖, 𝑐𝑖 represents the bulk number density of that ion type far from the solute at a given 

temperature T, and 𝑒 corresponds to the charge of an electron. This PBE equation is 

non-linear and needs to be solved using numerical approaches. However, when electric 

field and ionic strength are both small (i.e., 
−𝑧𝑖.𝑒.φ(𝐫)

𝑘𝐵𝑇
→ 0), the equation can be linearized, 

which is easier to compute. The linear form is given by: 

 

 

where κ2 =
8𝜋𝑒2𝐼

ε𝑠𝑜𝑙𝑘𝐵𝑇
 is the Debye-Hückel parameter. ε𝑠𝑜𝑙 and I are the solvent 

dielectric constant and the ionic strength of the solution, respectively. Even the linear 

equation is difficult to solve analytically, and accurate numerical methods need to be used. 

The major difficulty is the continuum distribution of the electric field over the 3D space 

and the field has to be mapped onto atoms. In the finite difference (FD) method, the 3D 

space covered by atoms are replaced in a mesh (with small grids) and atomic charges are 

mapped to these grid points. Then, solvent (exterior) and solute (interior) dielectric regions 

are mapped into the edges of these FD grids. In AMBER package, PBSA module is used 

to solve linear or nonlinear form of PBE using FD method and several alternative 

numerical methods such as geometric grid, conjugate gradient (CG), incomplete Cholesky 

conjugate gradient (ICCG), and successive over-relaxation (SOR), of which the details are 

beyond the scope of the current thesis. 

As an approximation to Poisson-Boltzmann (PB) term, a faster and efficient model, 

Generalized Born (GB) has been developed. In this model, atoms are represented as 

charged spheres with much lower dielectric constant than the environment (solvent). The 

charges on atoms are screened by their local environment. Since the surrounding atoms 

will have less dielectric constant than the continuum dielectric constant of the solvent, the 

atoms that are buried (i.e., surrounded by other atoms) will have less electrostatics 

screening. This process is called de-screening. De-screening is used to calculate the Born 

radius of each atom. Large de-screening (small screening) means strong electric field, so 

∇ ∙ 𝜀(𝒓)∇φ(𝐫) − ε𝑠𝑜𝑙κ2φ(𝐫) = −4𝜋𝜌(𝒓) (2.7) 
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the large Born radius. A small Born radius represents a weak electric field as if the point 

charge in the bulk solvent environment. The GB equation is given by: 

 

 

where 𝜀𝑖𝑛 and 𝜀𝑠𝑜𝑙 are interior (solute) and solvent dielectric constants, respectively. In 

the case of protein, ligand, or protein-ligand complex 𝜀𝑖𝑛 = 1 and for aqueous media 

𝜀𝑠𝑜𝑙 = 80 (at 300 K). Similarly, 𝑞𝑖 and 𝑞𝑗 are partial atomic charges and 𝛼𝑖𝑗 is the de-

screened Generalized Born radius.  

There are two main shortcomings of the model. First, the formula totally depends 

on the GB radius and several methods are available to calculate GB radius. Using different 

models can yield totally different numerical results for the polar solvation term. Second, 

this model as with the PB model has the assumption of protein atoms to have much smaller 

interior dielectric constants and their effects are set to a value of 1 throughout the 

simulation or independent of protein type. On the other hand, the amino acids with acidic 

and basic groups will have an impact on the interior dielectric constant. For highly charged 

systems, this value must be larger than 1 (2, 4, 6, etc.). Therefore, several attempts have 

been made to test the performance of the use of different values of 𝜀𝑖𝑛 to accurately model 

the polar solvation energy term in the binding free energy calculations in MM-PBSA or 

MM-GBSA. Indeed, in recent studies variable interior dielectric constants [195]–[197] are 

used in the simulations in which for charged residues such as Arg and Glu 𝜀𝑖𝑛 is set to 4-

8 while for neutral but highly polar residues such as Ser and Thr, it is set to 2-4. The rest 

of the residues (neutral and non-polar) still use the value of 1-2. In the most recent work, 

Akkus et al. has shown that using bivalent 𝜀𝑖𝑛 is generally sufficient for ligands mostly 

buried in neutral amino acids [198].   

However, in the case of protein-peptide or protein-protein interactions, the use of 

single value of 𝜀𝑖𝑛 should be sufficient. 

 

∆G𝐺𝐵 = − (
1

𝜀𝑖𝑛
−

1

𝜀𝑠𝑜𝑙
) ∑ [𝑞𝑖𝑞𝑗𝑟𝑖𝑗

2 + 𝛼𝑖𝑗
2 . (𝑒

𝑟𝑖𝑗
2

4𝛼𝑖𝑗
2

)

−1/2

]

𝑖,𝑗

 (2.8) 
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2.1.2. Non-Polar Solvation Term  

 

The non-polar contribution to solvation free energy (∆𝐺𝑛𝑝) represents the non-

electrostatic van der Waals interactions between the solute and the solvent and stems from 

two different sources as 1) the cavity formation in the binding region, which corresponds 

to attractive terms of the Lennard-Jones (LJ) potential in the explicit solvent model and 2) 

dispersion, which corresponds the repulsive terms of the LJ potential in the explicit solvent 

model [199]–[205]. The former is the function of solvent accessible surface area (SASA) 

or solvent accessible volume (SAV) and can be given with an empirical formula: 

 

 

where ∆𝐺𝑐𝑎𝑣 ,  ∆𝐺𝑑𝑖𝑠𝑝 are the cavity formation and dispersion to the nonpolar solvation 

free energy, respectively. The classical approximation is the name given to this equation. 

