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PREFACE 

Protein characterizes the property of every living organism. It regulates the various cellular 

processes inside the cell and serves as an important macromolecule in the cell. Many proteins are 

being utilized as therapeutic targets to combat disease conditions. Hence, understanding the 

structure-function relationship of protein molecules is very important [Redfern et al. 2008]. The 

function of a protein is determined by its 3-D structure, which adopts several conformational 

changes while performing a different function. Moreover, the conformation of a protein is 

modulated by several factors, such as mutations of amino acids, interaction with other protein 

molecules, or the crowding effect of other large molecules inside the cell [Schmid et al. 2020]. So, 

the structure-function paradigm states that the function of a protein is determined by its 3-D 

structure, and a change in protein structure results in a change in function. Hence, the structure-

function paradigm is crucial for studying the functional mechanism of any therapeutic proteins. 

However, there have been many cases where significant alteration of protein function has been 

observed due to subtle changes in the protein structure [Srivastava et al., 2014; Srivastava et al., 

2016]. For example, a mutant form of HIV-reverse transcriptase retains 3-D structural integrity as 

the wild-type. Still, it displays a functional change regarding the binding of proposed inhibitors 

[Srivastava et al. 2020]. This suggests that there must be some missing link in understanding the 

structure-function relationships. There have been reports that in the absence of noticeable 

structural change in the protein, the changes at the protein contact level play an important role in 

establishing the structure-functional relationship. However, it is challenging to characterize these 

small changes in the protein structure and to understand the role of these changes in the 

physiological change in the function. Protein molecules are known to be flexible in nature, only a 

3-D structure sometimes is not enough to probe the molecular mechanism of the protein. 
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Moreover, the 3-D structure does not provide complete details of functional change in the protein 

due to modulations and changing physiological conditions. There must be a missing link between 

structure and function. This lies in the dynamics of proteins, which determine the molecular 

behavior of protein molecules with respect to time [Rader et al. 2005]. So, the theme of this thesis 

is to use integrative computational approaches such as graph theory and Molecular Dynamics 

Simulation to study subtle but functionally significant variations in protein structures. For the 

study, three different therapeutic targets were chosen. (1) Severe acute respiratory syndrome- 

Coronavirus-2 (SARS-CoV-2) spike protein where the effect of mutants on host-pathogen 

interaction without much change in the 3-D structure was studied. (2) SARS-CoV-2 main 

proteases (Mpro) where changes in amino acid residues result in the differential binding and 

sensitivity of the inhibitors without significant change in the 3-D structure are reported. (3) 

Mycobacterium tuberculosis (Mtb) thioredoxin reductase (TrxR), where modulations on protein 

structure to change the function are studied. Structures of all three topical interest targets are shown  

in Figure 1. 

Figure 1. Three-dimensional structures of three tropical interest therapeutic targets were chosen 

for the study. 
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Chapter 1 reviews all the literature related to pathogens and therapeutic targets. The novel Severe 

Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) belongs to the beta coronavirus genus, 

which also includes SARS-CoV and Middle East respiratory syndrome coronavirus (MERS-CoV) 

[Cui et al. 2019]. Coronaviruses enter the host cell with the help of spike glycoprotein on the outer 

envelope through a host cellular receptor, Angiotensin Converting Enzyme 2 (ACE2) [Gui et al. 

2017]. Spike protein has been one of the important therapeutic targets for drug design and vaccine 

development. It is a homo-trimeric protein consisting of S1 and S2 subunits, the S1 subunit aids 

in the binding to the ACE2 receptor, and the S2 subunit is involved in the fusion of the virus to the 

host cellular membrane [Wang et al. 2020a]. The structural organization of the S1 domain includes 

the N-terminal domain (NTD), C-terminal domain (CTD), sub-domain 1 (SD1), and sub-domain 

2 (SD2). The CTD consists of the receptor binding domain (RBD, the main component that 

interacts with the ACE2 receptor. Several studies have demonstrated that virus replication, 

infectivity, and transmission ability depend on the binding affinities of the RBD to the ACE2 

receptor [Wang et al. 2020a]. 

The COVID-19 pandemic has been more challenging due to SARS-CoV-2 emerging variants. 

Many variants have been detected with many mutations, mainly in the spike protein. The world 

health organization (WHO) has classified these variants either as Variants of Concern (VOC) or 

Variants of Interest (VOI), where three variants have gained more attention: B.1.1.7 (VOC 

202012), B.1.351 (501Y.V2) and P.1 (B.1.1.28.1). The B.1.1.7 was first detected in the UK in 

September 2020 and has been reported with seven mutations in the Spike protein [Davies et al. 

2021]. Within a month, a South African variant was detected with nine mutations [Tegally et al. 

2021]. Later on 2 January 2021, Japan/Brazil variant named P.1 (B.1.1.28.1) was in circulation 

with 12 mutations in the Spike protein [Sabino et al. 2021]. The two mutations N501Y and D614G 
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in spike protein were common in all VOC. Very recently, Omicron has also been identified as a 

VOC and reported to have almost 30 mutations in the spike protein [Kannan et al. 2022]. The 

functional role of many mutations has been demonstrated using deep mutational scanning and 

other biochemical methods. Most of the mutations associated with the variants have been reported 

to have enhanced affinity towards the ACE2 receptor and are crucial for virus transmission. These 

mutations are also ineffective in neutralizing antibodies and evading neutralization [Dejnirattisai 

et al., 2021]. The underlying cause of the enhanced binding affinity in the variants has not been 

associated with a significant change in the three-dimensional structures of the spike as well as the 

ACE2 receptor. However, local and global rearrangement of the interaction site and allosteric sites 

cannot be overlooked. Mutations away from the RBD facilitate spike protein in the open state to 

bind efficiently with the ACE2 receptor. Most of the previous studies focus on the effect of 

individual mutation. However, the cumulative effect of the mutations present on the RBD and 

away from the RBD such as NTD, SD1, and SD2 of the S1 domain was not investigated in detail. 

We asked the questions for this study. What are the cumulative effects of the mutations on 

rearrangement in the protein contact networks in the spike protein? What is the structural basis of 

the increased binding affinity of mutant spike protein with the ACE2 receptor? 

Chapter 2 addresses these questions by using integrative network and dynamics approaches. This 

reports subtle conformational changes in the RBD and the truncated S1 domain of the P.1 variant 

spike protein responsible for the increased affinity with the ACE2 receptor. Our study on the 

protein contact network identifies changes in the protein structures at the residue contact level 

which are otherwise not easily detectable. The network parameters suggested that mutations have 

perturbed the node-wise network rearrangement in Protein Structure Graph, reflecting the subtle 

conformational change in the mutant structure. Additionally, to probe the effect of mutation 
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outside the RBD domain we have constructed the PSG on truncated S1 domain in complex with 

ACE2, which suggested significant rearrangement of network parameters in the NTD of the spike 

protein. Then further, we applied a dynamics approach to probe the conformational dynamics of 

the RBD-ACE2 complex and the S1-ACE2 complex. Our 100ns dynamics study suggests that 

there is global flexibility and conformational plasticity in the RBD and S1 domain, which can 

increase the conformational heterogeneity of the complete S1 domain. And additionally, we have 

identified unique interactions in the P.1 variant, which may provide energetically favorable 

binding with the ACE2 receptor. Overall, the study provides additional information that may be 

utilized for designing better therapeutics against the circulating P.1 variants and other future 

variants. 

Chapter 3 explains the results obtained from screening and designing a small molecule that can 

destabilize the RBD-ACE2 complex of the P.1 variant. The study applied a fragment replacement 

approach against the parent compound SSAA09E2, which has the potential to block the SARS-

CoV-1 infection [Adedji et al. 2013]. But our docking study of the same parent compound with 

WT and P.1 variant ACE2-RBD complex results in a decrease in affinity and changes in the 

binding geometry inside the cavity. So we hypothesized to design an analog of SSAA09E2 (Figure 

2). 
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Figure 2. Parent compound and screened analogs are named compound 1 and compound 2. Group 

colored green in the parent compound is replaced with other groups in compounds 1 and 2. 

The FragRep database was screened against the piperazine group of the parent molecule. Out of 

1900 screened compounds, we have selected the top two compounds according to binding score 

and geometry. Both screened compounds had better binding affinity compared to the parent 

molecule. Also, they made important hydrogen bond interaction with interface residues of the RBD 

and van-der-Waal interaction with the ACE2 interface residues. Additionally, both compounds 

interacted with those residues identified as crucial in our previous chapter. It suggests that both 

compounds can potentially interfere with the interface residues. Further, to check the stability of 

screened analogs against the ACE2-RBD interface cavity, we have performed 200ns long 

simulations. The RMSD trajectory, Hydrogen bond trajectory, and MMPBSA analysis suggest that 

both compounds are stable throughout the simulations with high negative binding free energy 

where interface residues contributed more negative free energy. In addition, we evaluated the 

effect of the designed analogs as potential disruptors against the RBD-ACE2 binding. The RMSF 

analysis of ACE2 and RBD residues indicates that the flexibility of RBD interface residues was 
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high in both compound-bound complexes, leading to higher entropy penalty and negatively 

influencing the binding energy. Further, we have calculated the distance between those interface 

residues participating in the hydrogen bond. Expectedly, we have observed apparent disruption in 

the distance of interfacial interacting residues of the complex. Interface SASA trajectory was also 

increased for both compound-bound complexes. It indicates that both compounds have a primary 

disrupting effect on the interface of ACE2 and RBD. Further, we have also analyzed the secondary 

effect of compounds on the complex. For this, we have performed PCA on apo and compound-

bound complexes where the trace value of compound1 was high compared to apo, and also, the 

compound-bound complexes have altered the Essential dynamics of the RBD-ACE2 complex. 

Overall, the designed analogs can induce structural changes locally and globally. 

Chapter 4 describes the therapeutic investigation of SARS-CoV-2 main protease (Mpro) or 3-

chymotrypsin-like protease (3CLpro). It is a non-structural protein involved in the processing of 

polyproteins cleaved into 16 NSPs [Anand et al. 2002]. The Mpro has been designated as an 

important drug target because of its essential role in the processing of polyproteins translated from 

the viral RNA. Recent crystal structure of SARS-CoV-2 Mpro [Zhang et al. 2020] reveals its 

structural similarity with Mpro of SARS-CoV-1 and has a high degree of sequence identity (96.1%) 

among the two [Savarino et al. 2005]. Despite high identity and lack of structural change, the 

identified inhibitors against SARS-CoV-1 Mpro are reported to have a differential binding affinity 

against SARS-CoV-2 Mpro. The reasons for the differential affinity have not been probed in detail. 

Moreover, as reported earlier, a small rearrangement of protein at the structural level by 

substituting a few amino acids at the substrate binding pockets or allosteric sites results in changes 

in internal interactions, which may lead to differing patterns of inhibitors sensitivity [Mahdi et al. 

2020]. Since no significant structural changes are noticed at the active site, a subtle change of 
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interactions at the allosteric sites of the proteins may have an effect on the sensitivity of the 

inhibitors. Hence, a protein structure network (PSN) based approach can investigate the negligible 

conformational changes associated with the protein structure. 

To address this, we have performed a comparative PSN analysis to study the subtle change in 

interactions due to a change in the amino acid at the allosteric site of protein which may affect the 

sensitivity of inhibitors. We have observed a noticeable difference in each network parameter. The 

change in contact pattern at the active site was observed, suggesting a conformational change in 

SARS-CoV-2 Mpro. Unique hub residues were observed at the active site of SARS-CoV-2 Mpro, 

which offers inter-domain communication. Residues with high Betweenness Centrality values 

were observed to make new contacts in SARS-Cov-2 Mpro. Differential perturbation in network 

parameters was also observed in inhibitor-bound complexes, SARS-CoV-1 and SARS-CoV-2 

Mpro, which was not evident at the structural level. Additionally, the PSN analysis of the quaternary 

complex suggests network changes at the interface and long-range interactions and has identified 

crucial residues involved in the complex formation. 

Chapter 5 demonstrates structure-based drug design against a therapeutic target from bacterial 

systems, i.e., Mtb TrxR, which provides a reducing environment to Mtb inside the macrophages 

[Fahey et al., 2001]. The thioredoxin system in Mtb reduces peroxides and dinitrobenzenes and 

detoxifies dinitrobenzene hydroperoxides [Lu et al. 2014]. It has been validated as an essential 

gene in the Mtb genome [Zhang et al. 2012]. It shares only 23% similarity with HsTrxR, which 

makes it a unique therapeutic target. Its 3D structure consists of the NADP and FAD domains, 

which are accompanied by two antiparallel hinge regions [Akif et al. 2005]. Electron transfer 

occurs from the nicotinamide ring of NADP to the isoalloxazine ring of FAD. Then electrons are 

transferred to two active site cysteine residues, of which a reduced form is available for thioredoxin 
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substrate. But the distance between two rings is more than 16 Angstrom; at this distance, the 

electron transfer mechanism is impossible. It was proposed in E. coli TrxR that 66-degree rotation 

in the NADP domain brings it closer to the FAD domain, and two buried cysteine residues come 

on the surface, readily available for the Trx substrate [Lennon et al. 2000]. In our study, we aimed 

to restrict this conformational change by designing a small molecule that can target the interface 

residues of NADP and FAD along with the hinge region residues. An allosteric cavity was probed, 

including the interface's residues and the hinge region. We have used this cavity for the virtual 

screening of natural compounds from the Traditional Chinese Medicine Database. The top two 

compounds were selected against the cavity according to their docking score. MDS was applied to 

apo and both compound bound-complexes, where the RMSD trajectory of the apo complex was 

high compared to compound-bound complexes. Further, through RMSF calculation, we have 

observed an increase in flexibility of the interface loop region from the FAD domain, which was 

stable in the compound-bound complex. This decrease in flexibility indicates that compounds are 

making favorable interactions in the cavity. Both the compounds have high negative binding free 

energy values, which suggests that compounds form stable molecular interactions with amino acid 

residues of the TrxR. Our PCA analysis indicates that both compounds have reduced 

conformational sampling along their two eigenvectors compared to the apo complex. There is a 

shift in the 3-alpha helix of the NADP interface, which is engaged in hydrogen bond interactions 

with the loop region of the FAD. These interactions were absent in the apo, which indicates that 

both compounds are locking the conformational change of the NADP domain. Further, we have 

performed PCN on apo and compound bound complex, which suggests the rearrangement contacts 

between the interface domains contribute to the conformational changes in the complexes along 

with the reduction in the Center of the mass distance between the NADP and FAD domain. Overall, 
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this study suggests that both compounds can potentially interfere with Mtb TrxR, whose binding 

leads to significant conformational change at the interface of both domains. 

Chapter 6 briefs the summary of the work. The study on three different therapeutic targets from 

two other systems highlights that the subtle change in protein conformation due to modulation 

caused by mutations, inhibitor binding, or interactions with other molecules alters the protein 

function. The PCN and MDS are helpful approaches to identifying the subtle changes that are 

impossible to locate at the structural level. Proteins' dynamics help to determine the conformational 

changes obtained from static protein structures. Moreover, our PCN and MDS studies provide 

insight into identifying the critical residues contributing to change in function while maintaining 

structural integrity. 
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1. INTRODUCTION 

Proteins are the essential entity of a living organism. Proteins catalyze various biochemical 

reactions and are known as the workhorse of the cell. It does diverse essential functions like (i) 

catalysis of chemical reactions: enzymes are proteins that act as catalysts in any chemical reaction 

by increasing the rate of chemical reaction, (ii) Regulation: It regulates various biosynthetic 

pathways, (iii) DNA synthesis and repairing: many proteins are involved in DNA synthesis, 

repairing, and genome stability, (iv) cellular signaling and transport: membrane proteins act as 

receptors that detect the external stimuli and trigger specific cellular responses. Proteins as 

channels transport substrates/ions across the cellular membrane, (v) Metabolism and maintenance: 

proteins involved in the synthesis and degradation of cellular components. Proteins provide 

structural support to the cells.  Microtubules and actin proteins maintain the structural integrity of 

the cell, (vi) cell division: proteins such as spindle fibers separate the chromosomes during cell 

division, (vi) Oxygen transport: two well-known oxygen binding proteins, hemoglobin, and 

myoglobin, transport oxygen across the tissues. Proteins are essential macromolecules and are 

responsible for regulating almost all cellular life processes.   

1.1 Protein molecules as therapeutic targets: a perspective of the structure -function 

relationship   

The current paradigm for treating diseases is associated with targeting protein molecules. 

Targeting proteins involved in virulence and pathogenesis is an important strategy for controlling 

infectious diseases [Alberts et al. 2002].  This focuses on developing drugs that may inhibit the 

pathogen’s virulence rather than combating its viability [Clatworthy et al., 2007]. Moreover, 

targeting virulence factors reduces the chances of developing resistance due to selective pressure. 
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So, protein molecules responsible for virulence factors are the best therapeutic targets in terms of 

specificity, absence of toxicity, and side effects. For a protein to be a therapeutic target, it is 

required to fulfill mentioned four criteria: (1) it needs to be essential for pathogen survival, (2) the 

absence of homologous proteins in humans, (3) it should be druggable, and 4) biological role of 

the target in the diseased state. 

Identifying protein molecules as therapeutic targets involved in the virulence mechanism is the 

primary step in infectious disease control. To control infectious diseases, a detailed structural and 

functional understanding of a particular therapeutic target is required. The three-dimensional 

structure of a protein provides an essential insight into the structure and function relationship 

[Anfinsen et al. 1961; Anfinsen 1973].  Protein’s conformational flexibility and dynamics 

contribute toward understanding the molecular mechanism. This knowledge generally aids in 

designing therapeutics. The 3-D structures of many therapeutic targets from the PDB have been 

used for drug discovery and design [Berman et al. 2000].  These structures usually do not represent 

the functional states of the protein. Instead, the functional forms of proteins are associated with 

the conformational change required to perform an activity. The conformational changes usually 

result from interactions with other entities such as substrates, inhibitors, or inter and intra-domain 

interactions. These conformational changes in the protein 3-D structure modulate the functional 

site, which may have an effect on protein function. This general process comes under the 

“structure-function-paradigm,” which means that the function of any biomolecule is determined 

by its three-dimensional structure [Redfern et al. 2008]. The structure-function paradigm is also 

essential for studying therapeutic proteins' functional mechanisms. Conformational changes in a 

protein and residues involved in the conformational variations are usually considered a druggable 

site in the drug design process. Modulations in the protein structures usually result from mutations 
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at the functional or ligand binding or protein-protein interaction sites. There are few cases where 

structural modulation exerts unnoticeable changes in the protein 3-dimensional structure. It has 

been observed that mutations of a few important residues in protein lead to changes in the function 

with negligible changes in its three-dimensional structures [Srivastava et al. 2015; Srivastava et al. 

2020].  Hence it is important to understand how these modulations maintain the structural integrity 

and regulate the protein’s function. The structure-function paradigm states that proteins acquire 

specific shapes for performing a particular function efficiently. Proteins are usually flexible and 

change their shape like a tree in the wind. So, the only static structural knowledge obtained through 

crystallography is insufficient to probe the molecular mechanism of protein’s biological functions. 

Instead, the dynamics of proteins provide molecular insights into their action. Moreover, dynamics 

play a crucial role in bridging the missing link between the structure and function paradigm [Rader 

et al. 2006]. This study is an attempt to understand the effect of modulations on the protein 

structure, which is not detectable at the structural level. Over two decades, many computational 

efforts were employed to understand subtle structural changes at the contact level, which may have 

significant functional alterations in the protein.  

1.2 Therapeutic targets 

Three different therapeutic targets belonging to two phylogenetically diverse pathogens (viral and 

bacterial) were considered for this study. These are (1) Spike protein from Severe Acute 

Respiratory Syndrome-2 (SARS-CoV-2): an important therapeutic target present on the outer 

envelope of coronaviruses. (2) Main protease (Mpro) from SARS-CoV-2: is an essential drug 

target that plays a role in polyprotein processing, and (3) Thioredoxin Reductase from 

Mycobacterium tuberculosis (Mtb): a member of the thioredoxin system, a well-known 

antioxidant system of Mtb. 
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1.2.1 SARS-CoV-2 

SARS-CoV-2 belongs to the coronaviridae family of viruses, usually known as enveloped and 

positive sense RNA viruses. The viruses from this family are classified into four genera named 

Alpha coronavirus (α-CoV), Beta coronavirus (β-CoV), Gamma coronavirus (γ-CoV), and Delta 

coronavirus (δ-CoV).  Alpha coronavirus and Beta coronavirus mainly infect mammals. Gamma 

coronavirus comes under the subfamily of orthocoronavirinae. Gamma and delta coronavirus 

infect mammals but also infect birds. Alpha and Beta genera originated from the bat gene pools, 

while gamma and delta are originated from avian and pig viral gene pools. β-coronavirus generally 

includes three highly pathogenic viruses Severe Acute Respiratory Syndrome Coronavirus 1 

(SARS-CoV-1), Middle East Respiratory Syndrome Coronavirus (MERS-CoV), and SARS-CoV-

2 [Cui et al. 2019].  SARS-CoV-1 originated in China and caused a global pandemic in 2003 with 

about a 10% fatality rate [Zhong et al., 2003; Ksiazek et al., 2003]. MERS-CoV was first reported 

in Saudi Arabia in 2012 and has infected the human population with limited human-to-human 

transmission. SARS-CoV-2 a new coronavirus reported for the first time from Wuhan, China, in 

December 2019 causes severe human respiratory disease [Wu et al. 2020]. The new coronavirus 

is very contagious and has a rapid transmission capability among human-to-humans. The virus has 

caused an outbreak of severe pulmonary diseases in almost 216 countries, resulting in 

approximately 814 438 confirmed deaths globally (WHO report, 2020). The world health 

organization (WHO) has coined SARS-CoV-2 causing disease as the COVID-19 pandemic, which 

has now become a global health emergency.  Currently, COVID-19 has led to severe ramifications 

for the worldwide economy. 
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1.2.1.1 Genomic organization and potential virulence factors of SARS-CoV-2 

The genome of SARS-CoV-2 is approximately 30kb in length (Astuti et al. 2020). It consists 

mainly of two ORFs, ORF1a and ORF1 cover almost two-thirds of its entire genome and code the 

non-structural proteins. The rest of the genome encodes for structural proteins such as Spike 

protein (S), an Envelope protein (E), a Membrane protein (M), and a Nucleocapsid protein (N) 

with some accessory proteins.  Ribosomal frameshifting between these two ORFs yields two 

polypeptides, pp1a and pp1ab, which further process into 16 NSPs with the help of either 3CLpro 

(3 cysteine-like proteases)/Mpro (main protease) or papain-like protease (PLpro). (Figure 

1.1) [Astuti et al. 2020]. The genome of the SARS-CoV-2 share sequence identity of about 89% 

with other reported CoVs. It is closely related to MERS-CoV [Guo et al. 2020]. Comparative 

genome analysis indicates its similarity to the BAT-CoV, suggesting bats as a natural reservoir of 

SARS-CoV-2 [Shereen et al. 2020].   

The structural proteins coded from its genome serve potential virulent factors. Outer membrane 

spike protein protrudes outside the virus's surface and facilitates the virus entry after attachment 

with the host ACE2 receptor. The E-protein is a transmembrane protein consisting of an N-terminal 

transmembrane domain and a C-terminal ectodomain. It performs an essential role in structural 

integrity and virus assembly. Membrane protein (M-protein) is present in high amounts compared 

to all other proteins of coronaviruses. It consists of three major domains: the N-terminal domain, 

three transmembrane helices, and the C-terminal domain. The M-protein is a potential immunogen 

therapeutic and interacts with other structural proteins. The N-protein consists of two domains, N-

terminal and C-terminal domains. Each domain has the potential to bind with the RNA genome 

and provides structural integrity to the viral genome. 
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Figure 1.1. Genome architecture of SARS-CoV-2 [Adopted from Astuti el al. 2021]. 

  

1.2.1.2 Molecular Basis of pathogenesis 

SARS-CoV-2 enters the host cell through its spike protein binding to the ACE2- a host cellular 

receptor [Lamers et al. 2022]. The binding brings about the conformational change in the spike 

protein, dissociating the S1 domain of the protein. The conformational change also exposes the S2 

domain's cleavage site to be cleaved by the human TMPRSS2. After the cleavage, the viral 

envelope fuses to the host cell membrane and releases viral ssRNA into the host cells (Figures 

1.2a & b). The primary site of SARS-CoV-2 infection is the nasopharynx multi-ciliated cells in 

the nasal mucosa. After the entry of the SARS-CoV-2 genome triggers the formation of viral 

proteins from the replication factories and gets detected by the cytoplasmic patterns recognition 

receptors (PRRs). The viral replicase genes (ORF1a and ORF1b) of the viral RNA genome 

undergo translation and lead to the production of polyproteins (pp1a and pp1b). These polyproteins 

are, further, processed by viral proteases to produce other Nsps. The Nsps have vital role in the 

discontinuous transcription of other RNA genes of the viral genome with various mRNA 

fragments. Detecting translated viral proteins inside host cells by cytoplasmic pattern recognition 
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receptors initiates the type I and III interferon cascade. This leads to the production of cytokines 

and triggers T cells and B cells responses (Figure 1.2c). Further, JAK/STAT1/2 signaling cascades 

activate and induce interferon-stimulated gene expression (ISGs) [Lamers et al 2022]. 

 

 

 

Figure 1.2. Pathogenesis mechanism of SARS-CoV-2. (a) General genome organization. (b) 

Entry mechanism of SARS-CoV-2. (c) Molecular mechanism after the infection. (Lamers et al. 

2022). 



Chapter 1                                                             Introduction and Review of Literature 
 

 

23 
 

1.2.1.3 Spike Protein as a potential therapeutic target 

Spike glycoprotein is synthesized as a 1273 amino acids polyprotein precursor on the rough 

endoplasmic reticulum. The unprocessed precursor anchors the signal sequence present on the 

endoplasmic reticulum, sending Spike protein to the membrane of the rough endoplasmic 

reticulum.   During the synthesis of N-linked, high-mannose oligosaccharide side chains are added.  

After the synthesis, the trimeric unit of S-protein is formed and transported from the endoplasmic 

reticulum to Golgi bodies [Duan et al. 2020].  Each protomer contains S1 and S2 subunits.  The 

trimeric topology resembles mushroom-like homotrimers. The S1 subunit consists of four distinct 

domains, N-terminal domain (NTD), C-terminal domain (CTD), which is also called Receptor 

Binding Domain (RBD), sub-domain 1 (SD1), and sub-domain 2 (SD2).  

The S2 subunit consists of a core of three helixes, a transmembrane domain of a single helix, and 

a short intracellular domain. This subunit possesses S2' cleavage site, which is important for virus 

entry after cleaving at this site (Figure 1.3A & B) [Heald et al. 2012; Millet et al. 2015]. Although 

the SARS-CoV-2 spike protein shows 76% sequence identity with the spike protein of SARS-

CoV-1, the S1/S2 protease cleavage site is different.  The furin cleavage site “RRRR” in the spike 

protein of SARS-CoV-1 is replaced with the “RRAR” sequence in the spike protein of SARS-

CoV-2 [Coutard et al. 2020].  Various structural studies show that RBD of spike protein exists in 

two different conformations, “up” and “down” conformation [Wrapp et al. 2020; Song et al. 2018; 

Walls et al. 2020; Yuan et al. 2017]. One RBD of one of the protomers stays up, and the other two 

are maintained in the down conformation. A dynamic equilibrium exists between up and down 

states [Gui et al. 2017]. Usually, in the prefusion state, all three RBD is in the down state. The 

fusion of the virus with the host membrane through the S protein is explained in Figure 1.4. Only 

one RBD goes in the up conformation and binds with the ACE2 receptor.  The binding promotes 
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the dissociation from the S1 subunit of the trimeric spike and disturbs the equilibrium of the other 

two RBD, resulting in shedding off from the complex. Dissociation of the S1 subunit from the 

complex exposes the S2’ cleavage site. This results in an extension of the S2 subunit with fusion 

peptides into the host cell. Once the fusion peptides get inserted into the host cell, the other regions 

of the S2 subunit, like HR1(Heptad Repeat 1) and HR2 (Heptad Repeat 2) fold back to interact 

with each other, which brings the viral and host membrane close to each other to let the membrane 

fusion happen [Wang et al. 2020]. 

                                                                                                                

Figure 1.3. (A) Domain organization of Spike protein. (B) 3D structure of S protein [Wang et al. 

2020]. 
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Figure 1.4. Spike protein mechanism from prefusion to postfusion [Adopted from Wang et al. 

2020]. 

1.2.1.3.1 Role of glycosylation sites in the Spike protein 

Glycosylation of spike protein has a very essential role in the pathogenesis process. Each protomer 

consists of 22-N-linked glucans attached to asparagine residue by the host cellular glycosylation 

apparatus. These N-glycosylations are distributed across the spike protein's two functional 

subunits, S1 and S2 [Zhao et al. 2021]. The glycans on the spike protein are important moieties to 

modulate the interaction with the host ACE2 receptor [Zhao et al. 2021]. Moreover, these glycans 

also play the role of masking the antigenic epitopes from the host-neutralizing antibodies.  

Glycosylation at the N165 and N234 sites of the spike protein provides an essential structural role 

in the modulation of RBD’s conformation [Casalino et al. 2020]. Mutation of these two residues 

causes the glycans deletion at their respective sites and reduces the binding of the spike protein 
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with the ACE2 receptor [Casalino et al. 2020]. A study of these glycans may provide a better 

perspective on vaccine designs. In addition to N-glycosylation, O-glycosylation is also present in 

the spike protein. The O-glycosylation is mainly the attachment of N-acetylgalactosamine 

(GalNAc) to the hydroxyl group of serine (Ser, S) or threonine (Thr, T). This modification also 

plays a role in various biological functions [Bagdonaite et al. 2018].  

1.2.1.3.2 Spike protein in vaccine design and therapeutic development 

Spike protein facilitates SARS-CoV-2 entry inside the host cell.  It is well known virulent factor 

and has been a primary target for vaccine design efforts. Spike protein has high antigenicity 

potency and induces robust immune responses. Since the last two years, a large number of vaccine 

candidates have been in clinical trials [Table1.1]. Most of the vaccines made against SARS-CoV-

2 are primarily based on spike protein. The most popular vaccine made by Pfizer/BioNTech and 

Moderna is based on the mRNA of spike protein [Mascellino et al. 2021]. The vaccines developed 

by AstraZeneca-Oxford and Janssen (Johnsons & Johnsons) work on the same mechanism.  These 

vaccines are based on manipulated adenovirus vectors that carry the genetic material for the spike 

protein in viral DNA which generates specific mRNA. These vaccines are usually associated with 

the full-length spike protein. In addition, other domains of spike proteins such as RBD, NTD, and 

S1 domains have been used as vaccines and applied in clinical trials [Arashkia et al. 2020].  
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Vaccine name Antigen       Mechanism of antigen 

Pfizer-BioNTech Full-length S protein  mRNA based vaccine 

Moderna Full-length S protein  mRNA 

Astra-Zeneca Oxford Spike protein Adenovirus viral vector 

Janssen(Johnson & 

Johnson) 

Spike protein Adenovirus viral vector 

Sputnik V Spike glycoprotein Two adenoviruses viral            

vector 

Novavax Recombinant full-length 

Spike protein 

Protein subunit 

CUREVAC Prefusion stabilized full-

length Spike protein 

Modified mRNA 

 

Table: 1.1: List of Principal COVID-19 vaccine and their features 

Besides the vaccine, there are also several different types of therapies that target the Spike protein 

of SARS-CoV-2. 1) Natural product-based therapies: natural therapies like Linoleic acid, 

Bisoxatin, and Emodin have the potential to inhibit the interaction of S protein and ACE2 [Unni 

et al. 2020]. 2) Antiviral Based therapies: in this strategy, potential peptides are used to interact 

with more functional groups of binding sites. The peptides mimic the protein sub-structure and 

block the native protein-protein interactions. EK1C4 is a fusion inhibitor of coronavirus that 

targets the Heptad Repeats 1 domain of the Spike protein [Ke et al. 2020]. 3) Recombinant-based 

therapy: administration of soluble ACE2 in excess amounts that can bind with the Spike protein, 

distributing the virus binding with the membrane ACE2 receptor. Various human recombinant 

soluble ACE2 has been developed (rhACE2, APN01), which have an affinity to bind with human 

ACE2 receptors [Zhang et al. 2020]. 4) Monoclonal neutralizing antibodies: Synthetic neutralizing 
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monoclonal antibodies such as Casirvimab and Imdevimab inhibit the virus attachment with the 

ACE2 receptor. These monoclonal antibodies bind with the non-overlapping epitopes of the RBD 

region of Spike protein [Taylor et al. 2021]. Monoclonal antibody therapy is effective in 

neutralizing variants of SARS-CoV-2 (Variant of concern), such as B1.1.7 and B.1.351 variants 

[Taylor et al. 2021]. 5) TMPRSS2 target-based therapies: TMPRSS is a well-known protease that 

cleaves the junction of the S1/S2 domain of spike protein and induces the conformational change 

which favors its binding to the ACE2 receptor. Many inhibitors have been developed for inhibiting 

the TMPRSS2 that prevent SARS-CoV-2 entry. 6) Small molecule inhibitors: Maraviroc is a 

reported inhibitor against HIV-1 and has been used to inhibit the S protein fusion in cell culture 

experiments [Hu et al. 2021]. Various computational and experimental pipeline screening of novel 

and repurposed drugs have been demonstrated against the binding interface of the RBD-ACE2, 

furin cleavage site, and fusion. An inhibitor, SSAA09E2, has been reported to inhibit the early 

interaction of the RBD to hACE2. The SSAA09E1 blocks the CathepsinA, a host protease 

involved in processing Spike protein. The detailed mechanism of inhibition of SSAA09E2 was 

studied for SARS-CoV-2 infection using computational-based techniques [Adedji et al. 2021]. 

Various structure-based drug design processes and supervised MD are being applied to find a 

suitable drug-like molecule having the potential to bind with the RBD interface and inhibit the 

interaction process. But still, FDA has not approved any drug against COVID infection. Various 

repurposed drugs which have shown potency to block spike protein are under research like 

Camostat: which is used in chronic pancreatitis, it can block ACE2 and TMPRSS2 receptors, 

Nafamostat: which is a blood thinner used against acute pancreatitis, it can block spike protein 

from binding to TMPRSS2 and ACE2, Folic acid: it is a well-known source for vitamin B and 
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reported to bind with furin, an enzyme which converts inactive spike protein to its active form 

[Santiano et al. 2021]. 

1.2.2 Non-structural proteins 

Non-structural proteins (Nsps) are encoded by genes present within the 5′-region of the viral 

genome.  The 5’ -end, consists of replicase gene called as Open Reading Frame 1a and ab 

(ORF1ab), which encode the nonstructural proteins (nsps) referred to as pp1a and pp1ab 

polyproteins, respectively. The pp1a non-structural protein corresponds to NSP1 to NSP11 and 

pp1ab non-structural protein comprises of NSP12 to NSP16. The corresponding functions and 

features of the Nsps are tabulated in [Table 1.2].     

 

Table1.2. Functional role of Nsps1-16 of SARS-CoV-2. 

Name Protein Full name Function References 
Nsp1 N-terminal product of viral 

replicase 

Inhibiting IFN signaling Huang et al. 2011 

Nsp2 N-terminal product Binds to prohibitin protein Cornillez et al. 2009 

Nsp3 Papain like proteinase Promote cytokine expression Lei et al. 2018 

Nsp4 Membrane-spanning protein 

containing transmembrane 

domain 2 

Viral replication- transcription 

complex 

Sakai et al. 2017 

Nsp5 Main proteinase Cleavage of viral protein Ullrich et al. 2020 

Nsp6 Putative transmembrane domain Induces the formation of ER-

derived autophagosomes 

Cottam et al. 2014 

Nsp7 RNA-dependent RNA 

polymerase 

Provides clamps for RNA 

polymerase 

Te et al. 2012 

Nsp8 Multimeric RNA polymerase Makes heterodimer with nsp8 & 

12 

Shi et al. 2020 

Nsp9 RNA binding viral protein    Binds to helicase  

Nsp10 Growth factor-like protein with 

Zinc motifs 

   Not known  

Nsp11 Consists of 13 amino acids anti-

identical to the first segment of 

nsp12 

   Not known  

Nsp12 RNA-dependent RNA 

polymerase 

Replication and methylation Subissi et al. 2014 

Nsp13 RNA polymerase proofreading Replication and transcription Jang et al. 2020 

Nsp14 Exoribonuclease domain Exoribonuclease activity Yadav et al.2021 

Nsp15 NSP15-A1 Endoribonuclease activity Yadav et al. 2021 

Nsp16 2’O ribose methyl transferase Inhibit innate immunity regulation Decroly et al. 2011 
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1.2.2.1 Main Protease (Mpro) 

Main protease is a non-structural protein of 33.8kDa size.  It is also referred to as 3CLpro, or Nsp5. 

It is a critical enzyme in the viral replication cycle of SARS-CoV-2. The main protease 

Mpro exclusively cleaves polypeptide, pp1a, and pp1ab, sequences after a glutamine residue and 

generates 16 non-structural proteins [Ullrich et al. 2020]. It also autoclaves itself between nsp4 

and nsp6 before the polyprotein process. There are no closely related homologs in humans, and it 

is considered a most attractive therapeutic target.  SARS-CoV-2 Mpro exists as a biologically active 

dimer. However, it is closely related to the Main proteases of other coronaviruses. It shares 99% 

sequence identity with BatCoV Mpro and 96% identity with SARS-CoV-1, while it shares only 

50% identity with MERS-CoV [Ullrich et al. 2020]. 

Structurally, the main protease of SARS-CoV-2 is almost identical and similar to the previous 

Main proteases of another coronavirus [Cui et al., 2020]. The 3-D structure of a protomer contains 

three domains (Figure 1.5). Domain I and II consist of antiparallel β-barrel structural arrangement, 

and the substrate binding site is located in a cleft between the two domains.  Domain III consists 

of five α-helices arranged in an antiparallel globular cluster. The dimeric interface is formed due 

to the interaction between domain II of one protomer and the N-terminal residues of the other 

(Reference). The active catalytic site is situated between domains I and II (Figure 1.5).   The 

Mpro is a cysteine protease with a catalytic dyad consisting of conserved cysteine and histidine 

residues in its active site. In contrast to other cysteine and serine proteases, the third residue at the 

catalytic site of Mpro occupies a buried water molecule. The Mpro follows a multi-step mechanism 

for catalysis. 
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Figure 1.5. The 3-D structural arrangement of SARS-CoV-2 Mpro in its monomeric form [Astuti 

et al. 2020]. 

 

Main proteases identify the substrate residues that efficiently bind to the S4 to S1 cavity. The S1, 

S2, and S1’ sites determine the specificity of substrates.  Glutamine residue at the S1 has the 

highest degree of conservation in the cleavage site of MERS, SARS-CoV-1, and SARS-CoV-2 

[Schechter et al. 1967]. Hydrophobic residues are preferred at the S2 site, while the S1’ site 

tolerates serine or alanine. Several compounds have been identified that can inhibit the main 

protease's activity. Various covalent and non-covalent inhibitors (like N3, a-ketoamide, etc.) have 

been identified (Figure 1.6).  Many crystal structures in complex with the bound inhibitors have 

been solved, and the inhibition mechanism has been deduced [Cui et al. 2020].  