Most of the time, all solvent molecules have the same correction term b and surface 

tension parameter γ. Because they operate at different scales with solvent size, van der 

Waals (dispersion) free energy and vacancy formation free energy are modeled separately 

in more recent approaches [204]. The volume enclosed by the solvent accessible surface 

(SAV) is one way to relate it to the free energy of void formation. The dispersion term 

(∆𝐺𝑑𝑖𝑠𝑝) refers to the energy associated with the interactions that contribute to the overall 

binding energy. This term plays a crucial role in understanding the molecular interactions 

involved in a system. There are two methods commonly employed to calculate this term: 

solvent accessible volume integration and solvent accessible surface integration. In the 

context of these methods, the atom probe radius and solvent probe radius are key 

parameters that impact the determination of scale factors used in the calculations. The 

atom probe radius defines the spatial range around an atom that is considered when 

calculating interactions, while the solvent probe radius relates to the effective size of the 

solvent molecules. Therefore, when evaluating the dispersion term, the choices made 

regarding these radii can significantly affect the calculated values and the accuracy of the 

∆𝐺𝑛𝑝
𝑆𝐴  =  𝛾∗𝑆𝐴 +  𝑏 (2.9) 

∆𝐺𝑛𝑝
𝐶𝐷  =  ∆𝐺𝑑𝑖𝑠𝑝  +  ∆𝐺𝑐𝑎𝑣      = ∆𝐺𝑑𝑖𝑠𝑝  +  𝛾∗𝑆𝐴 +  𝑏 (2.10) 
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results. It's important to carefully consider these parameters to ensure a comprehensive 

and precise assessment of the dispersion energy contribution within the system.  

 

2.1.3. Entropy Term 

 

The calculations of entropy changes from the initial state to the final state of the 

system are quite costly and challenging. The entropy change in the protein-peptide binding 

process consists of translational, rotational, vibrational, and conformational entropy 

components. Translational and rotational entropy changes contribute very small values 

and are considered constant. However, vibrational, and conformational entropy changes 

are important thermodynamic quantities that need to be considered. The following 

methods are commonly used for entropy calculations: 

Normal Mode Analysis-Based Approach: By performing normal mode analysis on 

trajectories obtained from a classical molecular dynamics (MD) simulation, all vibrational 

modes can be determined, and the entropic term can be expressed as a combination of 

these modes. Performing normal mode analysis in classical MD simulations is 

computationally expensive, so instead of using all trajectory frames (thousands of frames), 

only a small sample (hundreds) is typically used. After producing vibrational energy levels 

of a system by performing normal mode analysis, statistical thermodynamics can be 

utilized to find the entropy.  

IE (Interaction Entropy) Approach: Zhang et al. [199] demonstrated a method called 

Interaction Entropy (IE) that can calculate the entropy change in peptide-protein binding 

at a much lower cost.  

C2 Approach: The exponential average of the free energy given in the IE method 

can be written as a Taylor expansion. Using the second order cumulant approximation 

(C2), the entropy change can be calculated from the square of the standard deviation 

(variance), which can be easily obtained from the fluctuation of interaction energy 

throughout the MD simulation. 

Conformational Entropy: For this entropy change, separate MD simulations will be 

performed for the protein's apo-form (without the peptide) and holo-form (with the 

peptide), as well as for the peptide in water. Covariance matrices will be constructed using 
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the atomic coordinates from each simulation trajectory, and principal component analysis 

(PCA) will be performed. Eigenvalues and eigenvectors will be extracted, and entropies 

will be calculated using a quasi-harmonic approximation. Such calculations are automated 

in both GROMACS and AMBER software. 

 As with previous studies, we have completely ignored the entropic contribution in 

the free energy calculations. 
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3. COMPUTATIONAL METHODS  

 

3.1. System Preparation 

 

For binding studies, crystal structures of 15 protein-peptide complexes of the SARS-

CoV-2 Mpro main protease were obtained from the Protein Data Bank (PDB). Pymol was 

utilized for visual analysis of the PDB files, and all water molecules were removed. Ions, 

cofactors, and other components that were not particularly important for the planned 

simulation were also deleted. The chains used for the proteins shown in Table 3.1. And 

some amino acids in the crystal structures had missing atoms. These are shown in the 

Table 7.1. Pymol-Mutagenesis was employed to replace these missing atoms, as the 

system cannot function without them. 

 

Table 3.1: SARS-CoV2-Mpro-C145A crystallization in a complex with substrate (non-

cleaved) and product (cleaved) residues of nonstructural proteins (nsp) (Single-letter 

amino acid codes of cleavage site sequences. While bold letters indicate fully resolved 

residues, the blue ones represent truncated side chains in the co-crystal structures. 

Underlined N-terminal sequences correspond to product complexes as per independently 

determined co-crystal structures. 

 

Substrates 
PDB 

ID 

Substrate 

residues 

Product 

residues 

PDB 

ID 

nsp4-nsp5 7T70 TSAVLQ|SGFRKM TSAVLQ| 7MB4 

nsp5-nsp6 7T8M SGVTFQ|SAVKRT SGVTFQ| 7MB5 

nsp6-nsp7 ** KVATVQ|SKMSDV KVATVQ| 7MB6 

nsp7-nsp8 7T8R NRATLQ|AIASEF NRATLQ| 7MB7 

nsp8-nsp9 7T9Y SAVKLQ|NNELSP SAVKLQ| 7MB8 

nsp9-nsp10 7TA4 ATVRLQ|AGNATE ** ** 

nsp10-nsp11 7TA7 REPMLQ|SADAQS REPMLQ| 7MB9 

nsp12-nsp13 7TB2 PHTVLQ|AVGACV ** ** 

nsp13-nsp14 7TBT NVATLQ|AENVTG ** ** 

nsp14-nsp15 ** TFTRLQ|SLENVA ** ** 

nsp15-nsp16 7TC4 FYPKLQ|SSQAWQ ** ** 
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3.2. MD Simulations 

 

All simulations were performed using AMBER22 software along with 

AmberTools20 packages [206]. The ff99SB Amber force field was used in the topologies 

of proteins and peptides. A truncated octahedron box was centered on the protein-peptide 

complex. Using TIP3P model-type water, each system was solvated at a cell margin 

distance of 10 Å for each size. The required amount of Na+ or Cl- ions were added to the 

system to balance the charges of the systems. Molecular dynamics simulations were 

performed in 250,000,000 steps (500 ns). The number of volume change attempts 

performed as part of the Monte Carlo barostat was set to 100 (mcbarint=100). All H atom 

containing bonds were constrained to classical harmonic potential using the SHAKE 

algorithm. The Verlet cut off method was used to minimize energy up to a force of 100 

kJ.mol-1. nm-1. For long-range electrostatic and van der Waals interactions, the Particle 

Mesh Ewald method (PME) was used to calculate a nonbonded cutoff of 8 Å in all cases. 

The update frequency for the neighbor list is set to dt=0.002 ps. Methods for energy 

minimization and equilibration were used in three stages. Up to 10000 cycles of Steepest 

Descent were used in each minimization step. Using Langevin Dynamics, each system 

was stabilized in three steps following minimization. The NVT ensemble went through 

the first step, which took 2 nsec. The interaction between protein and peptide, along with 

structural relaxation, was characterized by categorizing them into two temperature clusters 

at 310 K. In the subsequent stages, under NPT conditions, the simulations were performed 

by adapting the structures to a reference strain of 2.0 picoseconds at 1 atm pressure. This 

was followed by applying the Berendsen barostat technique for 1 nanosecond using the 

Parrinello-Rahman isotropic tension coupling approach.  Upon achieving equilibrium, a 

molecular dynamics (MD) simulation was conducted under NPT conditions for a duration 

of 500 nanoseconds, and this process was replicated three times.  

 

3.3. Free Energy Calculations  

 

The AmberTools package [206] was employed to compute MM-PBSA and MM-

GBSA by utilizing trajectories generated from MD simulations through the cpptraj module 
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and MMPBSA.py script. The trajectory was in the NetCDF format. was used to carry out 

these calculations. The single trajectory approach was used in the MM-PBSA calculations. 

Only the protein + peptide complex part from the trajectories was extracted and default 

parameters of exterior dielectric constant of water with ε = 80 and interior solute with ε = 

2 were used. For the nonpolar contribution to the solvation free energies, one-term 

approach (SASA only) was used, which defined by solvent accessible surface area 

(SASA) with empirical parameters of b=-0.5692 kcal/mol and γ=0.0378 kcal/ (mol. A2). 

SASA calculations were performed using igb=5 and ipb=2. Additionally, per-residue 

decomposition was employed, where 1-4 electrostatic interactions (1-4 EEL) were 

incorporated into the electrostatic energy (EEL) term, and 1-4 Van der Waals interactions 

(1-4 VDW) were included in the Van der Waals (VDW) potential terms.  
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4. RESULT AND DISCUSSION 

 

4.1. RMSD and RMSF Analysis 

 

We have explored the protein-peptide complex stability over the course of MD 

simulation by analyzing root mean square deviation (RMSD). We have compared these 

RMSD values from two different perspectives. First, we have checked whether there is 

any sequence specific difference in the RMSD values of cleaved or non-cleaved structures 

Figure 4.1. Second, we have checked whether there is any stability gain or loss upon 

cleavage (Figure 4.2). We have also compared the RMSD of peptides only with respect to 

crystal structures along with alpha-carbon atoms of Mpro (Figure 7.16-17).  

Overall RMSD of almost all protein-peptide complexes (whether cleaved or not) 

reaches a plateau confirming sufficient sampling of the simulations. In comparison of the 

products (cleaved peptides) bound Mpro complexes, the RMSD values are steady except 

for NSP4 which is slightly instable with RMSD of 5 Å as opposed to the rest ranging 

between 2.5 Å and 4 Å. On the other hand, the comparison of substrates (non-cleaved 

peptides) bound Mpro complexes shows that some of the NSPs form more stable 

complexes with Mpro over the other substrates. Protein RMSD values get too high (up to 

8 Å) in the case of NSP12-NSP13. This substrate contains proline and histidine as the P6 

and P5, respectively.  These residues have cyclic groups on side chains on contrary to 

other substrates, which are all aliphatic. In the case of NSP5-NSP6, the RMSD values is 

the smallest and steadiest among other substrate (non-cleaved) or apo- structures, which 

indicates much stable complex formation. This substrate has PHE in the P2 region, which 

is unusual when compared to other substrates, with leucine as listed in the recognition 

sequence. This variation in the recognition sequence of P2 gives extra stability to protein 

structure, which might affect Mpro’s specificity for this substrate. 

There is also a general trend among the products (cleaved) and substrates (non-

cleaved). When a substrate is bound to Mpro the RMSD are relatively lower, which might 

indicate that the complex becomes instable upon the cleavage process. This tendency 
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might also occur due to the extended interaction of non-cleaved peptides (up to 12 amino 

acids), which are longer than the substrates (with 6 amino acids) 
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Figure 4.1 RMSD of protein-substrate complexes before and after cleavage. The values 

are the averages of three replica MD simulations. 
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Figure 4.2 RMSD of protein-substrate complexes according to the different NSPs bound 

and cleaved. Apo state: In the RMSD graph for the APO state, we are examining the 

protein's natural, unliganded condition. This graph focuses on measuring changes in the 

protein's structure over time. The RMSD values indicate how the fundamental structure 

of the protein is changing. Cleaved state (nsp4, nsp5, nsp8, nsp10): The RMSD graph 

under the cleaved peptide state represents the condition where a specific peptide 

segment is removed from the protein. This graph shows how the protein's structure 

changes when the peptide is cleaved and helps us analyze the effects of the absence of 

the cleaved peptide. Non-cleaved state (nsp4-nsp5, nsp5-nsp6, nsp8-nsp9, nsp10, 

nsp11): The RMSD graph under the non-cleaved peptide state represents the condition 

where the protein has the same peptide segment, but it is not cleaved. This graph helps 

us assess the impact of the peptide's integrity on the protein structure. By comparing 

these four graphs, we can understand the structural differences between the APO state, 

the cleaved peptide state, and the non-cleaved peptide state. The RMSD values allow us 

to quantitatively measure these differences, while the curves of the graph illustrate how 

changes occur over time.  
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We have also compared the root mean square fluctuations (RMSF). Overall, the 

fluctuation of SARS-CoV-2 Mpro residues increases upon peptide bonding independent 

from substrate or product ( 

Figure 4.3). On the other hand, there are several differences between apo- structure 

and substrate/product bound complexes. In particular, the 38-52 region with the maximum 

fluctuating residue of 46, cleaved peptides (products) gain additional stability to the 

RMSF values. The case is the opposite in the non-cleaved (substrate) complexes. 

Interestingly, this region covers the S2 recognition site. The residues of 187-192, which 

are also in S2 binding pocket, fluctuate upon peptide binding and it gets even more instable 

when the peptide is cleaved.  The differences among fluctuations in this region is 

prominent in the case of NSP4 and NSP4-NSP5, which is the N-terminal autocleavage of 

Mpro. A significant fluctuation in the residues at S1 and S1’ regions is not observed upon 

peptide (substrate or product) binding. The residues T190 and Q192 in S4 region are also 

affected by the cleavage of NSP5-NSP6 substrate to NSP5 product. 
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Figure 4.3 RMSF (y-axis) of Mpro residues (x-axis) complexed with different substrate 

(non-cleaved) and product (cleaved) peptides.  