 

 



Chapter 1                                                             Introduction and Review of Literature 
 

 

32 
 

 

 

Figure 1.6. List of Mpro identified inhibitors [Adopted from Banerjee et al, 2021]. 

 
1.3. Variants of SARS-CoV-2 

Since December 2020, many mutations have been detected in the SARS-CoV-2 genome, mainly 

in the spike protein, which accumulates the highest number of mutations. WHO has put these 

variants in two groups 1) Variants of Concern (VOC) and Variants of Interest (VOI) based on their 

potential risk to human health [Gomez et al. 2021]. At the start, three VOCs have gained much 

interest: B.1.1.7 (UK variant), also called alpha variant (first reported in the UK), B.1.351, also 

called Beta variant (South Africa variant), and P.1 variant, also called Gamma variant 

(Japan/Brazil). The list of mutations in all VOC has been listed in (Table 1.3). These variants were 

reported to have higher transmission rates with increased disease severity and reinfection rates and 
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become dominant within the population. Most importantly, they have the potential to neutralize 

the antibody generated from the vaccinations and the convalescence sera. In all, two VOC 

mutations were in common and reported to be critical mutations (N501Y & D614G). The 

mutations in the RBD region of spike protein are of great interest as they may directly affect the 

binding of ACE2 protein. The P.1 variant, also known as the Gamma variant, was first detected in 

Japan and later identified in Brazil in January 2021. The P.1 variant exhibits 12 mutations in the S 

protein, which are implicated in increased transmission, severity, immune evasiveness, and 

reinfection. Since the P.1 variant accumulates many mutations in spike protein, it is more resistant 

to antibody protection than the B.1.351 variant. E484K mutation in B.1.351 and P.1 can escape 

the immune invasion. Studies have shown that this mutation is critical to monitor because of 

decreased vaccine-induced antibody neutralization titers against variants carrying the E484K 

substitution [Gomez et al. 2021].  

 

 

Table 1.3. Early variants of SARS CoV-2 and its list of mutations [Adopted from Gomez et al. 

2021]. 
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1.4 Mycobacterium tuberculosis and its pathogenesis  

Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis, which a major threat to 

human health. Before COVID infection, it was the leading cause of death, ranking above HIV. It 

spreads when infected people expel the bacteria by coughing or sneezing. The primary site of 

infection is the lung but can also affect the other targets. Its primary symptoms are a heavy cough, 

chest pain, and bloody sputum in the cough, while other symptoms are also observed, like 

weakness, weight loss, loss of appetite, chill, fever, or sweating at night. TB can be cured with six 

to nine months of regimen treatment. Every year the World Health Organization (WHO) publishes 

global TB reports.  According to the 2021 TB report, cases of TB have declined, possibly because 

the infected targets are off-track from the population (WHO report 2021). The ratio has fallen from 

7.1 million in 2019 to 5.8million in 2020. But inversely, the estimates for the TB death rate for 

2020 have increased due to poor diagnosis and treatment. Globally in 2020, 1.3 million deaths 

were reported in HIV-infected patients compared to 1.2 million in 2019. Global TB status shows 

countries with a minimum of 100 000 cases from South-East Asia & Africa (Figure 1.7). The 30 

high TB-burden countries accounted for 86% of all estimated incident cases worldwide. Eight of 

these countries responsible for two-thirds of the global total: India (26%), China (8.5%), Indonesia 

(8.4%), Philippines (6.0%), Pakistan (5.8%), Nigeria (4.6%), Bangladesh (3.6%) and South Africa 

(3.3%) (WHO report 2021).  
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Figure 1.7. WHO TB report for estimated cases in 2020 reported for countries with a minimum 

of 100,000 cases [Global tuberculosis report, 2021].  

 
1.4.1 Events in the disease process  

TB infection occurs when a person inhales a droplet containing tubercle bacilli that reach the 

vicinity of the lungs' alveoli [Natarajan et al. 2020]. Further, host alveolar macrophages ingest 

these tubercle bacilli and destroy them.  But, in a few cases, bacilli survive and multiply and cause 

an active infection. The active infection also spreads to other tissue through lymphatic channels. 

There are two states of Mtb infection- active TB infection or pulmonary TB infection and Latent 

TB infection (Figure 1.8). Less than 10% of the infected individuals actually develop the active 

disease; and in >90% of infected individuals, Mtb persists within infected macrophages for a long 

period of time in a metabolically inactive and non-transmissible form but reversible state known 

as “dormancy”  or latent TB infection (LTBI) (WHO, 2009). However, reactivation of latent Mtb 
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either due to malnutrition, immunosuppression, steroid use; TNF therapy, or HIV infection account 

for the majority of adult pulmonary TB cases. 

                          

                    

Figure 1.8. Events in the Tuberculosis disease process (Adopted from transmission and 

pathogenesis of tuberculosis, Book chapter). 

 

 
In LTBI states, the infected persons don’t spread the infection. The LTBI initiates when the 

macrophages ingest extracellular bacilli, which triggers the immune response, leading to 

granuloma formation. The latently infected individuals indeed constitute a major impediment to 

TB control efforts. The major problems about latent TB are i) lack of proper diagnosis,  ii) 

unavailability of efficacious vaccines, iii) nexus with HIV, and the emergence of MDR and XDR 

strains, further aggravating the problem. In a compromised immune system, the tubercle bacilli in 

some people relapse from the latent states and multiply inside the host cell, resulting in progression 
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from LTBI to active TB state (Figure 1.9).  Such persons are capable of spreading the infection to 

other people. 

 

Figure 1.9. Progression of LTBI or active TB. 

 
1.4.2 Treatments so far and the challenges  

Mtb is curable after taking a combination of first-line drugs for 6-9 months [Miggiano et al. 2020]. 

It includes isoniazid, rifampicin, streptomycin, etc. But Mtb may become resistant to these first 

lines of drugs, and such strains are called MDR (Multi-drug Resistant) strains. In MDR, TB 

patients are given a combination of second-line drugs (like amikacin, kanamycin, etc.). The 

treatment takes a much longer time, and it is costly also [Mogashoa et al. 2019].  Challenges are 

imposed due to the development of extensively drug-resistant (EDR) TB strains. These strains are 

even resistant to second-line drugs, and the therapy becomes more complicated [Maslov et al. 
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2020]. Besides drug treatment, DOTS (Directly Observed Treatments, Short) therapy is an 

effective strategy for controlling Mtb infection [Karumbi et al. 2015]. It requires political 

commitments like systematic reporting and recording systems to assess the treatment results of 

patients. Moreover, the drugs offer standard care for active TB, but their effectiveness against 

latent TB is doubtful. First and second-line drugs being used for TB treatment and their respective 

targets are listed in (Table 1.4 and Table 1.5). The current protective TB vaccine – a live-

attenuated Mycobacterium bovis Bacillus-Calmette-Guerin (BCG) vaccine - is known to protect 

against severe forms of TB in young children and leprosy. However, it is not efficiently and 

consistently protective against pulmonary TB in adults; and from reactivation of the latent TB 

infection. Currently, most of the vaccines under clinical trial are aimed to replace the BCG, like 

rBCG30 which is a genetically modified BCG strain. In addition, many subunit vaccines like 

MVA85A, Crucell AD35, and other protein-in-adjuvant vaccines under clinical trials, are being 

used as boosters of BCG vaccines. 

 

Drugs Chemical class  Targets 

Isoniazid (INH)  Isonicotinic acid Enoyl-ACP reductase, mycolic acid elongation 

Rifampicin (RIF)  Rifamycin DNA-primed RNA polymerase 

Pyrazinamide (PZA)  Pyrazine Fatty acid biosynthesis 

Ethambutol (EMB)  Ethylenediamine Cell wall arabinan deposition 

Streptomycin Aminoglycosides Protein synthesis inhibition 

 
Table 1.4. List of first-line drugs against TB. 
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Table 1.5. List of second-line drugs. 

Besides first and second-line drugs, other drugs like Moxifloxacin, Levofloxacin, and Linezolid 

have proven to be effective in the early phase of MDR-Mtb treatment. Bedaquiline and Delamanid 

have been approved as the best drug that enhances the treatment options for MDR-TB [Kwon et 

al. 2014]. Other new chemicals like AZD5847, SQ109, and PA824 also have also been shown 

potency against the Mtb [Kwon et al. 2014] and are in different stages of clinical trials. Many of 

the drugs so far designed to control crucial processes of Mtb. DNA replication, RNA synthesis, 

Cell wall synthesis, protein synthesis, energy metabolism, and folate metabolism are potential drug 

targets that have been exploited in TB drug discovery.  In spite of this development in drug 

discovery, Mtb possesses a great threat because of the emergence of MDR and XDR strains. In 

order to avoid antibiotic onslaughts, Mtb rewires its metabolic gene expression and overexpresses 

many virulent factors that are involved in the pathogenesis and help the bacteria to survive. 

 

Second Line Drugs        Class                                           Targets 

Amikacin (AMK)  Aminoglycosides Misreading of mRNA and inhibition of synthesis of 
proteins 

Kanamycin (KM)  Aminoglycosides Mistranslation during protein synthesis. 

para-Aminosalicylic 
acid (PAS) 

Aminophenol Inhibition of folic acid biosynthesis. 

Cycloserine (CYS)  D-alanine Inhibition of bacterial cell wall synthesis. 

Ethionamide 
(ETA) 

Thioamide Inhibition of mycolic acid synthesis by binding to ACP  
Reductase 

Capreomycin 
(CPR) 

Polypeptides Inhibition of protein synthesis. 

Ciprofloxacin Fluoroquinolones Interactions with DNA gyrase, DNA replication and 
Transcription 
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1.4.3 Drug resistance in Mtb 

Drug resistance in TB makes the bacteria resistant to the most commonly used anti-TB drugs. 

Resistance against Rifampicin arises due to mutations in the rpoB gene. The mutation brings a 

conformational change in RNA polymerase that decreases its affinity for the drugs (Telenti et al. 

1993).  Isoniazid is a well-known prodrug converted to an active drug by the action of the 

peroxidase enzyme, KatG [Zhang et al. 1992]. Mutations in genes like katG, inhA, ahpC, kasA, 

and NADH dehydrogenase cannot convert a prodrug to an active drug [Rawat et al. 2003]. 

Similarly, ethambutol serves as a bacteriostatic by interfering with the biosynthesis of 

arabinogalactan in the cell wall [Takayama et al. 1989]. Mutations in the gene embCAB that 

encodes arabinogalactan biosynthesis enzymes provide resistance to ethambutol. The 

nicotinamidase enzyme coded by the pncA gene converts Pyrazinamide prodrug to pyrazinoic 

acid, inhibiting the bacilli membrane transport [Konno et al. 1967]. Mutations in the pncA gene 

may make bacilli resistant to this drug.  Streptomycin inhibits the initiation of protein translation 

of protein synthesis. Mutations in rpsL and rrs genes cause a high level of resistance to 

streptomycin [Crofton et al. 1948].  Chromosomal mutations in gyrA or gyrB make the bacteria 

quinolone-resistant [Fabrega et al. 2009]. Many second-line anti-TB-drugs inhibit protein 

synthesis, and mutations at positions 1400 and 1401 of the rrs gene confer resistance to kanamycin 

and amikacin [Palomino et al. 2014]. The involvement of other mechanisms, like the efflux system, 

which extrudes drugs to the cell's exterior, also provides resistance towards anti-tubercle drug 

therapy [Von et al. 2009].  Modifications in the known targets due to mutations provide resistance 

and generate resistant strains of Mtb.  Hence, exploring new targets and designing inhibitors or 

drugs against the new target is always warranted.   
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1.4.4 Antioxidant system 

An antioxidant system works to protect the cellular components from the pro-oxidants.  

Microorganisms are always exposed to reactive oxygen species such as oxidizing radicals and 

other free radicals. To cope with the damaging effect of the radicals, microorganisms developed 

both enzymatic and non-enzymatic anti-oxidant systems to protect themselves from the oxidizing 

environment. Mtb resides in the host macrophages. Macrophages kill bacilli by producing reactive 

oxidizing species. Mtb survives in the macrophage’s hostile environment by producing its 

antioxidant systems.  Generally in other microorganisms and E. coli, glutathione, NADPH, and 

ascorbic acid are non-enzymatic intracellular antioxidant molecules. The glutathione system 

constitutes a well-known enzymatic antioxidant system, which includes glutathione, glutathione 

reductase, and glutaredoxins (Holmgren et al. 1995). Glutaredoxins are low molecular weight 

enzymes which is characterized by the thiol active site (Cys-Pro-Tyr-Cys). It belongs to the 

oxidoreductase family and protects the proteins from oxidative stress (Holmgren et al. 2000).  

Other enzymatic antioxidants include superoxide dismutase (SOD), catalase, glutathione 

peroxidase, and peroxiredoxins. Catalase found in peroxisomes protects the cell in an aerobic 

environment. It catalyzes hydrogen peroxide into water and oxygen (Kirkman et al. 1999). Mtb 

lacks the glutathione system rather it contains mycothiol system, thioredoxin system, disulfide 

oxidoreductase, catalase-peroxidase, superoxide dismutase, and alkyl hydroperoxide reductase as 

antioxidant molecules. Mycothiol (MSH) is a low molecular weight thiol that has an important 

role in maintaining the reducing environment inside the bacterial cell. It protects the cell from the 

cellular oxidant and also detoxifies the thiol-reactive compounds (Newton et al. 1995). It is usually 

used as a cofactor or a substrate of MSH-dependent enzymes. Mycothiol disulfide reductase (Mtr) 

is a key enzyme that maintains reduced MSH levels (Patel et al. 1999). Mycothiol disulfide 
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reductase is validated as an essential gene for Mtb growth. In addition to mycothiol, Mtb also 

possesses a thioredoxin system that plays a key role in maintaining a reducing environment and 

protecting the cellular proteins form oxidative damage. 

1.4.5 Thioredoxin system 

The Thioredoxin system in Mtb consists of two thioredoxins (Trx), thioredoxin reductase (TrxR), 

and NADPH. Thioredoxin is a superior thiol reductant that reduces the disulfide bonds [Trivedi et 

al. 2011]. Trx is a small protein of 12kda in molecular weight. It maintains the reducing 

environment inside the host cell. Thioredoxin has been isolated from both prokaryotic and 

eukaryotic cells. It was first purified from E.coli [Laurent et al. 1964].  It helps in catalyzing the 

reduction of ribonucleotides to deoxyribonucleotides. Despite high diversity, the active site of 

thioredoxin is conserved and consists of Cys-Gly-Pro-Cys.  The 3-D structure possesses five β-

strands surrounded by four α-helices. The reduced form of Trx performs diverse functions such as 

disulfide reduction, sulfur assimilation, detoxification of ROS, protein repair, redox regulation, 

transcription factor, and regulatory role [Laurent et al. 1964]. 

The other member of the Mtb thioredoxin system is Thioredoxin reductase (TrxR).  Only a single 

copy of TrxR is reported in Mtb. Mtb TrxR reduces peroxides and nitrobenzene (Jaeger et al., 

2004; Zhang et al., 1999). TrxR utilizes electron potential from cellular NADPH and reduces to 

Trx. As reported earlier for E. coli and other species, reduced Trxs are essential for nucleotide 

biosynthesis as they donate the reducing equivalents to ribonucleotide reductase. The transfer 

mechanism of reducing equivalents from NADPH to the target protein is well characterized in E. 

coli. The NADPH reduces TrxR, and TrxR reduces Trxs, which are available for reducing target 

proteins in the cell (Figure 1.10). 
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Figure 1.10. Mechanism of electron transfer through the thioredoxin system 

 

Transposon-mediated analysis has validated Mtb TrxR as an essential gene [Zhang et al., 2012]. 

Moreover, it has been reported that deletion of the trxR gene results in a hyper-susceptible strain. 

TrxR is also essential for the growth of other organisms, such as S. aureus and B. subtilis [Uziel 

et al. 2004; Scharf et al. 1998]. Thus, considering its crucial role, the bacterial TrxR has been 

demonstrated as a promising drug target [Lu et al., 2013]. TrxR is of two types (1) low molecular 

weight (low MW), 35kDa TrxR, occurring in prokaryotes, fungi, and plants, and (2) High 

molecular weight (high MW), 55kDa TrxR, identified in mammals, Caenorhabditis 

elegans, Drosophila melanogaster, and Plasmodium falciparum. In contrast to low MW TrxR, 

High MW TrxR contains extra C-terminal peripheral redox-active catalytic sites (Becker et al. 

2000). Mammalian TrxR possesses a Cys-Sec (Cysteine-Selenocysteine) sequence at the C-

terminal redox pair (Becker et al. 2000), which has broad substrate specificity that also reduces 

non-disulfide substrate such as hydroperoxides, vitamin C or selenite. Mtb TrxR exists as a dimer 

in solution, and each protomer is 36kDa. The crystal structure also shows the presence of two 

subunits. Each subunit has two domains, NADPH and FAD, connected by a flexible hinge (Figure 

1.11) (Akif et al. 2008). The CXXC motif constitutes the active site present in the NADPH domain. 

The NADPH binding site is 15 Å away from the FAD binding site and active site CXXC motif.  
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Figure 1.11. Structure of Mtb TrxR 

 

To transfer an electron from NADPH to FAD, the NADPH domain takes 66° rotation with respect 

to the FAD domain across the flexible hinge region that brings the NADPH ring close to the FAD 

domain.  This conformational change is necessary to bring the buried active site to the surface of 

the enzyme and make it available for Trx reduction.  With the availability of high-resolution crystal 

structures of E. coli TrxR as the stand-alone structure (FO conformation) and in complex with its 

substrate Trx and cofactor analog (FR conformation), a detailed understanding of the structural 

basis of the reaction mechanism has already been demonstrated. The conformational flexibility of 

TrxR and its cofactors are the key to its activity. The Trx system has multiple roles in the cell. 

Thus, inhibiting TrxR will likely impact various functions necessary for Mtb survival and 

proliferation.      
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1.5 AIM OF THE THESIS 

Protein molecules are the best therapeutic agent as they have been involved in various virulence 

factors. But it requires detailed molecular knowledge of protein structure which is responsible for 

the specific function of protein molecules. The primary step in characterizing proteins is the 

availability of their three-dimensional structure either by crystallization process or homology 

modeling. Proteins undergo conformational changes to perform a particular function. These 

changes can be initiated due to substrate binding, drug binding, or domain-domain interaction. The 

Structure-Function Paradigm plays a central role in structural biology. An understanding of the 

structure-function relationship provides the molecular basis of conformational changes. It is 

helpful to design a drug molecule that can have inhibitory effects on the protein target. There are 

cases where this structure-function paradigm breaks down, meaning there is a significant change 

in protein function due to mutations or inhibitor binding without any substantial changes at the 

structural level. Hence, it is necessary to probe minute changes at the contact level, which are not 

easily recognizable at the structural level. This will help identify the hotspot residues that can be 

targeted as druggable targets.  

This thesis aims to identify the negligible changes responsible for a change in function without 

having any significant change at the structural level. This particular case of the structure-function 

paradigm has been applied to three different therapeutic targets from two phylogenetically diverse 

pathogenic systems. One is from the viral system, i.e., spike protein and main protease from SARS-

CoV-2; another target is from the bacterial system, i.e., Thioredoxin Reductase from Mtb.  