10

8

6

4

2

0

300250200150100500

 apo
 nsp4_nsp5
 nsp4

10

8

6

4

2

0

300250200150100500

 apo
 nsp8_nsp9
 nsp8

10

8

6

4

2

0

300250200150100500

 apo
 nsp5_nsp6
 nsp5

10

8

6

4

2

0

300250200150100500

 apo
 nsp10_nsp11
 nsp10



43 
 

4.2. Cluster Analysis 

 

Cluster analysis is a data analysis method based on the similarities of statistical data, 

enabling the grouping of data points. Its objective is to gather data points with similar 

attributes into the same group and separate those with different attributes into distinct 

groups. This allows for understanding the structures within a dataset and uncovering 

patterns. In the cluster analysis, the complex parameter topology without water and 

trajectory files from MD outputs were utilized. The similarity threshold, "epsilon," was 

set to 4.5 Å, resulting in the creation of 10 clusters. A hierarchical agglomerative (bottom-

up) algorithm was used in clustering. Clustering finishes when a minimum distance 

between clusters is greater than 4.5 Å and a total of 10 clusters is reached with average-

linkage approach, in which the average distance between members of two clusters is 

linked. During clustering, atom selection was specified to include C, N, O, CA and CB 

atoms for calculating Root Mean Square Deviation (RMSD), excluding H atoms.  

As a result of the cluster analysis I conducted, the outcome in Table 7.2 was 

obtained. From this table, the cluster indicates which group it represents; Fraction 

represents the proportion of total frames to the entire dataset, indicating how much of the 

dataset the cluster covers; Average Distance denotes the mean distance value, portraying 

the average distance between all frames within the cluster.  

The most populated clusters of all complexes are in total agreement with 

experimentally refined crystal structures (Figure 7.1-15), which shows the success of the 

MD simulations. Overall, the interactions that occur in the crystal structures are preserved 

throughout the simulations. We should note that there are very slight changes in the phenyl 

rings of Y54 and H41 when the most populated structures are compared to the x-ray 

structures. In the complexes of nsp4, nsp6 and nsp10, the cleaved peptides remain the 

orientation of the crystal structure whereas nsp5, nsp7 and nsp8 peptides seem to reorient 

their terminal residues during the simulations. This might also indicate the instability of 

these complexes at the terminal regions. Similarly, non-cleaved peptides deviate from the 

xray structures at a few of the terminal residues.
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4.3. H-Bond analysis 

We have also performed H-bond analysis on the trajectories of the simulations of 

Mpro -peptide complexes. Table 4.1 shows the overall H-bond formed between protein and 

peptides. Non-polar contacts were also analyzed.                              

  

Table 4.1: H-bonds between protein and cleaved peptides. 

 
NSP ES Pair Hbond NSP ES Pair Hbond NSP ES Pair Hbond 

nsp4 

E166-V309 0.66 

nsp4-nsp5 

E166-V309 0.64 

nsp9-nsp10 

E166-R308 0.62 

T190-S307 0.61 T190-A308 0.47 T26-G312 0.59 

G143-Q311 0.46 T24-R315 0.58 T24-A314 0.45 

A145-Q311 0.40 T26-G313 0.54 A145-Q310 0.36 

T190-A308 0.57 

nsp5-nsp6 

T26-A312 0.72 T190-V307 0.33 

nsp5 

E166-T310 0.55 E166-T308 0.58 

nsp10-nsp11 

T26-A313 0.64 

H164-Q312 0.34 T24-K314 0.62 E166-M309 0.61 

G143-Q312 0.36 A145-Q310 0.31 T24-A315 0.54 

nsp6 

E166-T309 0.58 E166-T308 0.58 H164-Q311 0.32 

T190-A308 0.59 T26-A312 0.72 
nsp12-nsp13 

E166-V309 0.65 

G143-Q311 0.46 T24-K314 0.62 A145-Q311 0.32 

H164-Q311 0.41 A145-Q310 0.31 

nsp13-nsp14 

E166-T309 0.66 

A145-Q311 0.38 

nsp6-nsp7 

E166-T308 0.67 H164-Q311 0.57 

nsp7 

E166-T306 0.73 H164-Q310 0.50 T26-E313 0.37 

T190-A305 0.65 A145-Q310 0.39 A145-Q311 0.33 

G143-Q308 0.43 

nsp7-nsp8 

E166-K309 0.59 N314-S46 0.36 

A145-Q308 0.37 T26-N313 0.50 

nsp15-nsp16 

E166-K309 0.56 

H164-Q308 0.31 T24-L315 0.34 H164-Q311 0.31 

nsp8 E166-K310 0.47 A145-Q311 0.31 T26-S313 0.35 

nsp10 E166-M306 0.60 T190-V308 0.31 A145-Q311 0.40 

 

By van der Waals interactions, we refer to the distance between heavy atoms not 

involved in H-bonding and salt bridges. These types of interactions due to their nature are 

much weaker. Therefore, their contribution to binding free energies should be rather 

limited. The analysis of van der Waals interaction shows that these types of interactions 

in NSP4, NSP6 and NSP7 are the most dominant and protected throughout the 

simulations. In addition, P1 and P3 are the most common residues that play a role in these 

interactions.   
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Table 4.2: van der Waals interactions between protein and cleaved peptides between 

Protein (residues on left) and peptides (residues on left). 

 

nsp4 nsp5 nsp6 nsp7 nsp8 nsp10 

H41-Q(P1) H41-F(P2) H41-Q(P1) H41-Q(P1) H41-L(P2) F140-Q(P1) 

H41-L(P2) F140-Q(P1) H41-V(P2) H41-L(P2) F140-Q(P1) L141-Q(P1) 

F140-Q(P1) L141-Q(P1) F140-Q(P1) F140-Q(P1) L141-Q(P1) G143-Q(P1) 

L141-Q(P1) N142-Q(P1) L141-Q(P1) L141-Q(P1) N142-Q(P1) S144-Q(P1) 

N142-Q(P1) G143-Q(P1) N142-Q(P1) N142-Q(P1) G143-Q(P1) A145-Q(P1) 

G143-Q(P1) S144-Q(P1) G143-Q(P1) G143-Q(P1) S144-Q(P1) H163-Q(P1) 

S144-Q(P1) A145-Q(P1) S144-Q(P1) S144-Q(P1) A145-Q(P1) H164-Q(P1) 