 
The SARS-CoV-2 pandemic is more challenging because of its emerging variants. Every new 

variant imposes a great challenge to therapeutic development and vaccine design. The variants 

usually evolved to survive by modifying their genome. Most of the mutations were reported to be 
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present in the Spike protein, the primary target of infection. This makes spike protein a primary 

and topical interest target in this pandemic. In the early pandemic, three Variants of Concerns have 

gained more interest (alpha, beta, and gamma). The P.1 variant had the highest number of spike 

protein mutations in all three variants. Experimental studies suggest that the binding affinity of the 

P.1 variant towards ACE2 is more as compared to the WT, and other VOCs. Previous studies 

suggest that mutations in RBD and the sites outside the RBD (like the S1 domain) of spike protein 

are responsible for enhanced binding affinity with the ACE2 receptor. Surprisingly many of the 

mutations do not induce any significant variations at the structural level compared to its wild-type 

protein. However, it is known that mutations at critical functional sites bring changes at the 

structural level in the protein compared to its wild-type structure. Previously studies have 

investigated the effect of mutations on spike protein. But the impact of mutations on a significant 

change in function in terms of its binding without losing its structural integrity was not probed at 

the molecular level for the P.1 variant. Additionally, the dynamic analysis of residue fluctuations 

involved during the folding and unfolding of native protein structure was not elucidated for the 

P.1 variant. Analysis of subtle but functionally significant variations in protein structures 

can address the molecular mechanism of cumulative effects of the mutations on rearrangement in 

the protein contact networks and the dynamic variability in the spike protein. So it would be a 

matter of interest and concern to uncover the structural basis of spike protein variants which is 

responsible for increasing affinity towards its host ACE2 receptor and can pave the way for 

designing better therapeutics against the SARS CoV-2 variants. 

Though many inhibitors have been designed to disturb the RBD-ACE2 complex. However, a 

limited study is reported for the P.1 variant of SARS-CoV-2.  After identifying the structural basis 

of the enhanced binding of the P.1 spike protein with the ACE2, the subsequent study aims to 
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design potential small molecule inhibitors that can disturb the RBD-ACE2 complex of the P.1 

variant.  SSAA09E2 a known inhibitor against SARS-CoV-1 which blocks the early interaction of 

RBD of spike protein with ACE2. This molecule showed a lesser binding with the interface of the 

RBD-ACE2 complex of the P.1 variant as compared to the wild type complex. This chapter also 

aims to modify the SSAA09E2 using different computational approaches to make it a potent 

inhibitor with a better binding affinity towards the RBD-ACE2 complex from P.1 variant.   

In the subsequent chapter, the breakdown of the structure-function-paradigm was investigated for 

the Main protease, Mpro, which is an important therapeutic target from SARS-CoV-2. It performs 

the polyprotein processing encoded from viral RNA. It has a sequence identity of 96% with Mpro 

from SARS-CoV-1 and is structurally conserved also.  With this conservation, the inhibitors 

effective for SARS-CoV-1 must also show the same inhibitory effect for SARS-CoV-2 Mpro. 

However, the inhibitors were having differential inhibitory effects on SARS-CoV-2 Mpro. In spite 

of differences in a few amino acids among the two Mpros, the overall three-dimensional crystal 

structure was very similar. Then the question arises why the inhibitors of SAR-CoV-1 Mpro have 

different inhibitory efficiency towards SARS-CoV-2 Mpro?  Do they have differences in the 

structural parameters?  Hence, the matter of interest in this study is to identify the minute 

conformational changes at the contacts level which are not detectable at the structural level 

between SARS-CoV-1 and SARS-CoV-2 Mpro in its apo and inhibitor bound states that may guide 

towards specific drug development against SARS-CoV-2 Mpro.  

In chapter 5, the case study of Thioredoxin reductase from Mycobacterium tuberculosis was 

explored, which helps Mtb to survive in the harsh environment of host macrophage cells. A 

structural study of this target demonstrates that TrxR exists in two conformational states, open 

(oxidized) and closed (reduced). Both conformations consist of the NADPH domain and the FAD 
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domain. TrxR reduces Trx by utilizing the reducing potential from the NADPH via the FAD. But 

in the oxidized state, the distance between the NADPH and FAD is 15Å, which is too far for an 

electron transfer mechanism. Hence, the NADPH domain rotates 66 ₒ with respect to the FAD 

domain to bring the NADPH to FAD. This rotation is necessary to bring the buried active site to 

the enzyme's surface. The reduced active site then be available to reduce Trx. The conformational 

flexibility of TrxR is provided due to the hinge region, which connects the NADPH and FAD 

domains. Since the conformational rotation of the NADPH domain is a critical step in the catalytic 

activity of TrxR. So, the hypothesis of this study is to restrict this conformational change of the 

NADPH domain by designing a novel compound. To study the effect of screened compounds on 

the protein’s structural dynamics.  To analyze the inhibitory mechanism of the compound on the 

oxidized form of TrxR. 
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Chapter 2                                                         Therapeutic investigation of Spike protein  
  

  

2.1 INTRODUCTION 

Coronaviruses get entry inside the host cell with the help of spike glycoprotein present on the outer 

envelope through a host cellular receptor, Angiotensin Converting Enzyme 2 (ACE2) [Gui et al. 

2017; Song et al. 2018]. Spike protein has been one of the important therapeutic targets for drug 

design and vaccine development. It is a homo-trimeric protein consisting of S1 and S2 subunits, 

the S1 subunit aids in the binding to the ACE2 receptor and the S2 subunit is involved in the fusion 

of virus to the host cellular membrane [Wang et al., 2020a].  The structural organization of the S1 

domain includes N-terminal domain (NTD), C-terminal domain (CTD), sub-domain 1 (SD1) and 

sub-domain 2 (SD2). The CTD consists of Receptor Binding Domain (RBD) which is a main 

component that interacts with the ACE2 receptor. Previously, several studies have demonstrated 

that virus replication, infectivity, and transmission ability depend on the binding affinities of the 

RBD to the ACE2 receptor [Lan et al., 2020; Wang et al., 2020a].   

COVID-19 pandemic has been more challenging due to SARS-CoV-2 emerging variants. Since 

December 2020, many variants have been detected with a high number of mutations mainly in the 

spike protein [Gómez et al., 2021]. The world health organization (WHO) has classified these 

variants either as Variants of Concern (VOC) or Variants of Interest (VOI), where three variants 

have gained more attention: B.1.1.7 (VOC 202012), B.1.351 (501Y.V2) and P.1 (B.1.1.28.1) [Buss 

et al., 2021; Fiorentini et al., 2021; Tegally et al., 2021].  The B.1.1.7 was first detected in the UK 

in September 2020 and has been reported with 7 mutations in the Spike protein [Davies et al., 

2021; Gómez et al., 2021]. Within a month a South African variant was detected with 9 

mutations [Gómez et al., 2021; Tegally et al., 2021].  Later on 2 January 2021 Japan/Brazil variant 

named P.1 (B.1.1.28.1) was in circulation with 12 mutations in the Spike protein [Gómez et al., 
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2021; Sabino et al., 2021]. The two mutations N501Y and D614G in spike protein were common 

in all the three VOC.  Very recently, Omicron has also been identified as a VOC and reported to 

have almost 30 mutations in the spike protein [Kannan et al., 2022]. The functional role of many 

mutations have been demonstrated using deep mutational scanning and other biochemical 

methods. Most of the mutations associated with the variants have been reported to have enhanced 

affinity towards the ACE2 receptor as well as are also crucial for the virus transmission [Chan et 

al., 2020; Starr et al., 2020]. These mutations are also demonstrated to be ineffective towards 

neutralizing antibodies and evading from neutralization [Dejnirattisai et al., 2021; Wibmer et al., 

2021; Xie et al., 2021]. The underlying cause of the enhanced binding affinity in the variants has 

not been associated with significant change in three dimensional structures of spike as well as 

ACE2 receptor. However, local and global rearrangement of the interaction site and allosteric site 

cannot be overlooked.  Mutations away from the RBD facilitate spike protein in the open state to 

bind efficiently with the ACE2 receptor [Ray et al., 2021]. Most of the previous studies focus on 

the effect of individual mutation. However, the cumulative effect of the mutations present on the 

RBD and away from the RBD such as NTD, SD1 and SD2 of the S1 domain was not investigated 

in detail. It is assumed that the cumulative effect of the mutations may provide a significant 

rearrangement in the protein contact networks that may have an effect on increased binding affinity 

with the ACE2 receptor.  

Protein contact network (PCN) and molecular dynamic simulation (MDS) have been very useful 

approaches for analyzing nominal conformational changes crucial for large conformational effects 

on the function and inhibitor binding of proteins [Srivastava et al., 2020]. These methods have 

already been used in various studies such as understanding the dynamics of mutant proteins  
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[Kandhari and Sinha, 2017; Srivastava and Sinha, 2014], structural flexibility [Jacobs et al., 

2001] structure-function relationship [Srivastava and Sinha, 2017] identifying crucial functional 

residues in proteins [Amitai et al., 2004]. Recently, the PCN approach has also been applied to 

study a structural comparison of SARS-CoV-1 and SARS-CoV-2 Mpro in apo and inhibitor bound 

states [Lata and Akif, 2021]. These approaches have been important for analyzing evolution as 

well conformational dynamics of SARS-CoV-2 spike protein [Verkhivker, 2020a] and prediction 

of its binding affinity with ACE2 receptor [Laurini et al., 2020; Wang et al., 2020b]. Recently, the 

PCN along with perturbation scanning based elastic network methods provided evidence of the 

allosteric sites and their involvement in the regulation of functional dynamics of the spike 

protein [Di Paola et al., 2020; Ray et al., 2021; Verkhivker et al., 2021; Verkhivker and Di Paola, 

2021].  There have been many integrative computational efforts towards better understanding of 

SARS-CoV-2 and its variants interaction with the ACE2 [Khan et al., 2021; Periwal et al., 2021; 

Teruel et al., 2021; Verkhivker, 2020b]. Moreover, efforts are also being put into designing 

inhibitors focusing on the RBD domain of spike protein [Khan et al., 2021; Periwal et al., 2021; 

Razizadeh et al., 2021]. However, the mutations associated in the spike protein render the current 

therapeutics a challenge to combat SARS-CoV-2 and possibly be ineffective to other similar future 

pandemics.  It is therefore really warranted to have an insight into the atomic details and effect of 

these mutations on the structural communication and dynamics of the RBD and truncated S1 

domain of the spike protein in context to its interaction with the ACE2 receptor.   

In order to probe the effect of all mutations present on the RBD as well as mutations from other 

part of the truncated S1 domain, we report, here, a comparative analysis on the structural 

communication and dynamics of the RBD and truncated S1 domain of spike proteins from the                

SARS-CoV-2 wild type and P.1 variant. However, we emphasize a limitation of our study, we 
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emphasize a limitation of our study, we have not considered the full length of spike protein. Since 

our aim was to understand the cumulative effect of mutations on the RBD as well as truncated S1 

domain, assuming that this will not affect our comparison with the available experimental data for 

the P.1 variants, as the experimental studies were also performed mostly with the same 

domains [Dejnirattisai et al., 2021].  We applied an integrative network and dynamics approach to 

investigate the subtle conformational changes in the RBD as well as the truncated S1 domain of 

the P.1 variant spike protein responsible for the increased affinity with the ACE2 receptor.  Our 

study on the protein contact network identifies changes in the protein structures at the residue 

contact level which are otherwise not easily detectable. Moreover, our study also highlights the 

identification of commonalities and differences in the dynamics of the interactions between spike 

proteins of SARS-CoV-2 and its P.1 variant with the ACE2 receptor.  Together with our structural 

communication analysis and dynamics study provide an understanding towards interaction with 

the ACE2 receptor. Overall, the study provides additional information that may be utilized for 

designing better therapeutics against the circulating P.1 variants as well as other future variants. 

2.2 METHODS 

2.2.1 Construction of Protein Structure Graph (PSG)   

The PCN identifies the change in protein structures at contact level which are otherwise not easily 

detectable [Kandhari and Sinha, 2017; Lata and Akif, 2021]. The 3-D coordinates of the RBD-

ACE2 complexes spike protein from SARS-CoV-2 wild type [6MOJ; [Lan et al., 2020]] and its 

P.1 variants [7NXC; [Dejnirattisai et al., 2021]] were extracted from the PDB. The PSG was 

constructed on the complex structures using the PSN and ENM-NMA approaches implemented in 

the WebPSN [Felline et al., 2020]. Each amino acid is depicted as a node and each node is 
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connected to other nodes in a protein structure through an edge. The interaction strength between 

two connecting nodes is defined as 

𝐼𝑖𝑗 =
𝑛𝑖𝑗

√𝑁𝑖𝑁𝑗
100 

 

Where (Iij) interaction percentage of nodes i and j. It follows that the number of side chain atoms 

pairs within (4.5 Å) cutoff, Ni and Nj are normalization factors [Brinda and Vishveshwara, 2005; 

Kannan and Vishveshwara, 1999]. It constructs a PSG on the basis of the atomic cross correlation 

motions using the ENM-NMA. 

2.2.2 Network Parameters 

Three important network parameters such as Hubs, Modularity and Structural communication 

pathways were calculated for the RBD-ACE2 and S1-ACE2 complexes from the wild type as well 

as P.1 variant. PYMOL was used to visualize these parameters. Briefly, hubs are nodes with the 

highest degree. Modularity is represented as communities with more interconnected nodes and 

the nodes of the same community are highly connected to each other than the poorly connected 

nodes of outside the community. Shortest Path is the smallest number of links required to travel 

from one node to another. It is calculated on the basis of Dijkstra's algorithm.  

2.2.3 Protein stability and flexibility analysis  

To analyze the effect of all mutations present on the RBD domain and outside the RBD (truncated 

S1 domain) of the spike protein, free energy changes (∆∆G) and vibrational entropy difference 

(∆∆S) were calculated using the DYNAMUT tool [Rodrigues et al., 2018]. Based on these 

calculations, protein stability and flexibility were analyzed on the complexes by utilizing the NMA 

based elastic network contact model (ENCoM). 

 



Chapter 2                                                         Therapeutic investigation of Spike protein  
  

2.2.4 Perturbation Residue Scanning 

Perturbation Residue Scanning was performed using the pPerturb server [Gopi et al., 2020]. It 

allows the mutation of one or more residues to alanine and generates a perturbation profile (∆Q 

Vs Calpha-Calpha) distance from the perturb site. The perturbation effect can be analyzed as a 

distance connecting the perturb residue to its nearby residues or on the interaction network 

strength. 

2.2.5 Molecular Dynamics Simulation  

To study the dynamic behavior of the complexes (RBD-ACE2 and truncated S1-ACE2) from the 

wild type and P.1 variant with respect to time, MDS was performed for the time scale of 100ns. 

To ensure the convergence of simulations, we performed three independent 100 ns production runs 

for the wild type and P.1 variant RBD-ACE2 complex.  The coordinates of the complexes were 

obtained from the PDB and used as starting models for the MDS using the GROMACS package 

[Pronk et al., 2013]. The crystal waters were removed from the co-ordinates. For setting the 

periodic boundary conditions the system was soaked in a cubic box with a dimension of 1.5 nm, 

further the box was filled with SPC water molecules and OPLSAA force field was applied 

[Berendsen et al., 1987]. For neutralization the appropriate water molecules were replaced by 

counter ions. To remove the steric clash the systems were subjected to energy minimization with 

the steepest descent method for 50000 steps until the largest force was smaller than 1000 

kj/mol/nm. Then the minimized system was equilibrated in the NVT and NPT ensemble for 100 

ps each. Lastly the production run was performed for 100ns at 300K where the leapfrog integrator 

was used for time evolution trajectories. A constant temperature on the system was maintained at 

300K using modified Berendson Thermostat [Bussi et al., 2007] and Parinello-Rahman barostat 

[Parrinello and Rahman, 1981] pressure was maintained at 1bar during the simulations. The 
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analysis of the trajectory files were done with gmx rmsd, gmx rmsf, gmx gyrate, gmx sasa, gmx 

hbond, gmx covar, gmx anaeig, gmx do_dssp for the root mean square deviation (RMSD), root 

mean square fluctuation (RMSF), Radius of gyration (Rg), Solvent accessible surface area 

(SASA), hydrogen bond (H-bond), principal component and secondary structures, respectively. 

Graphs were generated using pymol, XMGRACE and GNUPLOT. 

2.2.6 Principal component analysis (PCA) 

In order to analyze dominant and collective motions in the RBD-ACE2 and S1-ACE complexes 

from the wild type and P.1 variant, PCA was performed.  Mass weighted covariance matrix on the 

coordinates of the MD trajectories was calculated.  Diagonalization of the covariance matrix was 

used to get a set of eigenvectors and eigenvalues from the G_covar function implemented in the 

GROMACS.  The g_anaeig function was utilized to obtain trajectories on the eigenvectors [J., 

2014]. Backbone atoms were considered for the PCA analysis. The coordinates of the residues 

were projected on the first two Principal Components that represent the highest eigenvalues and 

captured the overall motion of the protein. 

2.2.7 Binding free energy calculations 

Molecular mechanism-Poisson-Boltzmann surface analysis (MMPBSA) method was used to 

estimate the binding free energy between the RBD-ACE2 complexes from the wild type and P.1 

variant.  Last 10ns time frames of MD simulations were integrated to calculate the free energy 

using the g_mmpbsa tool of GROMACS [Kumari et al., 2014]. The molecular mechanics energy 

includes electrostatic, Van-der-Waals interactions and polar and non-polar solvation energy. 

2.2.8 Normal Mode Analysis  

Normal mode analysis (NMA) was performed on the stable simulated trajectories coordinates by 

using the I-MODS tool [López-Blanco et al., 2014]. The NMA calculated the lowest frequency 
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modes and identified atoms moving together as a rigid body. The internal modes were estimated 

on the basis of the Lagrangian equation of motions. 

2.3 RESULTS  

Due to emerging variants of the COVID-19, the current pandemic seems to be quite alarming with 

continuously rising waves. The emerging variants are associated with many mutations mostly 

accumulated in the spike protein of SARS-CoV-2. These mutations have been functionally mapped 

for the increased affinity toward the ACE2 receptor. The increased affinity attributes variants to 

be more infectious and have a high transmission. This renders the current therapeutics a challenge 

to combat SARS-CoV-2. Therefore, it is warranted to have a better understanding of the structural 

basis of interaction in variant spike protein with the ACE receptor.  In our study, we chose the P.1 

variant of SARS-CoV-2 that has almost ten mutations in the spike protein. In spite of having three 

mutations on the binding interface of the RBD, the calculated cross structure RMSD between the 

complex of the RBD-ACE2 from the wild type and P.1 variant was 0.29 Å which is almost 

negligible (Figure 2.1), suggesting no overall structural changes among the two.  Still it is a matter 

of concern. Hence, in order to investigate further, we considered the PCN and dynamics of the 

complexes, assuming that the changes at that level may cause the significant variation noted for 

the increased affinity with the ACE2 receptor [Verkhivker, 2020a; Verkhivker and Di Paola, 

2021]. Since, the overall structural changes are negligible hence we performed a protein structure 

network based approach to examine the small variations spanned throughout the protein. 
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Figure 2.1. Structural alignment of the RBD-ACE2 complex from SARS-CoV-2 wild type (sandy 

brown color) and P.1 variant (cyan). Positions of three interface mutations are indicated with black 

lines. 

 

2.3.1 Protein structure network analysis of wild type and P.1 variant protein structures 

The PSN construction calculated three important network parameters such as hubs, modularity and 

shortest communication pathway and yielded global average network parameter values for the wild 

type and P.1 variant (Table 2.1). These values were quite comparable suggesting diminutive 

changes among the two structures. This also supports the observation of negligible cross structure 

RMSD deviation between the wild type and P.1 variant complexes. Further, for the better 

understanding of the effect of mutations on the subtle conformational variations, residue specific 

local variations among the network parameters were calculated for the wild type and P.1 variant.   
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                                            SARS-CoV-2 

                                                 Wild type                                            P.1 variant  

No. of edges 317 317 

Degree 8.02 8.03 

Clustering coefficient   0.51 0.51 

Shortest path 9.66 9.80 

 

Table 2.1. List of global average network parameters. 

 

Hubs.  The calculated hubs were mapped on the RBD-ACE2 complex from the wild type and P.1 

variant. A total number of 172 and 86 hubs were observed in the wild type and P.1 variant complex, 

respectively.  This indicates a significant change in the hub formation among the two. Moreover, 

a reduction of hub residues in the P.1 variant complex is observed to be localized in the RBD 

region. A significant loss of hub residues was also observed at the interface region of RBD-ACE2 

complex from the P.1 variant and these regions are highlighted in the circle as shown in the  (Figure 

2.2) The interacting residues from this region, Y449, Y453, L455, Q493, Y495, F497, Q498, 

N501, Y505, were found to be involved in hubs formation in the wild type, but were absent in the 

P.1 variant. Additionally, a difference in the hub formation was also observed on the centrally 

located antiparallel β-sheets (Figure 2.2).  This difference suggests that three interface mutations 

(K417T, E484K and N501Y) associated in this region of the P.1 variant may have significantly 

perturbed these hub zones. All the residues involved in the hub formation among the RBD from 

wild type and P.1 variant are listed in (Table 2.2).  Few unique hubs (Y41, K353, and R357) were 

also observed at the interface of the ACE2 from the P.1 variant complex (Table 2.2). The 

observation of the variation among the hub residues from wild type and P.1 variant suggests 

differences in the structural connectivity. This may be the consequence of loss of interactions 

among the domain which may account for the flexibility and better conformational adaptability in 
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case of the P.1 variant. Structural dynamic/variability in the spike protein in context to open and 

close state has been investigated by analyzing unique hubs among the two states [Halder et al., 

2020]. 

 

 

 

 

 

Figure 2.2. Representation of hubs arrangement on RBD‐ACE2 complexes (A) wild type and (B) 

P.1 variant. Hubs are represented as cyan and purple spheres in wild type and P.1 variant, 

respectively. Loss of hubs from the interface RBM and betasheet core of the RBD of P.1 variant 

are encircled. ACE2, angiotensin converting enzyme 2; RBD, receptor binding domain. 
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Table 2.2. Hubs residues participating in the RBD-ACE2 complex of the wild type and P.1 variant. 

Unique ACE2 hub residues in the P.1 variant are highlighted red. 

 

Modularity. The community structure analysis results showed a total 22 communities in the wild 

type and 20 communities in the P.1 variant. The residue-wise communities in the wild type and 

P.1 variant are shown in Figure 3. The largest community (C1) was observed in the ACE2 from 

the both complexes. Interestingly, the total number of nodes and links involved in this community 

formation were observed to be reduced in the ACE2 of the P.1 variant complex. This community 

consisted of 114 nodes, 192 links and 74 hubs in the wild type complex, while the same was 

reduced to 54 nodes, 82 links and 30 hubs in the P.1 variant complex. The second largest 

community (C2) was observed in the RBD domain and the same was extended throughout the 

interface of the ACE2 in the wild type complex. In contrast, this region in the P.1 variant was 

divided into two different communities (Figure 2.3). Overall this change in community 

arrangement reflects subtle conformational changes due to mutations which were not evident at 

the structural level. Moreover, the rearrangements in modules were spanned throughout the 

structure which reflects the perturbation at global level. 

                        Wild type   P.1 variant 

ACE2: Y41, K353, R357 ACE2: Q24, F32, Y41, Y83, K353, 

R357 

RBD: C336, V341, F342, Y351, 

W353, R355, S359, Y365, F374, 

N394, Y396, F400, I402, R403, 

E406, 420-423, P426, F429, 

N439, D442, Y449, 453-457, 464, 

N487, Q493, Y495, Q498, P 499, 

N501, 505-509, F515 

RBD: F342, V350, Y351, W353, R355, 

Y396, F400, R403, E406, I418, Y423, 

N439, D442, N487, Y495, Q498, P507, 

R509 
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Figure 2.3. Comparative community structures in RBD‐ACE2 complexes. (A) Wild type (B) P.1 

variant. Communities are represented in different colors where the first three largest communities 

(C1, C2, C3 are in red, green, blue colors), respectively. Nodes and links involved in these 

communities were reduced in the P.1 variant. ACE2, angiotensin converting enzyme 2; RBD 

receptor binding domain 

 

 
Shortest Communication Pathways. The total length of the shortest path in wild type was 

1210620 while a total of 523853 paths were observed in the communication channel of the P.1 

variant. This observation indicated a decrease in the pathways of the RBD-ACE2 complex in the 

P.1 variant. Moreover, the average path hub% was also significantly decreased in the P.1 

variant (Table 2.3). Major difference was observed in the interface residues nearby mutation 

N501Y and the N-terminal region of the RBD. The interface residues such as E497, Q498, P499, 

and T500 from the wild type were observed as nodes in the shortest path. In contrast, these residues 
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were not observed to be involved in the shortest pathway in the P.1 variant (Figure 2.4). Possibly 

the N501Y mutation from the P.1 variant may have perturbed this channel. Another prominent 

change was observed in the N-terminal region (Res. C336, F338, F374) of the wild type RBD were 

involved on paths but were absent in the P.1 variant (Figure 2.4). These changes clearly suggest a 

significant perturbation in inter and intra communication within the complex due to the mutations.  

 

                      

Figure 2.4. Shortest path communication channel on the RBD-ACE2 complex. A) wild type B) 

P.1 variant.  

 

2.3.2 Perturbation in PSG due to mutation outside the RBD domain 

Mutations present outside the RBD of spike protein may also confer an effect on the binding 

affinity with the ACE2 receptor. Hence, in order to analyze the effect of these mutations on the 

structural flexibility, the PSG for the truncated S1 domain-ACE2 complex from the wild type and 

P.1 variant was generated. Except for a few differences, the hub arrangement was almost similar 
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in both the complexes (Figure 2.5). Five out of seven mutations in the NTD of the S1 domain 

were found to have altered hub arrangement compared to wild type.  Interestingly, few interface 

hubs were observed in the same complex of the P.1 variant, which were absent in the PCN analysis 

of the RBD-ACE2 complex. Moreover, the N501Y mutation in P.1 variant was also observed to 

engage in hub formation.  The altered hub in the P.1 variant may have some role in providing a 

better efficiency towards the ACE2 receptor. In fact, the functional role of N501Y towards the 

binding affinity with the ACE2 receptor has already been demonstrated [Dejnirattisai et al., 2021]. 

 

Figure 2.5. Comparative hubs arrangement in the S1 domain-ACE2 complexes from the wild 

type and P.1 variant. The hubs are represented as spheres and the colour of the spheres indicates 

the interaction strength. 
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A total of 39 communities were observed in the truncated S1 domain of wild type while the 

corresponding domain in the P.1 variant showed up only 41 communities. In both the complexes, 

the ACE2 region was observed to form the largest community and RBD region contained a second 

largest community (Figure 2.6). A significant perturbation was observed in the community 

arrangement of the NTD domain of P.1 variant complex suggesting an extensive reorganization in 

node’s membership as compared to the wild type. Alteration of nodes and links was observed in 

the NTD of the P.1 variant compared to the wild type complex.  

 

Figure 2.6. Mapping of the communities on the truncated S1 domain-ACE2 complexes of A) wild 

type and B) P.1 variant. 

 

 Moreover, residues participating in the shortest path of the NTD from both the cases were also 

different. The pathways from this region were observed to be slightly shifted in the P.1 variant 

(Figure 2.7).   A total number of nodes and links in the communication pathway from the P.1 
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variant were more compared to the wild type. The total numbers of the shortest pathways along 

with the average path length were also slightly high in the P.1 variant (Table 2.3). These 

observations from this region clearly indicate that the mutations may have perturbed the core of 

the NTD communication in the P.1 variant.  

 

Figure 2.7. Shortest path communication channel in the truncated S1 domain-ACE2 complexes of 

A) wild type and B) P.1 variant. 

Path Summary    Wild type    P.1 variant 

No. of nodes in path 98 109 

No. of links in path 97 108 

No. of Shortest Path 4609389 5347490 

Avg. Path Length 44.24 45.62 

Avg. Path Hub % 43.65 42.13 

 

Table 2.3. Network components and parameters involved in average shortest path for RBD-ACE2 

complexes from the wild type and P.1 variant. 
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2.3.3 Effect of mutations on the thermodynamic of protein 

To analyze the effect of mutations on protein structures, change in vibrational entropy (∆∆S) and 

change in free energy (∆∆G) were calculated.  All three interface mutations (E484K, K417T and 

N501Y) of the RBD provided a destabilizing effect on the protein and were found to have negative 

free energy values (Table 2.4).  

Mutants ∆∆G (kcal/mol) 

L18F  0.8 

T20N -0.27 

P26S -0.18 

D138Y 1.86 

R190S -0.9 

K417T -0.058 

E484K -0.496 

N501Y -0.299 

D614G -0.3 

H655Y 1.08 

Table 2.4. Predicted free energy values of the mutants 

Moreover, change of vibrational entropy value for the K417T mutant was observed as 0.514 kcal 

mol-1 K-1 which was comparatively higher than the E484K and N501Y mutations (Table 2.5).  

Mutations  ∆∆S (kcal/mol/K) 

K417T  0.514 

E484K  0.179 

N501Y  0.145 

 

Table 2.5. Predicted change in entropy values associated with the interface mutations on the RBD. 

 

The K417T mutation attributed towards more flexibility as compared to the other two mutations 

and its effect was extended to the other part of the protein as well. Though, the K417T is present 
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near 3/10 α-helix, but observed to impart flexibility to the loop region of RBM as well as N-

terminal region residues (Figure 2.8A). In contrast to the K417T mutant, the effects of the E484K 

and N501Y mutations were localized at the nearby residues only (Figure 2.8 B &C).  Further, the 

vibrational entropy change was also observed for the mutations localized outside the RBD domain 

(Figure 2.9). The effect of the R190S mutation from the NTD was significant and observed to 

make the complete domain flexible. Slightly less flexibility was observed for the T20N mutation.  

Interestingly, a major effect was noticed for the D614G mutation that provided a flexibility to the 

RBD as well as the NTD region of S1 domain, suggesting that the D614G mutation is associated 

with a global flexibility in the protein. These changes may provide a conformational plasticity to 

the RBD domain and other parts of the protein enabling efficient binding with the ACE2 receptor. 

Similar observation was reported in many previous studies signifying that D614G mutation has 

increased the binding affinity for ACE2 receptors [Gobeil et al., 2021; Ozono et al., 2021]. 

 

Figure 2.8. Visual representation of the interface mutations on dynamicity and plasticity of the 

RBD. (A) RBD structure with the K417T mutation (B) RBD structure with the E484K mutation 

(C) RBD structure with the N501Y mutation. The RBD is represented as a cartoon structure and 

mutations are shown as a stick model. Red color in the cartoon structure indicates the flexibility in 

the protein. RBD, receptor binding domain. 
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Figure 2.9. Visual representation of effects of the mutations present in the truncated S1 domain 

on protein dynamicity. Flexibility is represented in red color. 

 
 

Additionally, in order to probe the effect of the interface mutations on the allosteric residue, 

perturbation residue scanning (PRS) was analyzed. Similar to the entropy change analysis, the PRS 

analysis of the K417T mutation showed maximum effect on the allosteric residues (Figure 2.10).  

This observation suggests that mutation at one part of the protein may provide an effect on the 

other part to make it more adaptable.  The flexibility associated with the mutations in the ACE2 

complexes was further investigated by MDS at 100ns time-frames. The cumulative local as well 

as allosteric effects of the mutations on the conformational dynamics behavior of the interfacial 

binding residues of RBD-ACE2 complexes were mapped. 
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Figure 2.10. Residue-wise Perturbation Residue Scanning profile of three interface mutations 

present on the RBD. 

 

2.3.4 Probing of conformational dynamics of RBD-ACE2 complex 

The calculated average backbone RMSD values of the RBD-ACE2 complexes from the wild type 

and P.1 variant were observed as 0.3 and 0.35, respectively. The RMSD values clearly indicate 

that there is no significant change in the trajectory of both the complexes (Figure 2.11 A).  

Moreover, the probability distribution function of the RMSD values of the wild type and P.1 

variant also appeared to fall within the same range of 0.1-0.55 (Figure 2.11 B). These observations 

suggest that the backbone stability for both the complexes was maintained throughout the 

simulations with an RMSD value of less than 4.5Å.  
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Figure 2.11. Graphical representation of backbone RMSD trajectory of RBD-ACE2 complex from 

wild type and P.1 variant for three independent replicates of 100ns simulations. Red and black 

colored trajectories represent wild type and P.1 variant complex, respectively 

 

Similarly, the RMSF profile of the RBD-ACE2 complexes from the wild type and P.1 variant did 

not show any significant change throughout the simulation time (Figure 2.12A).  Except for a few 

differences, the trajectory of both the complexes was observed quite overlapping to each other 

with a maximum fluctuation of less than 0.45nm. The differences in the RMSF were observed 

when only RBD (apo-RBD) or only ACE2 (apo-ACE2) was considered for the analysis. For apo-

RBD, the RMSF values of the regions - Res380-388 from the P.1 variant and Res470-480 from 

the wild type, were slightly high (Figure 2.12B). Additionally, the fluctuations of the mutated 

residues at the interface of the apo-RBD from the P.1 variant were observed to be reduced. The 
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region, Res19-200, of the ACE2 from the wild type complex displayed comparatively higher 

fluctuation (Figure 2.12C). Expectedly the interface interacting residues from apo-ACE2 were 

less fluctuating in the P.1 variant complex suggesting a rigidity in the residues upon binding with 

the RBD of the P.1 variant and results in better binding.  

 

 

 

Figure 2.12. RMSF trajectories generated for the wild type and P.1 variant. (A) RBD-ACE2 

complex. Region of ACE2 and RBD from the complex is highlighted and labeled at the top of the 

graph. (B) Apo RBD. Arrows indicate three mutations of the RBD interface (C) Apo ACE2. 

Interface interacting residues of the ACE2 are depicted in the dotted rectangle. ACE2, angiotensin 

converting enzyme 2; RBD, receptor binding domain; RMSF, root mean square fluctuation. 
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The SASA analysis of both the complexes indicated a slight difference in the overall values (Figure 

2.13A). In fact, the SASA value for the RBD-ACE2 complex of the P.1 variant was observed to 

be higher than the same complex from the wild type.  The probability distribution function of the 

SASA also showed a slightly different distribution pattern for the two (Figure 2.13B). The 

residues which are buried in the hydrophobic core of the protein are the driving force in the protein 

folding and the slight change of SASA suggests a conformational change in the protein during the 

course of 100ns of simulation. 

 

 

Figure 2.13. Graphical representation of the conformational dynamics. (A) SASA values against 

time for wild type and P.1 variant RBD-ACE2 complex. (B) Probability distribution function of 

SASA values. ACE2, angiotensin converting enzyme 2; RBD, receptor binding domain; SASA, 

solvent accessible surface area. 

 

Inter/intramolecular hydrogen bond interactions play an important role for the stability and 

integrity of protein. Compared to the RBD-ACE2 complex from the P.1 variant, the same complex 

from the wild type possessed a significantly higher number of hydrogen bonds (H-bonds) (Figure 
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2.14A&B). The average number of inter H-bonds for the wild type and P.1 variant were 13 and 9, 

respectively. Similarly, the average number of intra H-bonds in the RBD-ACE2 complex of the 

P.1 variant was 113 while the same for the wild type was 118.4. The decrease in total H-bonds in 

the RBD-ACE2 complex of the P.1 variant indicates comparatively lesser stability which suggests 

that this complex may have slightly higher overall structural flexibility that may be required for 

the better adaptability.  Further, a change in the Rg was observed among the two indicating a 

variation in the compactness also. The compactness during 0-20ns for the wild type and P.1 

variant were almost same and the average value of complexes was observed approx. 3.15 

Å (Figure 2.14C). Later, the structural compactness of the RBD-ACE2 complex from the P.1 

was lost. Its average value was increased to 3.25Å and maintained till the end of simulations. In 

contrast, the RBD-ACE2 complex from the wild type was observed to have higher average value 

during the initial frame of the simulation (0-40ns) and later it decreased. This was maintained till 

the end of the 100ns simulation. This suggests that the wild type complex is comparatively stable 

and the loss of compactness of the P.1 variant complex may be associated with more structural 

flexibility and plasticity.  
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Figure 2.14. Plots representing strength and compactness in the RBD-ACE2 complexes. (A) 

Number of Inter hydrogen bonds vs time between RBD and ACE2. (B) Number of Intra hydrogen 

bonds vs time within the RBD. (C). Radius of gyration of RBD-ACE2 complex. Wild type (red 

plot) and P.1 variant (black plot). ACE2, angiotensin converting enzyme 2; RBD, receptor binding 

domain. 

 

In order to probe dominant motions and conformational changes among the RBD-ACE2 

complexes from wild type and P.1 variant, the principal components were extracted from the MD 

simulation trajectories. Covariance analysis of the atomic correlation plot indicates that the RBD-

ACE2 complex of the wild type mostly possessed dominant anti-correlation motion. Whereas the 

same complex from the P.1 variant was associated with uncorrelated motion (Figure 2.15A & B). 

This difference may be accounted for due to the loss of few contacts and slight conformational 

variations associated in the P.1 variant. This observation is in correlation with our PCN and MDS 

analysis.  
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Figure 2.15. Covariance matrix plot for RBD-ACE2 complexes (A) wild type (B) P. 1 variant  

 

Further, nature of motions of the RBD from the wild type and P.1 variant was analyzed through 

the NMA. The constructed porcupine plots extracted from the stable trajectories indicate an 

opposite motion for the RBD from the complex from wild type and P.1 variant. Interestingly, the 

RBM domain and N-terminal region of the RBD from the wild type appeared to move in the same 

direction but the same regions in P.1 variant was observed to have motion opposite to each other 

(Figure 2.16A & B). 
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Figure 2.16. Motion Mode Analysis of the RBD for A) wild type and B) P.1 variant. 

 

To estimate the binding affinities between RBD and ACE2 complex from the wild type and P.1 

variant, free energy of association for the complex was estimated using the MMPBSA method. 

The MMPBSA calculation clearly indicates that the complex from P.1 variant possessed a higher 

negative free energy value of -1804 kJ/mol compared to the complex from wild type which was 

estimated as -1325 kJ/mol (Table 2.6). Comparatively better binding energy for the P.1 variant 

suggests a better affinity towards ACE2. This observation is in accordance with the experimental 

data reported about the P.1 variant. The better binding is mostly contributed by the Van-der-Waals, 

the SASA and the electrostatic interactions.  All these interactions provide a negative binding 

energy towards the total free energy. However, the polar solvation energy was positively 

contributing toward the total binding free energy (Table 2.6). Additionally, the number and type 

of interactions from the interface of the RBD-ACE2 complexes of the wild type and P.1 variant 

during 70-100ns time frames were plotted. The plot clearly indicates that the hydrophobic 
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interactions were significantly high in P.1 variant as compared to  wild type. In contrast, the 

interface H-bonds in the complex from the P.1 variant were less (Figure 2.17).  

 Vander Waal 

Energy 
Electrostatic 

Energy 
Polar 

Solvation 

Energy 

SASA 

Energy 
Binding 

Energy 

(kJ/mol) 

Wild type  -448.272 -1416.22 591.499 -52.442 -1325.44 

P.1 variant -351.868 -2058.80 652.073 -45.786 -1804.38 

 

Table 2.6. Average MMPBSA calculations for the wild type and P.1 variant complexes. 

 

Figure 2.17. Total number of interactions. The RBD-ACE2 complexes from wild type and P.1 

variant at different time frames. Types of interactions are depicted with different color as shown. 

WT, MT and NS are abbreviated here for the wild type, P.1 variant and Nano seconds, respectively. 