A145-Q(P1) H163-Q(P1) A145-Q(P1) A145-Q(P1) H163-Q(P1) H164-L(P2) 

H163-Q(P1) H164-Q(P1) H163-Q(P1) H163-Q(P1) H164-Q(P1) M165-M(P3) 

H164-Q(P1) H164-F(P2) H164-Q(P1) H164-Q(P1) H164-L(P2) E166-Q(P1) 

H164-L(P2) M165-T(P3) H164-V(P2) H164-L(P2) M165-K(P3) E166-P(P4) 

M165-A(P4) M165-F(P2) M165-T(P3) M165-T(P3) M165-V(P3) E166-M(P3) 

M165-V(P3) E166-Q(P1) E166-A(P4) E166-A(P4) E166-Q(P1) P168-R(P6) 

E166-A(P4) E166-V(P3) E166-Q(P1) E166-Q(P1) E166-K(P3)  

E166-Q(P1) E166-T(P3) E166-T(P3) E166-T(P3) T190-V(P3)  

E166-V(P3)  P168-K(P6) Q189-A(P4)   

P168-S(P5)  T190-A(P4) Q189-T(P3)   

T190-S(P5)  T190-V(P5) Q189-L(P2)   

T190-A(P4)  H41-Q(P1) T190-A(P4)   

   P168-N(P6)   

   Q189-R(P5)   

 

  T190-R(P5)   
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4.4. MM-PBSA and MM-GBSA Results 

 

We have calculated the Binding Free Energy (BFEs) by MM-PBSA and MM-GBSA 

methods, both of which use single trajectory approach and SASA only one-term model 

for non-polar interactions. When the different products (all with 6 amino acids) are 

compared, binding free energies calculated by MM-PBSA one term model (SASA_only 

approach) range from -42 kcal/mol to -68 kcal/mol. Using MM-GBSA model, the same 

energies are ranged between -42 kcal/mol and -63 kcal/mol. However, both methods yield 

similar trends among different peptides (Figure 4.4).  

The free energy calculations show a clear distinction between the substrate (non-

cleaved) and product (cleaved) complexes of Mpro. In line with RMSD and RMSF 

calculations, the substrate complexes have much greater binding energies than the product 

complexes. This is partly due to the extended interaction by longer chains of the substrates 

with respect to products. However, there are cases where the chain length is smaller, but 

the binding energy is greater than the counterparts (Table 4.3). Among the cleaved 

structures (products), the BFE change is the largest in NSP7 (-63 and -68 kcal/mol) and 

smallest in NSP5 (-43 kcal/mol). It should be noted that the P2 region of NSP5 is different 

than the other products. The PHE instead of a common recognition residue of leucine in 

this region causes dramatic decrease in BFE. In addition, the P5 and P6 residues, although 

are not reported as common recognition residues of A(P4)-X(P3)-L(P2)-Q(P1), seem to 

play an important role in binding. Moreover, the greater binding energies are succeeded 

by amino acids with small length aliphatic side chains such as valine, serine, and leucine 

in the P1-P3 regions while longer length aliphatic side chains and basic (positively 

charged) such as lysine or arginine decreases BFEs. On the other hand, the prolonged 

residues increase BFE when they are in the P5-P6 region. Thus, main conclusions from 

the BFE values of products binding to Mpro might be that the P5-P6 regions play important 

roles for the recognition of Mpro to the peptides and the closest regions to the cleavage site 

needs to be small length aliphatic amino acids. For the substrate bound complexes of Mpro, 

it is difficult to obtain a direct conclusive result from the data since the x-ray structures of 

these do not have the same number of amino acids in their structures (i.e., P’ regions). 
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NSP4-NSP5 complex has 6 residues (P1’-P6’) while NSP5-NSP6 and NSP10-NSP11 

have only 5 residues (P1’-P5’). Similarly, NSP8-NSP9, NSP9-NSP10 and NSP13-NSP14 

have 4 residues (P1’-P4’) while NSP7-NSP8 and NSP12-NSP13 have only 2 residues 

(P1’-P2’). Further decomposition analysis is required for these complexes. 

Table 4.3. The binding free energies (kcal/mol) calculated by MM-GBSA and MM-PBSA 

(SASA only) approaches.  

  
 MM-GBSA MM-PBSA 

Ligand Sequence 1 2 3 Avg. 1 2 3 Avg. 

nsp4 TSAVLQ -51 -51 -55 -53 -56 -53 -58 -56 

nsp5 SGVTFQ -43 -49 -37 -43 -41 -51 -37 -43 

nsp6 KVATVQ -50 -46 -50 -49 -57 -51 -55 -54 

nsp7 NRATLQ -63 -68 -57 -63 -68 -73 -62 -68 

nsp8 SAVKLQ -40 -51 -38 -43 -46 -55 -40 -47 

nsp10 REPMLQ -34 -46 -50 -43 -38 -48 -53 -46 

nsp4-nsp5 TSAVLQ|SGFRKM -77 -71 -70 -73 -78 -71 -69 -73 

nsp5-nsp6 -GVTFQ|SAVKR -64 -63 -63 -63 -65 -65 -64 -65 

nsp7-nsp8 NRATLQ|AI -63 -51 -58 -57 -64 -55 -59 -59 

nsp8-nsp9 SAVKLQ|NNEL -67 -60 -65 -64 -70 -63 -69 -67 

nsp9-nsp10 ATVRLQ|AGNA -71 -74 -73 -73 -74 -76 -78 -76 

nsp10-nsp11 REPMLQ|SADAQ -65 -64 -63 -64 -68 -64 -62 -65 

nsp12-nsp13 PHTVLQ|AV -60 -65 -61 -62 -58 -59 -58 -58 

nsp13-nsp14 NVATLQ|AENV -68 -58 -60 -62 -68 -62 -63 -64 

nsp15-nsp16 FYPKLQ|SSQ -68 -59 -61 -63 -67 -59 -60 -62 

 

 

Figure 4.4. Comparison of MM-GBSA and MM-PBSA predicted binding free energies of 

Mpro-substrate/product complexes. 
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In order to better understand the Mpro’s recognition of peptides, we have performed 

a decomposition analysis ( 

Figure 4.5). One of the most surprising features of the decomposition analysis is that 

the GLU at P1 does not have any dominant contribution to the BFE. This residue is the 

termini in all cleaved peptides. Similarly, P3 residue, which varies from one product to 

another, does not have a dominant contribution to the BFE. This is in total agreement with 

the experimental recognition sequence of AXLQ where P3 is the X (i.e., can be any 

residue). According to the results, P2 and P4 regions are the most important residues for 

the binding. In addition, the P6 region apparently reduces the binding affinity (in particular 

for MM-GBSA). Finally, the P5 residue normally does not contribute to BFE except that 

when this residue is arginine as in the case of nsp7, in which the binding energy 

dramatically is affected. This might be due to the side chain length or the electrostatic 

contribution since this residue is positively charged. 
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Figure 4.5. Contribution of residues in the cleaved peptides to the BFE between Mpro and 

cleaved peptides. 