 

Comparison of the RBD-ACE2 interface residues from the wild type and P.1 variant after 100ns 

simulations provided information about the several hydrophobic and hydrogen bond interacting 

residues. The rearrangement of the hydrogen bonds were observed in the interface of the 

complexes. Apart from several common hydrogen bonds, few unique hydrogen bonds appeared in 

the P.1 variant. The Thr500 from the RBD of the P.1 variant was found to make hydrogen bonds 



Chapter 2                                                       Therapeutic investigation of Spike protein  
  

79 
 

with Asp355 and Tyr41 of the ACE2 (Figure 2.18). Similarly, hydrophobic interactions such as 

Ala475, Lys489, Tyr505 and Gln498 from the RBD interface and Met82, Gly352 and Gly354 from 

the ACE2 interface were found to be unique in the P.1 variant (Figure 2.18). Involvement of these 

unique interactions in the P.1 variant may provide an energetically favorable binding with the 

ACE2.  Hence, these interactions may be utilized to target specific therapeutics to disturb the RBD-

ACE2 binding in the variant. 

 

Figure 2.18. Representation of interface interacting residues involved in hydrogen bond 

interaction in the representative structure of wild type and P.1 variant complex obtained after 

clustering analysis. RBD and ACE2 are represented as cartoon structure and surface diagram with 

color hot-pink and smudge green, respectively. The interacting region is denoted in a rectangular 

box. Interacting residues are represented in the stick model with the respective color. Hydrogen 

bonds are shown in yellow dashed lines. ACE2, angiotensin converting enzyme 2; RBD, receptor 

binding domain. 
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2.3.5 Probing the Conformational Variations in the truncated S1 domain 

To study the conformational variations attributed with the mutations present outside the RBD, 

100ns simulation was performed for the truncated S1 domain-ACE2 complexes from the wild type 

and P.1 variant.  Residue-wise RMSD calculation quantified the flexibility due to mutations and 

its cumulative effect was analyzed. For both wild type and P.1 variant, the NTD of truncated S1 

domain represented a high RMSD but the extent of deviation was relatively slightly more in the 

P.1 variant (Figure 2.19A).  Interestingly we observed that the anchoring RBM loop (Res 437- 

508) region showed comparatively high flexibility in the P.1 variant, possibly because of the 

interface mutations (K417T and E484K, N501Y) present on the loop. In contrast, this loop was 

observed to be slightly rigid in the wild type. Moreover, D614G mutation on the SD2 region of 

the P.1 variant also incorporates a significant high RMSD (Figure 2.19A). These observations 

suggest that mutations outside the RBD have a role in the conformational heterogeneity and may 

provide a conformational plasticity for the efficient binding with the ACE2 receptor. Similar 

studies have been investigated to analyze conformational variation in RBD as well as truncated S1 

domain in complex with ACE2. Ray et. al. stated the effect of D614G on the conformational 

variation facilitating the RBD opening process from down to up state [Ray et al., 2021]. 

Conformational flexibility has also been analyzed within three important loops of the RBD (Res 

474-485, 488-490, 494-505) and speculated to have a conformational variation for better binding 

with the ACE2 [Khan et al., 2021]. MDS of similar complexes has been investigated by another 

group [Verkhivker et al., 2021].  The observed flexibility in the RBM of the truncated S1 domain 

complex was similar to our observation. Overall, the effect of the mutations on the conformation 
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flexibility in the spike protein supports the earlier studies. This feature in the variants especially 

P.1 variant may provide an improved adaptability for binding with the ACE2.      

            

Figure 2.19. Representation of the conformational variation. (A) Residue-wise RMSD for the 

RBD as well as the truncated S1 domain. Shaded part at the top of the plot shows different regions 

of the S1 domain. Maroon, green, and cyan represent NTD, RBD, and CTD, respectively. (B) 

Residue-wise B-factor for the wild type (C) Residue-wise B-factor for the P.1 variant of the S1 

domain. The B factor is represented according to the color thickness scheme where the blue region 

represents the rigid residues and red corresponds to the most flexible residues. Green and blue line 

is for the complete S1 domain of Spike protein. Black and red is only for RBD of Spike protein. 

CL, connecting loop; NTD, N-terminal domain; RBD, receptor binding domain; SD1-II, Sub 

domain 1 and 2. 
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Further, structural flexibility of the truncated S1 domain was also probed in terms of B-factor or 

thermal displacement. This has been an important parameter to analyze displacement of amino 

acid residues due to the thermal vibrations. The B-factor of each amino acid of the wild type and 

P.1 variant clearly indicates few variations among the two (Figure 2.19 B&C). The NTD of the 

both wild type and P.1 variant showed comparable B-factor values. However, significant thermal 

fluctuations were noticed in the connecting loop of the NTD and RBD. Similar fluctuation was 

also observed in the RBM region as well as the SD1-2 region of the P.1 variant (Figure 2.19C). 

These regions showed reduced B-Factor in the wild type (Figure 2.19B). In brief, our B-factor 

analysis for the truncated S1 domain structures also supports the similar flexibility changes with 

respect to our residue-wise RMSD deviation (Figure 2.19). 

The PCA of the truncated S1 domain complex with the ACE2 from wild type and P.1 variant 

indicates that the P.1 variant covered comparatively larger space along the principal component 1 

(PC1) and the PC2 (Figure 2.20).  The global flexibility of both the complexes were examined by 

the trace of diagonalised covariance matrix of backbone atomic fluctuations. The diagonalised 

covariance matrix trace was higher for the truncated S1 domain complex from the P.1 variant 

compared to the wild type. This observation along with the PCA plots suggest that mutations 

outside the RBD are also involved in providing conformational variations or flexibility to the P.1 

variant complex. 
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Figure 2.20. Representation of the conformational variation. Projection of dominant motions of 

backbone atoms in essential subspace along the first two principal eigenvectors of wild type and 

P.1 variant. 

 

The change of secondary structure content analysis in the truncated S1 domain complexes from 

the both did not provide any noticeable difference in 100 ns time scale simulation. This suggests 

that the mutations do not incorporate any noticeable deviation in the secondary structure content. 

The mutations has sustained the stability at secondary structure content level throughout the 100 ns 

of MDS (Figure 2.21). However, calculated electrostatic charge distribution in S1-ACE2 complex 

in wild type and P.1 variant display a change in electrostatic charge distribution. Complex from 

P.1 variant observed to display more positive charge patches at the interface, compared to wild 

type (Figure 2.22). Positive charge in the P.1 variant may contribute to the better binding affinity. 

Earlier reports also suggested that positive charge patch on RBD of SARS-CoV-2 provide better 

binding with ACE-2 compared to SARS-CoV [Lan et al. 2020] Other study have also demonstrated 

that mutations at RBM affect the charge distribution at the interface [Dehury et al. 2021]. 
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Figure 2.21. Secondary structure content analysis during the course of 100ns MDS for A) wild 

type and B) P.1 variant.         

              

 

Figure 2.22. Electrostatic charge distribution at the interacting interface of S1-ACE2 complex of 

wild type and P.1 variant at different time frames of 100ns MDS trajectories (Color Scale: blue, 

red, and white colors represent positively charged, negatively charged, and neutral surfaces, 

respectively). 
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2.4 CONCLUSIONS 

Emerging SARS-CoV-2 variants in each successive wave of infection have made this pandemic 

more threatening; where most of the mutations accumulated mainly in the Spike (S) glycoprotein. 

Since the Spike protein is the primary target of infection, concentrating on mutations of S protein 

leads to increase in transmission efficiency and escape from neutralizing antibodies. P.1 variant 

contains ten mutations on the S1 domain of the spike protein. Mutations on the RBD were reported 

to have an impact on increased affinity for receptor ACE2 receptor. So in our study we have used 

SARS-CoV-2 S protein wild type and its P.1 variant RBD complex with ACE2 to uncover the 

structural basis responsible for the increased affinity towards the ACE2 receptor.  

We have applied integrative networking and dynamics approaches to study the small 

conformational variations. Our networking study highlighted a node wise rearrangement in the 

network parameters. Significant reduction in nodes and links was observed related to each 

parameter of the PCN. The reduction of nodes and links in P.1 variant signifies a loss of 

interactions.  Additionally the mutations outside the RBD were observed to perturb the network 

properties of the NTD of the truncated S1 domain of P.1 variant. Further the effect of mutations 

were also predicted on the protein stability and flexibility through the vibrational entropy change 

(∆∆S) and free energy change (∆∆G) calculations. Both the analysis concluded that the interface 

RBD mutations are having a destabilizing effect. Comparative conformational variations among 

the RBD-ACE2 and truncated S1 domain-ACE2 were highlighted by MDS studies. Our MMPBSA 

study suggested the energetically favorable binding of the RBD with the ACE2 in the P.1 

variant.  Moreover, the conformational variations have also rearranged the type of interaction and 

interface interacting residues. The PCA of the S1 domain-ACE2 complex indicates an increased 

motion in the P.1 variant, which may be associated with the conformational heterogeneity in the 
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P.1 variant complex. Overall, our study provides the structural basis of better interaction of the P.1 

variant and identifies unique RBD residues crucial for the interaction with the ACE2 receptor. This 

study may be useful for designing better therapeutics against the circulating P.1 variant and other 

future variants as well. 
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3.1 INTRODUCTION 

Binding of the RBD of spike protein to the human ACE2 receptor is the primary step in the SARS-

coronavirus infection process [Wang et al. 2020]. Several efforts have been put forward to inhibit 

this initial interaction by designing small molecules as a therapeutics [Razizadeh et al. 2021; 

Deganutti et al. 2020; Sisk et al. 2018]. But the emerging variants and their mutations, especially 

in the RBD region of spike protein, are making the efforts more strategic. The functional 

significance of the mutations has already been discussed in the previous chapter. Our previous 

chapter has highlighted the changes between the Wild type SARS-CoV-2 (WT) and its P.1 variant 

at their structural and contact level that are responsible for the increased affinity towards human 

ACE2 receptor [Lata et al. 2021].  This intrigues us to target the RBD-ACE2 complex of P.1 

variant. The P.1 variant consists of three RBD interface mutations (K417T, E484K, N501Y) and 

have gained much attention since early of the variant storms [Dejnirattisai et al. 2021]. This 

chapter, briefs about the computationally designing of a potent inhibitor against the RBD-ACE2 

complex of the P.1 variant.  

It has been reported that SSAA09E2 compound {N-[[4-(4-methyl-piperazine-1-

yl)phenyl]methyl]-1,2-oxazole-5-carboxamide} blocks the early interactions of SARS-CoV Spike 

protein with the human ACE2 receptor [Adedeji et al. 2013]. In another study, the mechanism of 

interference of the compound and its potency has been investigated [Roth et al. 2021]. The 

compound SSAA09E2 is reported to be effective in destabilizing the ACE2-RBD complex. 

In our observation, the compound SSAA09E2 showed less affinity with the RBD-ACE2 complex 

from the P.1 variant suggesting its inefficiency towards the P.1 variant. In this study, we have 
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applied a fragment replacement approach to probe the fragment’s space to be replaced with other 

active compounds [Shan et al. 2020]. We have screened various fragments and identified suitable 

fragments that meet the geometric requirements to be fitted within the specified local environments 

of the protein. Among all, two designed analogs showed a better affinity compared to the parent 

compound. Further we have performed 200ns Molecular Dynamics Simulation to analyze the 

structural changes of the RBD-ACE2 complex due to the binding of designed analogs. Our 

computational analysis highlights a stable interaction of analogs with the interface residues of the 

RBD-ACE2 complex. The binding of analogs in the complex led the interfacial disruption and 

triggered large-scale conformational changes in the complex. 

 

3.2 METHODS 

3.2.1 Preparation of the target protein coordinates 

The coordinates of the RBD-ACE2 complex of WT SARS-CoV-2 (6MOJ) [Lan et al. 2020] and 

P.1 variant complex (7NXC) were downloaded from the protein database [Dejnirattisai et al. 

2021]. Further, the structure was subjected to the what-if server to add missing residue side chain 

atoms. The crystal waters and hetero molecules were removed from the PDB file. 

3.2.2 Fragment substructure selection and analog generation 

A new analog was generated by using the fragment replacement approach implemented in the 

FragRep tool [Shan et al. 2020]. The piperazine ring of the SSAA09E2 inhibitor was substituted 

with the analogs present in the FragRep database. The FragRep extracts over half a million of 

fragments with three-dimensional structures present in the Chembl-25 database [Bento et al. 2014].  

Suitable fragments   that replace the substructure and meet the geometric requirements to remain 

a part of the compound and also fit in the local protein environment. 
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3.2.3 Molecular Docking and Ligand scoring 

Molecular docking of the RBD-ACE2 complex with the selected two analogs as inhibitors was 

performed using MGL AutoDock4.2 tools [Morris et al. 2009]. The initial coordinates and 

topology parameters were generated for further dynamics analysis. Molecular docking was done 

between the RBD-ACE2 complex and the SSAA09E2 inhibitor. The polar hydrogen atoms and 

Kollman charges were added to the protein complex and the gasteiger charges were assigned to 

both the analogs. The grid box with dimension 68×68×54 was centered on the interface region of 

the RBD-ACE2 complex. The Lamarckian genetic algorithm (LGA) was used and generated 150 

docked conformations for each compound. Then finally the best representative binding pose for 

both the analogs in complex with protein was selected based on the lowest binding energy. 

3.2.4 Molecular Dynamics Simulation  

The selected docked complex of analog and RBD-ACE2 protein were used to carry out classical 

MDS using GROMACS 5.1.4. The topology files of the protein and compound-complex were 

parameterized using GROMOS96 45a3 force field and PRODRG2 server, respectively. The 

protein compound complexes were implemented for solvation using the SPCE water model to add 

water molecules contained in a cubic box with water molecules of 1.5nm to the box wall from the 

protein’s surface. Further, to neutralize the solvated systems, Na atoms as counter ions were added 

to the solvated systems. To minimize the wrong short-range contacts after adding counter ions, a 

quick steepest descent energy minimization algorithm for 50,000 steps was applied until the largest 

acing force on the system becomes smaller than 1000 kJ/mol/nm. The minimized complex was set 

for NVT and NPT equilibration by restraining a constant number of particles, volume, and 

temperature ensemble for 500ps and a constant number of particles, pressure, and temperature  
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ensemble for 500ps pressure equilibration. To ensure the proper equilibration of the complex, the 

system’s thermodynamic properties (like density, pressure, temperature, and potential energy)       

were monitored. The PME (Particle Mesh Ewald) method was used to calculate the long-range 

electrostatics. Modified Berendsen thermostat and Parrinello-Rahman barostat were used for the 

temperature and pressure coupling, respectively. Finally, the equilibrated complex system was set 

to MD production runs for 100ns at 310K and 1bar atmospheric pressure. The graphs were 

generated using the XMGRACE, and GNUPLOT. 

Principal component Analysis (PCA) was performed to calculate the mass-weighted covariance 

matrix on the MD trajectories by calculating and diagonalising the covariance matrix to get a set 

of eigenvectors and eigenvalues which reflects the initial motion of the atoms. G_covar package 

is in-built in the GROMACS and is used to extract the covariance matrix of the backbone atoms. 

The principal components were projected through the g_anaeig package. 

3.2.5 Binding Free energy Calculations  

The MMPBSA method implemented in the g_mmpbsa package was used to calculate the binding 

free energy between protein-compound complexes. The last 100ns MDS frames were integrated 

for binding free energy calculation. The molecular mechanic’s energy includes electrostatics, Van-

der-Waals interactions, polar, non-polar solvation energy. 

 

3.3 RESULTS 

3.3.1 Binding of SSAA09E2 on RBD-ACE2 interface for WT and P.1 variant  

The molecular docking results show higher binding affinity of SSAA09E2 towards the RBD-

ACE2 complex of WT as compared to the P.1 variant (Table 3.1). The orientation of SSAA09E2 

was changed in the P.1 variant complex compared to the WT complex. The oxazole group of 
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SSAA09E2 was observed to interact with the ACE2 interface residues in the WT complex. In 

addition, the piperazine group of SSAA09E2 was facing towards the RBD interface region in the 

WT complex (Figure 3.1A&C). However the similar geometry was not observed in the P.1 

complex. The geometry of the SSAA09E2 was flipped and the core group of the SSAA09E2 

shifted from the binding cavity (Figure 3.1B&D) in the P.1 variant complex. The differential 

binding affinity and orientation of SSAA09E2 may have different inhibitory effects on the RBD-

ACE2 complex of the WT and P.1 variant. Hence, we hypothesized to design an analog of 

SSAA09E2 to improve the interactions with the RBD-ACE2 interface residues of the P.1 variant. 

 

 

 

 

 

Table 3.1. Docking score for SSAA09E2 with the RBD-ACE2 complex of the WT and P.1 variant. 

 

Complex Binding score (Kcal/mol) 

SSAA09E2_WT         -4.82 

SSAA09E2_P.1         -4.20 
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Figure 3.1. Representation of docking of the SSAA09E2 A) Best docking pose for SSAA09E2 in 

the binding cavity of RBD-ACE2 interface for WT. B) Best docking pose for SSAA09E2 in the 

binding cavity of RBD-ACE2 interface for P.1 variant. C) 2-D interactions plot for SSAA09E2 

with RBD-ACE2 complex for WT, chain A and chain E indicates ACE2 and RBD respectively. 

D) 2-D interactions plot for SSAA09E2 with RBD-ACE2 complex for P.1 variant, chain A and 

chain B indicates ACE2 and RBD respectively. 

 

3.3.2 Computationally designed SSAA09E2 analogs and Binding conformation 

The FragRep tool probed the suitable fragments to replace the piperazine group of the SSAA09E2 

compound and generated a library of 1,924 analogs.  The top two analogs named compound 1 and 
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compound 2, were selected on the basis of binding energy and geometry in the target site (Figure 

3.2). Compound 1 consists of a tetrachloro oxapentacyclo group, a substituted piperazine group of 

the SSAA09E2. This group is linked to the rest of the fragment of the parent compound which 

includes a cyclohexyl, carboxamide and oxazole group in the tail region. Compound 2 is generated 

by attaching a naphthalene group in place of the piperazine group of the SSAA09E2. These two 

compounds fall within Lipinski's rule of five criteria.  Compound 1 docked inside the interface 

cavity of RBD-ACE2 and displayed a binding score of -5.83 Kcal/mol (Figure 3.3A). The oxazole 

group compound 1 was observed to interact by making three potential hydrogen bonds with the 

RBD interface residues such as GLN 493, SER 494 and TYR453. These interactions were not 

observed in the parent molecule-protein complex (Figure 3.3B&C). Moreover, the N-atom of 

carboxamide of compound 1 is involved in the H-bond interaction with TYR 449 of the RBD. In 

addition, the epoxy group from the head region is also observed to form a H-bond with the LYS 

484 of the RBD interface. The LYS484 residue is an important mutation in the variants. The 2D 

and 3D interaction plot also displayed one pi-sigma and pi-alkyl bond with the PHE490 residue of 

the RBD.  The ACE2 interface residues are mostly involved in the van-der-Waals interactions 

except for HIS34 residue, which forms a carbon-hydrogen bond with the carboxamide group 

(Figure 3.3B &C). 

The best-docked pose of Compound 2 is displayed in the interface cavity (Figure 3.4A) with a 

binding score of -6.24 Kcal/mol (Figure 3.4A). The oxygen atom of the naphthalene group is 

making H-bond with the ARG403 residue of the RBD. The Oxygen atom of the carboxamide 

group also forms a H-bond with the ARG403 of the RBD (Figure 3.4 B & C). The head region of 

Compound 2 was flipped towards the ACE2 interface and HIS34 of the ACE2 is participating in 

the pi-cation and pi-alkyl interactions with the substituent group. Additionally, two H-bonds are 
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formed with the TYR495 and TYR505 with the RBD interface. Overall the molecular docking 

observation suggests that the analogs can potentially interfere with the important RBD-ACE2 

interface interaction. The interface interacting residues have already been characterized as 

important drugable targets as mentioned in the previously reported study. 

 

 

 

Figure 3.2. 2D representation A) 2D structure of parent compound SSAA09E2. B) Two analogues 

designed from FragRep search (namely Compound 1 and Compound 2). Substituted region has 

been highlighted in green color. 
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Figure 3.3. A) The best docking pose of Compound 1 in the RBD-ACE2 interface binding cavity. 

B) 3D interaction plot between compound and RBD-ACE2 complex residues. C) 2D interaction 

plot between compound and RBD-ACE2 complex residues.  

 

Figure 3.4. A) The best docking pose of Compound 2 in the RBD-ACE2 interface binding cavity. 

B) 3D interaction plot between compound 2 and RBD-ACE2 complex residues. C) 2D interaction 

plot between compound 2 and RBD-ACE2 complex residues.   
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3.3.3 Structural stability of compounds in the RBD-ACE complex 

The stability of protein-compound complexes was evaluated and backbone RMSD for the protein 

and compounds were calculated during the time scale of 200ns MDS. The protein backbone RMSD 

for both the complexes was stable after 50ns of MDS. In the case of the compound 1 bound 

complex, the compound was re-equilibrated at 100ns time frames, and its RMSD was increased to 

0.2nm. Later, the RMSD   dropped to 0.2Å after 110ns. The RMSD trajectory of compound 2 

inside the interface cavity of the RBD-CE2 was relatively stable throughout 200ns of MDS (Figure 

3.5A & B). The protein ligand interaction profile was generated on the representative structure 

obtained after clustering analysis from MD simulation (Figure 3.6). The interaction profile 

indicates that compound 1 is stable inside the cavity and the N-atom of carboxamide and oxazole 

group of  compound 1 maintains hydrogen bonds interaction with Tyr449 & yr451) of the RBD. 

The oxygen atom  of the carboxamide group of compound 2 was forming three H-bonds- one with 

His34 residue of the ACE2 and two with Arg403 and Tyr453 residues of the RBD. These 

interactions provide stability to the compounds in the interface and suggest that the compounds 

have the potential to interfere with the interface residues of the RBD-ACE2 complex. 
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Figure 3.5. RMSD plot at 200ns (A) protein backbone (black) and compound1 (red). (B) Protein 

backbone (black) and compound2 (green). 

 

 

Figure 3.6. Protein compound interaction profile on the representative structure after 200ns 

of MDS. Hydrogen bonds are in blue, hydrophobic interactions are in dashed grey, halogen 

interactions are in green. 
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Additionally, the average number of hydrogen bonds formed between the compounds and the 

RBD-ACE2 complex was analyzed (Figure 3.7). On an average, compound 2 has 0.13 hydrogen 

bonds during the 200ns with the ACE2. The average hydrogen bonds between compound 1 and 

the ACE2 were relatively lower and displayed approximately 0.06 bonds. . The average number 

of hydrogen bonds with the RBD was 0.87 and 1.2 for compounds 1 and   2, respectively. Both 

compounds form at least one hydrogen bond with the RBD and the ACE2 during the 200ns of 

simulations trajectory. This observation further confirms the stability of both the compounds inside 

the cavity.  

                     

 

Figure 3.7. Hydrogen plot during 200ns MDS. (A) Compound 1 bound complex (B) Compound 

2 bound complex. Compound 1 is in red and compound 2 is in blue. 

 

Further to analyze the compactness of proteins, the Radius of Gyration (Rg) was analyzed (Figure 

3.8). The overall Rg value of compound 2 complex was observed relatively decreased compared 

to the apo and compound 1 bound complex. The Apo and compound 1 displayed a similar 
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trajectory to each other. This observation suggests that the binding of compounds doesn’t influence 

the shape and size of the complex during the 200ns MDS. 

                      

Figure 3.8. Radius of gyration plot during 200ns of MDS. Apo is in black, compound1 bound 

complex is in red and compound2 complex is in blue. 

 

The stability of the compounds was further analyzed by binding free energy, calculated using 

MMPBSA on the last 30ns of the RBD-ACE2 complex.   The thermodynamics parameters of the 

complex were also calculated and mentioned in (Table 3.2). Both the compounds displayed 

negative free energy inside the binding pocket.  Compound 1 showed a relatively more negative 

free energy value. The electrostatic and Van-der-Waals interactions were mainly contributing to 

this negative energy. In contrast, compound 2 possessed slightly higher binding free energy.  These 

observations   demonstrate that the residue-wise energy contribution from the ACE2-RBD 

complex is different in both cases. In order to extract residue-wise energy contribution for both the 

ACE2-RBD complex, the total binding free energy was decomposed into per amino acid residue 

energy contribution as indicated in (Figure 3.9). Compound 1 bound complex, residues 13, 38, and 

39 of the ACE2 were observed to contribute more to the negative free energy. Similarly, residues 
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431, 436, and 466 of the RBD were found to contribute to free energy. In the compound 2 bound 

complex residue numbers 12, 16, 335, 364, 368, and 370-372 of the ACE2 were observed to 

contribute to the free energy. These observations suggest that these interface residues play a 

significant role in the complex formation. 

      

Table 3.2. Binding free energy analysis of compound1 and compound 2 with the protein complex. 

 

Figure 3.9. Residue wise energy decomposition plot. A) Compound 1. B) Compound 2  
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3.3.4. Effect of designed analogs on the RBD-ACE2 binding 

The post simulations results indicated that both the compounds have direct interaction with the 

interface residues of the RBD-ACE2 complex. It suggests that both analogs may have the potential 

to disrupt important interfacial interactions. Considering this, changes in RMSF due to the binding 

of both compounds on the RBD-ACE2 complex were analyzed (Figure 3.10). The addition of both 

compounds doesn’t cause any significant change in the RMSF of the ACE2 compared to the apo 

complex. However, the RMSF of residues 380-500 of the RBD region was increased significantly 

for both compound 1 and compound 2 bound complexes, suggesting high flexibility in that region.  

The mentioned region of the RBD mainly includes the interface residues.  The increased flexibility 

can lead to higher entropy penalty which negatively influences the binding energy. Moreover, 

changes in flexibility were also observed in the region far from the binding interface.  A noticeable 

increase in flexibility was in the few loops and extended β-sheet core of the RBD,   suggesting that 

both the compounds may have some secondary effect on the functional conformation of the RBD 

of the spike protein. . Our residue-wise RMSD plot was also correlating with the RMSF analysis 

(Figure 3.11). 
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Figure 3.10. RMSF plot (A) ACE2 (B) RBD) apo is in black, compound 1 bound complex is in 

red and compound 2 bound complex is in blue.   

 

Figure 3.11. Residue-wise RMSD for apo and compound bound complex. 

 

A consequence of compound binding was also investigated in terms of structural flexibility, by 

probing the changes in the B-factor. This is an important parameter to analyze the displacement of 

amino acid residues due to thermal vibrations. The thermal fluctuation was observed to increase 

A) 

B) 
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in the NTD of the RBD in compound 1 bound complex (Figure 3.12B). This domain was relatively 

less flexible in the compound 2 bound complex (Figure 3.12C). A significant increase in the B-

factor of the 3α-helix of the RBM region was observed in compound 2 bound complexes compared 

to the Apo form (Figure 3.12A). The B-factor analysis suggests that there is an alteration in the 

movement of particular segment of the RBD due to the binding of compounds. 

 

Figure 3.12. B factor analysis on representative structure obtained after 200ns MDS.  

 

3.3.5. Effect of analogs as potential disruptors on interfacial residues  

To measure the effect of compounds on interfacial residues disruption, distance between the key 

interface interacting residues involved in Hydrogen bond interaction was investigated. The H-bond 

distance among the key interacting residues was increased significantly for both the compound 

bound complexes except for the RBD487-ACE283 (Figure 3.13).  The increase in the distance 

may bring about a disruption in the interfacial residues interaction.  This disruption may reduce 

the binding of RBD to ACE2. Additionally, a change in the center of mass between RBM of S-
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protein and α3-α4 helix of the ACE2 in the compound-bound state was analyzed. It has been 

known that the ACE2 consists of two domains sub-domain I and sub-domain II; α1 and α2 helices 

interact with the RBM lies in subdomain I while subdomain II consists of α3-α4 helices. These 

subdomains undergo a hinge binding movement and exhibit a closed and open conformation to 

accommodate the substrate/inhibitors. Binding of compounds bound in the RBD-ACE2 complexes 

brings about change in the distance of center of mass of the RBM and α3-α4 helices of the ACE2 

(Figure 3.14). The significant increase of distance due to binding of compounds may have some 

impact on the RBD-ACE2 interaction and may destabilize the interaction. The superimposed 

structure of the RBM region of S-protein interacting with a1 & a2 helix of ACE2 shows a 

significant displacement of a1 and a2 helix along with the RBM region (Figure 3.15). 

 

Figure 3.13. Hydrogen bond distance among key RBD: ACE2 interface residues  
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Figure 3.14. Centre of mass measurement between a3-a4 helix of ace2 and RBM of spiek protein. 

A) apo, B) compound 1 complex C) compound 2 complex 

 

 

Figure 3.15. Superimposed structure of interacting ace2 and RBM complex for A) compound1 

complex, B) compound2 complex. Apo is in red and compound bound complexes are in blue. 
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3.3.6. Effect of analogs as potential disruptors on the RBD-ACE2 SASA interface surface 

We have measured the interface SASA area for apo and compound bound complexes. For WT the 

average SASA value is 118 nm2 while for both the complexes it has increased to 116 nm2 (Figure 

3.16). It clearly indicates that the binding of compounds have increase the SASA value for the 

RBD-ACE2 interface segment as compare to the WT. It means binding of both the compounds 

interfere with the interface residues and weakens the potential interacting strength of RBD and 

ACE2 which leads to the opening of interfacial area and getting more exposed to solvent 

molecules. 

                            

Figure 3.16. Interface SASA profile for apo and Compound bound complexes. 

3.3.7 Effect of the compounds on the Essential Dynamics of protein complex 

The effect of compounds in the complex was further analyzed on the internal motion of the RBD-

ACE2 complex. The dominant motion modes of the RBD and ACE2 were extracted and employed 

for the Essential dynamics or PCA. The covariance matrix of fluctuations was calculated for the 
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backbone atoms and diagonalized to the first eigenvectors and eigenvalues. The sampling area of 

the apo and compound bound system was probed by projecting the trajectory into the essential 

space corresponding to their eigenvectors. The majority of the global fluctuations come from the 

first few numbers of low-frequency eigenvectors. The eigenvalues and their percentage of variance 

are shown in Figure 3.17. The trace of covariance matrix was 84, 92.7, and 84.9 for the apo, 

compound 1, and compound 2 bound complexes, respectively. This indicates that the first three 

eigenvectors account for 59%, 51%, and 40% of overall fluctuations in the apo, compound 1, and 

compound 2 bound complexes, respectively. The first eigenvector has a more significant 

percentage of variance for each case, reflecting the importance of the first eigenvector in the system 

dynamics.  

                             

Figure 3.17. Percentage of variance for eigenvectors. 

The Apo and compound bond RBD-ACE2 complexes were subjected to conformational space 

sampling.  The conformational space of the compound 1 bound complex was observed to occupy 
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a greater area along its first and second principal components (Figure 3.18). At the same time, the 

apo and compound 2 bound complex showed almost similar conformational flexibility along the 

PC1 and PC2 (Figure 3.18). The porcupine plots were used for the first eigenvector to characterize 

dominant dynamics. The mode vectors for backbone atoms along the direction of its eigenvector 

are represented in (Figure 3.19). The length and direction of each arrow represent the magnitude 

and direction, respectively. For the compound 1 case, a significant motion was observed in the 

NTD and RBM of the RBD. The direction of motions in the RBD and interacting α-helix for the 

apo and compound bound complexes were observed differently. In addition, a change in the 

direction of the ACE2 movement was also noticed. The porcupine plot indicates the effect of bound 

compounds on the essential dynamics of the RBD-ACE2 complex. These observations suggest 

that the binding of compounds induce completely different large-scale motions in the RBD-ACE2 

complex.  

 

Figure 3.18. PCA plot along its two major eigenvectors.                 
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Figure 3.19. Porcupine plot of apo and compound bound complexes. 

 

3.4 CONCLUSIONS 

Our computationally designed analogs of parent compound SSAA09E2 which was a validated 

drug against SARS-CoV1, were employed in Molecular docking and Molecular dynamics study 

to analyze the disruption mechanism of RBD-ACE2 interaction. Our results suggest that both the 

compounds are having stable interaction with the interface residues which can intervene in the 

binding process of the protein complex. Overall our work suggests that both the compounds have 

potential to induce the structural changes both locally and globally which needs to be tested further 

for a better therapeutic against the emerging variants. 
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4.1 INTRODUCTION 

Coronaviridae family of virus usually possesses enveloped, positive sense RNA virus that 

generally includes three highly pathogenic viruses such as Severe Acute Respiratory Syndrome 

Coronavirus 1 (SARS-CoV-1), Middle East Respiratory Syndrome Coronavirus (MERS-CoV) and 

SARS-CoV-2 [Cui et al. 2019]. SARS-CoV-1 originated in China and caused a global pandemic 

in 2003 with about a 10% fatality rate [Zhong et al. 2020; Ksiazek et al. 2003]. MERS-CoV was 

first reported from Saudi Arabia in 2012 and has infected the human population with limited 

human-to-human transmission [Zaki et al. 2012]. SARS-CoV-2, a new coronavirus reported for 

the first time from Wuhan, China in December 2019, causes severe human respiratory disease [Wu 

et al. 2020]. It has also been characterized as a very contagious pathogenic virus with rapid 

transmission capability among human-to-human that has caused an outbreak of the severe 

pulmonary diseases in almost 216 countries, resulting in approximately 814,438 confirmed deaths 

globally till date (WHO report, 2020). WHO has coined SARS-CoV-2 causing disease as COVID-

19 pandemic and that has now become a global health emergency and expected to have severe 

ramification on the global economy. 

Currently, there is no specific treatment available to control COVID-19 pandemic. Efforts are 

being made towards design of vaccines as well as drugs against COVID-19. In the past, therapies 

have been developed against SARS-CoV-1 targets such as proteases, helicases and polymerases. 

Moreover, Immune modulators such as interferons and corticosteroids have also been used as 

therapeutics [Zumla et al. 2016]. Among the viral targets, main protease (Mpro, 3CLpro) has 

beendesignated as an important drug target because of its essential role in the processing of 

polyprotein translated from the viral RNA [Anand et al. 2002; Yang et al. 2003].  The Mpro is a 

homodimer cysteine protease where each protomer consists of three domains, domain I (residue 
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8-101), domain II (residues 102-184) and domain III (residues 201-303) and catalytic residues and 

the substrate binding sites are situated between domains I and II of Mpro [Anand et al. 2002].  

Recent crystal structure of SARS-CoV-2 Mpro 9 reveals it’s structural similarity with Mpro of 

SARS-CoV-1 and has a high degree of sequence identity (96.1%) among the two [Zhang et al. 

2020].  Previous studies showed that HIV-1 protease inhibitors block SARS-CoV-1 Mpro [Savarino 

et al. 2005].  Hence, having a structural similarity to the Mpro from SARS-CoV-1 and SARS-CoV-

2, the known inhibitors could also impart a similar effect on the Mpro of SARS-CoV-2.  However, 

the HIV protease inhibitors show different binding effect on Mpro of SARS-CoV-2 [Ortega et al. 

2020]. One of the HIV protease inhibitors, Lopinavir, was shown to inhibit Mpro of SARS-CoV-1, 

in-vitro [Wu et al. 2004]. While, none of the HIV inhibitors was able to significantly inhibit Mpro 

of SARS-CoV-2, in-vitro [Mahdi et al. 2020].  Other known potent inhibitors such as α-ketoamide 

and N3 are also reported to have differential inhibition on the activity of Mpros from SARS_CoV-

1- and SARS-CoV-2 [Zhang et al. 2020; Jin et al. 2020; Xue et al. 2007].  

A small rearrangement of protein at the structural level by the substitution of a few amino acids at 

the substrate binding pockets or allosteric sites, results in changes in internal interactions which 

may lead to differing patterns of inhibitor sensitivity. Similar might be the case with the Mpro from 

SARS-CoV-2, where few changes in the amino acid sequence in comparison to Mpro of SARS-

CoV-1, may contribute towards the differential effect on Mpros.  Since no significant structural 

changes are noticed at the active site, a subtle change of interactions at the allosteric sites of the 

proteins may have an effect of sensitivity of the inhibitors. Hence, a protein structure network 

(PSN) based approach can investigate the negligible conformational changes associated in the 

protein structure. A PSN is mainly depicted on a protein structure as a system of networks that 

comprises nodes and links. Nodes are represented by amino acid rsidues and links are represented  
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as long and short range interactions among the nodes. Interestingly, this method identifies small 

changes in structures of protein which are otherwise not easily detectable [Srivastava et al. 2014; 

Srivastava et al. 2017; Kandhari et al. 2017]. Moreover, similar methods have already been 

implicated in investigating various features of a protein such structural flexibility [Jacobs et al. 

2001], protein domain folding [Dokholyan et al. 2002], key residue in folding [Wangikar et al. 

2003], structural pattern [Vendruscolo et al. 2002], cluster of residue flexibility [Atilgan et al. 

2004] and identification of functional residues [Amitai et al. 2004].   Similarly, a PSN-ENM based 

method has also been used to construct a PSN on a protein 3-D structure by integrating the 

information from systems dynamic supplied from the Elastic Network mode analysis (ENM-

NMA) [Seeber et al. 2015]. A global (average) network parameters generated from these methods 

reveal diminutive structural changes among proteins.  

In order to probe subtle conformational changes occurring due to differences of few amino acids 

in the Mpro sequences, alteration of local contacts as well as residue specific network parameters 

were investigated on the structures of Mpro  (apo and inhibitor bound states) from both SARS-

CoV-1 and SARS-CoV-2 by using the PSN and PSN-EMA methods. Recently, topological 

interactions properties of Mpro were analyzed [Estrada et al. 2020]. In another similar study, an 

analysis of changes in residue interactions of Mpro when bound to an N3 inhibitor was also     

investigated [Griffin et al. 2020]. However, in both the cases, the monomeric unit of Mpro was 

considered for the analysis. While, it is well known that a biological active Mpro molecule exists  

as a dimer. In fact, as reported earlier that the subunits interfacial region of the Mpro can be a 

possible target for a rational drug design against the SARS-CoV [Fan et al. 2004; Shi et al. 2004].  

Hence, it is essential to understand the network connectivity in the biologically active state.  Here, 

we analyzed a comparative PSN in both the proteases (in a biological active state). Further, we 
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elucidated the negligible changes throughout the protein structure by quantifying their residues 

connectivity pattern and mapped the network parameters on 3D structures of protein.  We also 

applied a graph theory centrality concept such as betweenness, closeness, hubs and modularity to 

highlight critical residues for complex formation. This study will provide an understanding about 

the sensitivity and effectiveness of the existing inhibitors and this would further be helpful to 

design specific inhibitors. 

4.2 METHODS 

4.2.1 Protein Structure Network Construction  

The 3-D coordinates of 3CLpro were downloaded from Protein Data Bank (1Z1I [Hsu et al. 2005] 

& 6M03 [Zhang et al. 2020] for apo Mpro of SARS-CoV 1 & 2, respectively; 5N19 & 6Y2G [Zhang 

et al. 2020] for the inhibitor bound complex of Mpro from SARS-CoV-1 & 2, respectively). Here, 

Calpha atom of amino acid residues is considered as a node and it forms an edge with another C alpha 

atom if the distance cutoff is 7 Å. Edge weighted Calpha network that is based on Euclidean distance 

was constructed using NAPS [Chakrabarty et. al. 2016] and protein network global parameters 

such as degree, Betweenness Centrality, and Clustering Coefficient were analyzed. 