 

From the decomposition analysis Figure 4.6, we have observed some common 
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Considering our MD simulations which were performed without capping the terminal 

residues, it suggests that the existence of charged groups (-NH3+ or -COO-) does have an 
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residue in the P3 or P5 region favors the binding. Very interestingly, GLU amino acid at 

the P1 region does not contribute to the binding free energy (BFE) when it is the product 

(i.e., C-termini) while it contributes to BFE by (-5) - (-7) kcal/mol when it is in the 

substrate (i.e., non-terminal residue). This explains the regeneration of the enzyme’s 

active site by the mechanism in which the product leaves the active site right after 

enzymatic turnover and a new substrate to bind the active site. Another interesting result 

is that the P’ regions seem to have relatively much smaller contribution to the binding. 

P1’, although experimentally suggested as alanine or serine as the recognized residue, 

does have little impact on binding.  
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Figure 4.6: Contribution of residues in the cleaved peptides to the BFE between Mpro and 

non-cleaved peptides.
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We have also analyzed amino acid dependence of BFE according to their location 

at each region ( 

Figure 4.7 and  

Figure 4.8). The P1 region has only GLU in all NSP substrate and product 

complexes. The interaction of this residue in substrate complexes is much larger than the 

products. LEU is the most common residue in complexes except for three of them in which 

it is replaced by phenyl alanine or VAL, which do not change the contribution to the 

binding. The P3 region is the most variable binding site, and as mentioned earlier, having 

an ARG in this region drastically stabilizes the interaction. Interestingly, when this region 

is VAL, it has greater interaction. The P4 region can be either VAL or ALA in most cases. 

Having another CH3- group seems to affect the contribution, and thus VAL has more 

contribution to BFE than alanine. Rarely occurring PRO and threonine has similar effects 

to alanine.  The prime (P’) regions that correspond to the amino acids that are sequentially 

occurring after the cleaved peptide have rather smaller contributions to the total BFEs. P1’ 

is either SER or ALA in most of the substrate complexes except in the case of nsp8-nsp9. 

The data suggests that the contribution is greater when this region is ALA in comparison 

to SER. Similarly, P2’ region is also favored by ALA. ARG also has an impact on BFE in 

P4’ similar to P3 and P5. 
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Figure 4.7: The whole protein’s (cleaved and non-cleaved) amino acid dependent BFE 

contribution of regions P1-P6. 
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Figure 4.8: The non-cleaved protein’s amino acid dependent BFE contribution of regions 

P1’-P4’. 
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Table 4.4. The contribution of Mpro residues on binding when complexed with product 

and substrate peptides. The color map shows the level of interaction with the dark blue as 

highest and white as no interaction. The numbers indicate energy (in kcal/mol) associated 

with the interaction. 

 

  Cleaved (product) Non-cleaved (substrate) 

Mpro 

residue 

Res. 

Index 
4 5 6 7 8 10 

4 - 

5 

5 - 

6 

7 - 

8 

8 - 

9 

9 - 

10 

10 - 

11 

12 - 

13 

13 

- 

14 

15 

- 

16 

T 21       -1.0 -0.8        

G 23       -1.5         

T 24       -2.6 -2.2  -1.3 
-

1.4 
-2.0    

T 25       -2.5 -2.5 -0.6 -2.5 
-

2.3 
-2.6 -0.5 

-

1.1 

-

1.8 

T 26       -3.9 -4.1  -3.4 
-

3.6 
-3.6 -0.6 

-

0.8 

-

2.1 

L 27  -0.6 -0.6 -0.6 -0.5  -1.2 -1.3 -0.9 -1.0 
-

0.9 
-1.2 -1.0 

-

0.9 

-

1.2 

H 41 -3.5 -3.4 -3.6 -4.5 -2.8 -2.0 -1.3 -1.3 -1.2 -2.1 
-

1.1 
-1.3 -1.5 

-

1.5 

-

1.4 

S 46          -0.7    -

0.6 

-

0.7 

D 48    -1.3     -0.6       

M 49  -0.6     -1.9 -1.1 -0.6 -2.0 
-

1.2 
-0.8 -0.8 

-

2.0 

-

1.1 

F 140 -1.4 -1.1 -1.4 -1.4 -1.0 -1.0 -1.0 -0.9 -0.9 -0.7 
-

0.7 
-1.1 -1.0 

-

1.1 
 

N 142 -2.3 -2.0 -2.5 -2.4 -2.2 -1.8 -0.8 -1.0 -2.4 -1.2 
-

1.2 
-1.0 -3.2 

-

3.0 

-

1.6 

G 143 -3.7 -3.0 -3.8 -3.8 -3.2 -2.8 -1.6 -1.7 -1.6 -1.6 
-

1.7 
-1.7 -1.8 

-

1.6 

-

2.0 

S 144 -2.6 -2.1 -2.7 -2.7 -2.4 -2.3 -0.9 -1.0 -0.9 -1.0 
-

1.1 
-0.9 -1.1 

-

0.9 

-

1.2 

A 145 -3.1 -2.6 -3.1 -3.1 -2.7 -2.6 -2.1 -2.3 -2.1 -1.9 
-

1.9 
-2.2 -2.1 

-

2.2 

-

2.1 

H 163 -2.4 -2.0 -2.4 -2.5 -1.9 -1.6 -2.2 -1.9 -1.8 -1.7 
-

1.4 
-2.3 -1.9 

-

2.1 

-

0.9 

H 164 -1.5 -1.4 -1.7 -1.7 -1.1 -1.0 -1.8 -1.4 -2.0 -1.6 
-

1.6 
-1.7 -1.3 

-

2.2 

-

1.8 

M 165 -3.5 -3.8 -3.2 -3.6 -3.3 -3.4 -3.3 -3.7 -3.5 -3.2 
-

3.2 
-3.4 -3.5 

-

3.5 

-

3.5 

E 166 -3.2 -2.8 -3.1 -3.4 -3.1 -3.0 -3.3 -3.3 -3.5 -3.7 
-

5.0 
-3.6 -3.6 

-

3.3 

-

3.4 

L 167 -0.7 -0.7   -0.5 -0.6 -0.6 -0.6 -0.5  -

0.5 
-0.7 -1.0  -

1.0 

P 168 -2.1 -1.4 -2.5 -2.5 -1.5 -2.9 -2.1 -1.1 -2.4 -2.1 
-

2.4 
-2.9 -2.4 

-

2.5 

-

2.1 

Q 189 -1.6 -1.3 -1.1 -3.6 -1.0 -1.7 -1.9 -2.6 -2.5 -1.5 
-

1.8 
-1.3 -2.4 

-

1.4 

-

1.7 

T 190 -2.7 -0.7 -2.1 -2.4 -1.4  -2.6 -1.0 -1.8 -2.1 
-

2.5 
-0.6 -2.3 

-

1.5 

-

0.9 

A 191 -1.1 -0.6 -1.1 -1.2 -1.1  -0.9  -1.1 -1.2 
-

1.3 
-0.6 -1.3 

-

1.0 

-

1.1 

Q 192   -0.5          -0.9  -

1.5 
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When the protein residues are investigated (Table 4.4), we see that the cleaved 

peptides do not have any interaction with the first 139 residues other than the H41, 

catalytic dyad. Apart from HIS41, there are three distinct regions of Mpro for the cleaved 

peptide complexes: 140-145 (S1), 163-168 (S1-S3) and 189-192 (S3-S4).  

On the other hand, non-cleaved peptides have somewhat strong interactions with 

residues of 23-27 and 49. In particular, THR25 and THR26 (S1’) play an important role 

in the interaction in most of the substrate complexes. The catalytic dyad residue of HIS41 

have relatively much smaller interaction with the substrates than the products. The other 

dyad residue, ALA145 also has less interactions with the substrates than products. We 

should note that this residue is cysteine normally, but the x-ray structures were refined 

with ALA. MET49 also plays an important role in binding in a way that upon cleavage 

the protein starts losing interactions with it.  In addition, ASN142, GLY143 and SER144 

are stabilizing the product complexes although they do not contribute to the binding as 

much in the substrates. Moreover, the residues MET165, GLU166, PRO168, GLN189 and 

THR190 play a role in both substrate and product binding with the former two being more 

dominant. 
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5. CONCLUSIONS 

 

In this study, we have thoroughly analyzed the SARS-CoV-2 Mpro-peptides 

interactions where the peptides as the substrates or products of the cleavage are recently 

co-crystalized. We have used MM-GBSA and MM-PBSA decomposition analysis to 

understand the mechanistic details of the recognition of peptides. We showed that the 

amino acids with small aliphatic side chains such as ALA, VAL and glycine are dominant 

residues in the interactions. We also showed that the GLU residue at P1 has drastic change 

in the interaction with the Mpro protein from substrates to products. For the first time, we 

suggested that the ARG amino acid at the P3-P5 along with P4’ can strengthen the 

interaction. Experimentally targeting the regions and the amino acids discussed 

throughout the thesis could have a potential to disrupt the function of Mpro. 
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6. FUTURE DIRECTIONS 

 

Alanine scanning is a valuable method for the scientific analysis of sequences, 

aiding in the identification of critical residues within biomolecules. In the realm of 

computational biology, the consideration of conformational entropy changes holds 

significance, particularly in the context of Binding Free Energy (BFE) calculations. To 

enhance the accuracy of molecular dynamics (MD) simulations, substituting Cys145 for 

Ala145 can yield more insightful results. Furthermore, the interaction landscape between 

whole Non-Structural Proteins (NSPs) and Mpro presents an intriguing avenue for 

exploration, shedding light on complex formation mechanisms. Notably, investigating 

Covid-19 variants featuring mutations in Mpro provides a crucial opportunity to 

comprehend the impact of such alterations on the protein's functionality and potential 

therapeutic interventions. 
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7. APPENDICES 

Appendix A: Publications within the Scope of Thesis Study 

Taşçı H.S., Koçak A., Aydınoğlu F. (2023), “Investigation of Substrate Recognition 

of Sars-Cov-2 Main Protease Enzyme by Molecular Dynamics and Free Energy 

Methods”, 7th Gebze Technical University Graduate Studies Symposium, Gebze, Kocaeli, 

Türkiye, 31 May. 

 

Appendix B: Additional Tables and Figures 

       Table 7.1: Structure of SARS-CoV-2 Mpro: Chain and Missing Atom Information. 

 

PDB ID 

Missing 

Residue 

Name 

Missing 

Residue 

Number 

PDB ID 

Missing 

Residue 

Name 

Missing 

Residue 

Number 

PDB ID 

Missing 

Residue 

Name 

Missing 

Residue 

Number 

7MB4 
GLU 47 

7MB8 
ASP 153 

7TA7 

ASN 72 

LYS 100 ASP 155 LYS 100 

7MB5 

LYS 5 

7MB9 

VAL 303 LYS 102 

ASN 72 THR 304 TYR 154 

GLN 74 PHE 305 ASP 197 

LYS 100 GLN 306 ASP 229 

GLN 306 SER 46 LEU 232 

7MB6 

THR 45 GLU 47 LYS 236 

SER 46 ARG 76 ASN 277 

GLU 47 LYS 100 SER 284 

LEU 50 LYS 102 LEU 286 

ARG 60 TYR 154 PHE 294 

ARG 76 ASP 216 SER 301 

LYS 100 LYS 236 VAL 303 

LYS 102 

7T70 

GLU 47 PHE 305 

LYS 137 TYR 154 ARG 256 

ARG 188 LEU 232 GLU 257 

THR 196 LYS 236 GLN 266 

ARG 222 LYS 215 

7TB2 

GLU 47 

PHE 223 
7T8M 

ARG 215 ASN 72 
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THR 225 ASN 72 LYS 100 

      

LEU 227 ASP 155 ASP 153 

ASP 229 LYS 127 MET 

235 

 

 

LEU 232 ARG 128 LYS 236 

MET 235 

7T8R 

SER 46 

7TBT 

SER 46 

LYS 236 ASN 72 GLN 74 

ASN 238 LYS 100 LYS 100 

ILE 259 VAL 303 TYR 154 

ASP 263 THR 304 MET 235 

LYS 269 

7T9Y 

GLN 306 LYS 236 

GLU 270 SER 46 ASN 277 

ASN 274 GLU 47 GLU 125 

MET 276 ASN 51 ASN 126 

ASN 277 ARG 60 

7TA4 

PHE 305 

ARG 279 SER 62 GLN 306 

LEU 286 LEU 232 GLU 47 

7MB7 

VAL 303 MET 235 ASN 72 

THR 304 LYS 236 ASP 153 

PHE 305 SER 118 ARG 222 

GLN 306 
7TC4 

LYS 100 LYS 236 

GLU 47 LYS 102 ARG 208 

ASP 48 
      

ASN 72 
      

GLN 74 
      

LYS 100 
      

ASP 153 
      

TYR 154 
      

ASP 155 
      

LYS 236 
      

ASN 277 
      

SER 301 
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Table 7.2 : Structural Analysis and Cluster Results: Statistical Evaluation of Clustering 

Performance and Intrinsic Features from Molecular Dynamics Simulation Data. 

 

PDB ID / 

The most 

populated 

# cluster 

Fraction 
Average 

Distance(Å) 

PDB ID / 

The most 

populated 

# cluster 

Fraction 
Average 

Distance(Å) 

PDB ID / 

The most 

populated 

# cluster 

Fraction 
Average 

Distance(Å) 

7MB4 / 0 0.4 2.8 7MB9 / 0 0.5 2.9 7TA4 / 0 0.3 2.4 

7MB4 / 1 0.2 3.1 7MB9 / 1 0.2 3.0 7TA4 / 1 0.3 2.3 

7MB5 / 0 0.3 2.8 7T70 / 0 0.3 2.3 7TA7 / 0 0.6 2.7 

7MB5 / 1 0.2 2.3 7T70 / 1 0.2 2.7 7TA7 / 1 0.2 2.5 

7MB6 / 0 0.5 2.7 7T8M / 0 0.4 2.5 7TB2 / 0 0.4 3.0 

7MB6 / 1 0.2 2.7 7T8M / 1 0.3 2.4 7TB2 / 1 0.2 2.8 

7MB7 /0 0.7 2.8 7T8R / 0 0.2 2.4 7TBT / 0 0.4 3.0 

7MB7 /1 0.1 2.6 7T8R / 1 0.2 2.5 7TBT / 1 0.2 2.8 

7MB8 / 0 0.3 2.5 7T9Y / 0 0.3 2.2 7TC4 / 0 0.3 2.6 

7MB8 / 1 0.2 2.8 7T9Y / 1 0.3 2.2 7TC4 / 1 0.2 2.4 

 

 

  



 

62 
 

 

Figure 7.1: The representative structure of the most populated cluster (salmon) retrieved 

by three replica MD simulations compared with the x-ray structure (light blue) for Mpro-

nsp4 complex (PDB ID: 7MB4).  
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Figure 7.2: The representative structure of the most populated cluster (salmon) retrieved 

by three replica MD simulations compared with the x-ray structure (light blue) for Mpro-

nsp4-nsp5 complex (PDB ID: 7T70).  
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Figure 7.3: The representative structure of the most populated cluster (salmon) retrieved 

by three replica MD simulations compared with the x-ray structure (yellow) for Mpro-

nsp5 complex (PDB ID: 7MB5).  
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Figure 7.4: The representative structure of the most populated cluster (salmon) retrieved 

by three replica MD simulations compared with the x-ray structure (yellow) for Mpro-

nsp5-nsp6 complex (PDB ID: 7T8M).  
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Figure 7.5: The representative structure of the most populated cluster (orange) retrieved 

by three replica MD simulations compared with the x-ray structure (limon) for Mpro-

nsp6 complex (PDB ID: 7MB6).  
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Figure 7.6: The representative structure of the most populated cluster (blue purple) 

retrieved by three replica MD simulations compared with the x-ray structure (orange) for 

Mpro-nsp7 complex (PDB ID: 7MB7).  
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Figure 7.7: The representative structure of the most populated cluster (purple) retrieved 

by three replica MD simulations compared with the x-ray structure (green) for Mpro-

nsp7-nsp8 complex (PDB ID: 7T8R).  
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Figure 7.8: The representative structure of the most populated cluster (green) retrieved 

by three replica MD simulations compared with the x-ray structure (turquoise) for Mpro-

nsp8 complex (PDB ID: 7MB8).  
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Figure 7.9: The representative structure of the most populated cluster (khaki green) 

retrieved by three replica MD simulations compared with the x-ray structure (turquoise) 

for Mpro-nsp8-nsp9 complex (PDB ID: 7T9Y).  
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Figure 7.10: The representative structure of the most populated cluster (salmon) 

retrieved by three replica MD simulations compared with the x-ray structure (pink) for 

Mpro-nsp9-nsp10 complex (PDB ID: 7TA4). 
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Figure 7.11: The representative structure of the most populated cluster (pink) retrieved 

by three replica MD simulations compared with the x-ray structure (yellow) for Mpro-

nsp10 complex (PDB ID: 7MB9). 
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Figure 7.12: The representative structure of the most populated cluster (blue) retrieved 

by three replica MD simulations compared with the x-ray structure (yellow) for Mpro-

nsp10-nsp11 complex (PDB ID: 7TA7). 
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Figure 7.13: The representative structure of the most populated cluster (green) retrieved 

by three replica MD simulations compared with the x-ray structure (dark blue) for Mpro-

nsp12-nsp13 complex (PDB ID: 7TB2). 
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Figure 7.14: The representative structure of the most populated cluster (magenta) 

retrieved by three replica MD simulations compared with the x-ray structure (lemon) for 

Mpro-nsp13-nsp14 complex (PDB ID: 7TBT). 
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Figure 7.15: The representative structure of the most populated cluster (pink) retrieved 

by three replica MD simulations compared with the x-ray structure (gray) for Mpro-

nsp15-nsp16 complex (PDB ID: 7TC4). 
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Figure 7.16: RMSD of heavy atoms of peptide fragment in Mpro-substrate complexes 

before and after cleavage. The values are the averages of three replica MD simulations. 
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Figure 7.17: RMSD of Cα atoms of peptide fragment in Mpro-substrate complexes before 

and after cleavage. The values are the averages of three replica MD simulations.
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