4.2.2 Network parameters 

Degree is the total number of direct links between two connected nodes where Calpha atoms were 

considered as contact type. The average degree (D) of a network with N nodes can be computed 

as   𝐷 = 1/𝑁 ∑ 𝐷𝑖𝑁
𝑖=1  

Hubs are nodes with higher degrees. Shortest Path Length (SPL) is the minimum number of 

links required to span through one node to another in a protein topological network.  Clustering 

Coefficient (CC) computes the cliquishness for each node in the protein network graph. 
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Cliquishness is defined with respect to total possible edges between them. CC varies between 0 

(for no clustering) and 1 (for maximum clustering).  Betweenness Centrality (BC) is a centrality 

measurement in a network graph which is based on the total number of shortest path passing 

between connected nodes in such a way that edges passing for weighted graphs is minimized.  

Closeness Centrality (CCen) represents the closeness of a node to other nodes. It is a centrality 

measurement which calculates the sum of the shortest path.  Community or Modularity is the 

region in a network where nodes are more connected to each other.  

4.2.3 Structural Communication Analysis  

Protein Structure Network and Elastic network model- Normal Mode Analysis (ENM-NMA) 

approaches were used for long-space communication and effect of allostery on network 

connectivity [Boccaletti Boccaletti et al. 2006; Tang et al. 2020; Artymiuk et al. 1990]. Previously, 

the ENM-NMA approach for PSN was applied to characterize the topological and allosteric 

communication pathways in proteins [Raimondi et al. 2013]. Other network parameters such as 

hubs, community, and structural communication analysis were analyzed using a mixed PSN ENM- 

NMA approach implemented in WebPSN [Seeber et al. 2015].  It constructs Protein Structure 

Graph based on interaction strength of two connected nodes 

    𝐼𝑖𝑗 =  
𝑛𝑖𝑗

√𝑁𝑖𝑁𝑗
 100 

where interaction percentage (Iij) of nodes i and j represents the number of side chain atoms pairs 

with given cut off (4.5Å), Ni and Nj are normalization factors [Kannan et al. 1999; Brinda et al. 

2005; Felline et al. 2020].  The interaction strength (represented as percent) between residues i and 

j (Iij) is calculated for all node pairs. If Iij is more than the minimum interaction strength cutoff 

(Imin) among the residue pairs, then is considered to be interacting and hence represented as a 
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connection in the PSG.  It builds PSG on atomic cross-correlation motions using ENM-NMA 

[Felline et al. 2020]. All network parameters were visualized using PYMOL.  

4.3 RESULTS 

4.3.1  Protein Structure Network analysis of the SARS-CoV-1 and SARS-CoV-2 Mpro 

A protein structure network depicts a network of nodes and links. These nodes are represented by 

amino acids and links are represented as long and short range interactions among the nodes and 

that provide useful information at the contact level in protein structure.  Mpro has been designated 

as an attractive drug target. In spite of having 96% sequence identity and negligible variation in 3-

D structure compared to SARS-CoV-1, the drugs/inhibitors developed so far against Mpro of 

SARS-CoV-1 showed different inhibitory effects on the Mpro of SARS-CoV-2. Since, structural 

changes among the two Mpros are negligible, hence a network based approach has been utilized to 

map subtle conformational alteration arising in the protein structure.  Network parameters such as 

Degree, BC, C Cen, CC, SP and Modularity were analyzed for both free and inhibitor bound forms 

of SARS-CoV Mpro structures. A little difference was observed in the average network parameters 

of the Mpro structures (Table 4.1) suggests a diminutive change in the overall structures.  

                                               Monomer Dimer 

 SARS-CoV-1 SARS-CoV-2 SARS-CoV-1 SARS-CoV-2 

No. of edges 1152 1185 2372 2436 

Degree 7.65 7.75 7.87 7.96 
Clustering coefficient   0.49 0.49 0.49 0.48 
Shortest path 6.40 6.36 7.95 7.48 

 

Table 4.1 Average network parameters of Mpro monomer and dimer units, generated through 

PSNs. 
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Calculated degrees are compared among the two structures. It was found that the near active site 

residues (T26, I43, Q189 and Q192) of SARS-CoV-2 Mpro showed an increase in degree by 2, 

compared to SARS-CoV-1 Mpro, and while degree of D187 was observed decreased by 2 in SARS-

CoV-2. It was also observed that the N and C-terminal residues (G2 and E290), crucial for 

dimerization, were associated with higher degree compared to the same residues of Mpro in SARS-

CoV-1. Additionally, few other residues of domain II & III of SARS-CoV-2 Mpro also found to 

have changes in the calculated degree. List of residues showing the largest change in degrees 

among the two structures are listed in (Table 4.2). 

                       Degrees in M
pro

 

Residue No. SARS-CoV-1 SARS-CoV-2 

2 2 4 

26 8 10 

43 6 8 

61 4 6 

119 7 9 

128 10 12 

153 4 6 

187 6 4 

189 7 5 

192 4 6 

232 6 8 

264 11 9 

290 6 8 

 

Table 4.2: Residues showing largest change in degree. 
 

Interestingly, replacement of A46 in SARS-CoV-1 Mpro with S46 in SARS-CoV-2 Mpro resulted 

in the rearrangement of contacts and observed to form new contacts with L27 and H41 from 

domain I of SARS-CoV-2 Mpro.  A recent report states that SARS-CoV-2 Mpro possesses an active 

site with a solvent surface accessible area of 356 Å2 and the solvent accessible surface area in case 

of SARS-CoV-1 Mpro was observed to be only 256 Å2 [Griffin et al. 2020]. These changes may be 

attributed due to the variation of amino acid, S46 which resulted in the rearrangement of contacts 
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in SARS-CoV-2 Mpro.  Additionally, few residues of domain II of SARS-CoV-2 Mpro are observed 

to form five new contacts (Figure 4.1A). Changes in the contact patterns surrounding the active 

site of SARS-CoV-2 Mpro is due to change in amino acid, suggesting a subtle conformational  

change in the SARS-CoV-2 Mpro, which may contribute towards the efficiency of inhibitors on 

Mpros.  

 

Figure 4.1. Contact maps in Mpro (A) New contacts in SARS-CoV-2 near the active site (new 

contacts made are in red line while contacts lost are in blue line). (B) Residues showing the highest 

increase in BC along with the new contacts mapped on the SARS-CoV-2 structure. 

 

Hubs were also analyzed for the SARS-CoV-1 and SARS-CoV-2 Mpros.  Interestingly, a significant 

difference in the total number of hubs was observed among the two main proteases. The Mpro from 

SARS-CoV-1 possesses 42 hubs, whereas the same from SARS-CoV-2 consists of 47 hubs, in 

total (Table 4.3). Many hubs were found to be similar among the two structures. Few hubs were 

distinctive to each structure, suggesting their important role in interactions and stability. Hubs near 
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the active site region such as H41, H163, D187 and Q192 from the SARS-CoV-2 are assumed to 

be crucial for the catalysis. The unique hubs are distributed in all the three domains of SARS-CoV-

2 Mpro, and may suggest a subtle change in inter domain communication within the protease. 

 

Hubs in Mpro 

SARS-CoV-1 SARS-CoV-2 

3, 8, 19, 31, 32, 38, 39, 54, 88, 95, 103, 106, 

112, 113, 126, 131, 132, 140, 159, 161, 164, 

167, 171, 181, 182, 188, 200, 207, 209, 213, 

218, 219, 229, 239, 256, 268, 273, 281, 282, 

288, 292, 293 

3, 8, 19, 39, 40, 41, 54, 61, 66, 95, 101, 103, 

106, 112, 113, 118, 122, 126, 131, 140, 150, 

156, 157, 159, 161, 163, 164, 181, 182, 185, 

187, 192, 200, 207, 209, 213, 219, 228, 239, 

242, 256, 269, 273, 281, 282, 292 

 

Table 4.3. List of hubs in SARS-CoV-1 and SARS-CoV-2 Mpro, residues in bold are unique to 

corresponding PSN. 

 

Betweenness Centrality (BC) have been reported to play an important role in the structural 

complexes. In our study, the residues from the both Mpro structures and their corresponding BC 

scores are plotted in (Figure 4.2 A&B). The trend of the plots are quite comparable in both the 

structures except few residues show significant change in the BC scores. Residues with 

significantly high BC scores (z scores ≥ 0.4) from each Mpro structure are listed in (Table 4.4).  

Significantly high BC value of a residue signifies its involvement in the communication among 

different modules of the PCN.  The residue V114 with high BC value is observed to make a new 

contact with F140 in case of SARS-CoV-2. In addition, other residues such as C128, G146, and 

T292 found to have high BC values that are also involved in the formation of a new set of contacts 

in the SARS-CoV-2 (Figure 1B). The new contacts formed in the SARS-CoV-2 Mpro, suggest their 

role in providing connectivity among residues of the network.  
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Figure 4.2. Residue wise changes in betweenness centrality of (A) SARS-CoV-1 Mpro and (B) 

SARS-CoV-2 Mpro; Residue wise Clustering coefficient of (C) SARS-CoV-1 Mpro and (D) SARS-

CoV-2 Mpro. 

Mpro 

SARS-CoV-1 SARS-CoV-2 

Residue No. BC score Residue No. BC score 

110 0.5 111 0.5 

111 0.5 114 0.5 

112 0.8 128 1 

129 0.5 146 0.5 

205 0.5 198 0.5 

206 0.5 290 0.8 

264 0.5 292 0.6 

290 0.5   

292 1   

Table 4.4. Residues with highest BC value. Residues with high BC values in both the PCNs are 

colored as Yellow. 



Chapter 4                                    Therapeutic investigation of Mpro from SARS-CoV-2 

  
 

122 
 

Residues wise CC were analyzed for both protease structures and values are depicted in (Figure 

4.2 C&D). The residue at 46 positions in SARS-CoV-2 compared to SARS-CoV-1, resulted in an 

increase in CC of nearby N-finger active site residues such as G23, T24, and S46. Interestingly, 

T24 is also observed to form a direct contact with the active site residues in SARS-CoV-2. This 

suggests that changes in the interconnectedness among the residues at and near the active site 

region may play a role towards selectivity of the inhibitors. Though the average parameters 

calculated from the PSN of Mpros from both SARS-CoV-1 & 2, did not show significant changes. 

However, residue wise comparison of degree and BC values among the two exhibited noticeable 

change (Table 4.2 & 4.4).  Moreover, these observations on the change in the network parameters 

suggested their effect on the local conformations of Mpros, which is assumed to provide an insight 

into the sensitivity and selectivity of inhibitors. 

4.3.2 Community Structure Analysis of the PSNs 

Mpro structures from SARS-CoV-1 and SARS-CoV-2 do not show much difference, however, an 

analysis of the contact points either generated or lost due to change of few amino acids,  may 

provide an insight into restructuring of modules within the Mpro. Hence, the community structure 

for both SARS-CoV-1 & SARS-CoV-2 Mpros was analyzed. The analysis resulted in twelve 

communities in case of SARS-CoV-1 Mpro and eleven communities in SARS-CoV-2 Mpro and 

residues of each community are shown in (Figure 4.3). The residues at the active site region of 

SARS-CoV-2 Mpro are observed to constitute the largest community shown as C1 red module in 

Figure 4.3A, that consists of 12 nodes, 18 links and seven hubs. Unlike SARS-CoV-2, the largest 

community (formed with 8 nodes, 11 links, 4 hubs) in case of SARS-CoV-1 Mpro is located at the 

interfacial residues of domain I and II, instead of active site region (Figure 4.3B). Moreover, the 

community formed at the active site region of SARS-CoV-1 Mpro is found to be smaller than that 
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of SARS-CoV-2 Mpro. Rearrangement of modules was also observed throughout the structure 

which indicates the perturbation at global level in the 3-D structure of two proteins. 

 

 

Figure 4.3. Community structure in the Mpro. . All communities are mapped on their tertiary 

structure of Mpros and depicted with different color modules (A) SARS-CoV-2 and (B) SARS-

CoV-1. 

 

4.3.3 PSN analysis of inhibitor (ketoamide)  bound complexes of Mpros 

4.3.3.1 Inhibitor binding perturbs the PSG and the communication pathway in M pro  

The Protein Structure Graph (PSG) of SARS-CoV-1 Mpro inhibitor bound complex is richer in 

nodes, links as well as hubs compared to its unbound state (Table 4.5). Binding of inhibitors to the 

Mpro generated many hubs at the inhibitor binding site and these hubs are associated with  residues 

such as H41, Y54, F140, S144, H163, H172, and Q192. Additionally, inhibitor complex specific 

hubs are also formed between the interface of domain I & II (residues C16, Y101, F150, and L115), 
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while invariant hubs spanned throughout the structure. Interestingly, similar trends for nodes and 

links were not observed for SARS-CoV-2 Mpro inhibitor bound complexes when compared with 

apo form of the same (Table 4.5). However, the total number of hub residues in the apo form of 

SARS-CoV-2 Mpro was found to be 36, whereas the inhibitor complex of the same possesses 35 

hub residues. Few hubs are found to be unique in each structure, suggesting their role towards the 

specificity of inhibitors. Unlike SARS-CoV-1, the residue H41 and Q192 from SARS-CoV-2 Mpro 

inhibitor complex form do not participate in the active site hubs formation.  

 

 

 

Mpro monomer Mpro Dimer 

SARS-CoV-1 SARS-CoV-2 SARS-CoV-1 SARS-CoV-2 

Apo Holo Apo Holo Apo Apo 

No. of  linked 

nodes 

282 290 288 291 577 578 

No. of Links 311 328 324 327 644 637 

No. of Hubs 30 37 36 35 58 53 

No. of Link 
mediated hubs 

118 149 140 143 229 202 

 
Table 4.5. Network components and its parameters for both SARS-CoV-1 and SARS-CoV-2 Mpro 

monomer in apo and holo states and Mpro dimer in apo state. 

 

We mapped the perturbations on the 3-D structure which considers nodes and links unique to each 

structure (Figure 4.4 A&B). In the case of the apo and inhibitor bound states of SARS-CoV-1 Mpro, 

the bound inhibitor was observed to induce perturbations which are essentially consistent with a 

gain of intermolecular links and nodes.  The perturbations associated with a gain of links are mostly 

located in the region of small helix near P2 group consists of residues S46- L50, β-hairpin loop 



Chapter 4                                    Therapeutic investigation of Mpro from SARS-CoV-2 

  
 

125 
 

near P3-P4 (res E166-G170) and P5 loop residues (T190- A194). Additional gains of links are also 

observed in the interfacial region of domain I and II, along with N-finger residues making new 

links with C-terminal of domain III. However, in case of SARS-CoV-2 Mpro, the comparison of 

the apo and inhibitor bound states was observed to have not very significant perturbations and the 

specific contacts show changes to a lesser extent than SARS-CoV-1 Mpro. 

 

 

 

Figure 4.4. 3-D PSG representations of the inhibitor bound complexes of M pro (A) SARS-

CoV-1 (B) SARS-CoV-2. Nodes and links peculiar to the unbound and bound states are in violet 

and orange, respectively. Major changes near the active site and other allosteric sites are in green 

and red, respectively. 
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Perturbations in inter and intra subunit communication due to binding of inhibitors were also 

analyzed (Table 4.5). To investigate more into the communication pattern within the structure, we 

analyzed meta-path and mapped residues participating in each path. The length of the shortest 

communication paths in SARS-CoV-1 Mpro apo form was 62345 and a total of 77391 paths were 

observed in the inhibitor bound form of Mpro.  This indicates an increase in the pathways upon the 

inhibitor binding to SARS-CoV-1 Mpro. In contrast, a decrease in possible pathways was observed 

in case of SARS-CoV-2 Mpro inhibitor bound complex. However, the average path length increased 

in both inhibitor bound states of SARS-CoV-1 and SARS-CoV-2 Mpro.  Changes in the most 

frequent nodes and links in the structural communication upon inhibitor binding were also 

observed (Figure 4.5). The significant inhibitor induced perturbations in the form of loss or 

frequency reduction of nodes were observed within the active site region of the complexes in either 

cases (for SARS-CoV-1: C44, P52, Y54, F140, S144, L167, R187, Q192 and for SARS-CoV-2: 

F140, S144, H163 and R187). Moreover, a redistribution of nodes was observed around the N-

finger of Mpro inhibitor complex from SARS-CoV-1, suggesting a role of intercommunication 

exchange between domain II & III, which may be crucial for the dimerization of Mpro.  
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Figure 4.5. Residues involved in global meta-path mapped on 3-D structure of Mpro. A) 

SARS-CoV-1 and B) SARS-CoV-2. Residues involved in the meta path for apo state are in purple 

nodes and links while for inhibitor bound states are in orange, shared nodes and links are in green. 

 

4.3.3.2 Community analysis of apo and inhibitor bound complex  

The community structure of PSNs of the Mpro from SARS-CoV-1 and SAR-CoV-2, in apo and 

inhibitor bound states were analyzed. The SARS-CoV-1 Mpro bound complex is found to have 11 

communities, whereas the SARS-CoV-2 Mpro inhibitor complex possesses six communities and 

these communities are mapped on PSNs. In both the complexes, inhibitor binding sites were part 

of a large community, C1 (Figure 4.6).  The long loop connecting domain II & III was involved in 

the second largest community for SARS-CoV-1 complex which includes 7 nodes, 11 links, and 3 

hubs.  This connecting loop is a part of community C3 in the case of SARS-CoV-2 complex which 

includes 5 nodes, 7 links and 3 hubs. The rearrangement of communities in the inhibitor complex 
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forms in comparison to the apo forms, suggests that the inhibitors induce perturbations in the 

network connectivity. Our observations show a correlation with the previous report of RIN on 

Mpros of SARS-CoV-1 and SARS-CoV-2, with and without inhibitor N3 [Griffin et al. 2020]. 

Similarly, a recent study on topologies of Mpros by PCN methods highlights sensitive structural 

perturbations.   

 

 

 

Figure 4.6. Community structure in the inhibitor bound states of Mpro. All communities are 

mapped on their tertiary structure in different color module A) SARS-CoV-1 and B) SARS-CoV-

2. 
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4.3.4 PSN analysis on quaternary structure of SARS-CoV-2 Mpro 

It has been known that biologically active SARS-CoV-2 Mpro exists as a dimer. Previously, 

mutagenesis of E290A in SARS-CoV-2 Mpro reported loss of catalytic activity, indicating 

importance of domain III in dimerization [Chou et al. 2004]. Hence, In order to highlight structural 

differences and commonalities in the quaternary structures (homodimers) of Mpros, PSN 

parameters were computed and identified the crucial residues from the subunit interfacial region. 

Average network parameters for the two subunits of Mpros don’t show any significant changes, 

hence no correlation was drawn (Table 4.1). So, we further evaluated the previously mentioned 

network components like links, hubs, and link mediated hubs. Interestingly, these parameters were 

observed to be slightly higher for SARS-CoV-1 dimeric form (Table 4.5).   Moreover significant 

changes were observed in the hubs and links mediated hubs. A total number of 58 hubs residues 

were observed in the quaternary SARS-CoV-1 Mpro, whereas 53 hubs were noted in the SARS-

CoV-2 Mpro homodimer (Figure 4.7A). Interestingly, subtle rearrangements of hub residues in 

domain III in both homodimers were also observed. In case of SARS-CoV-1 Mpro, the residues 

such as 206: A, 259: A, 289: A, 218: B, 230: B (the alphabets A & B represent sub-units) were 

observed to form a specific hub. Similarly, the residues such as 288: A, 273: B, 288: B, 290: B 

from SARS-CoV-2 Mpro were involved in a hub formation.  In addition, specific hub residues were 

also observed in the domain II of SARS-CoV-2 (161: B, 181: B) and unfortunately these were not 

seen to form hubs in SARS-CoV-1 Mpro homodimer. Other residues such as 39: A, 141: B, 163: 

B, 172: B were also involved in hub formation in SARS-CoV-1 Mpro.  It was observed that residues 

such as 185: A, 192: A, 192: B from SARS-CoV-2 Mpro were engaged in forming active site hubs. 

These rearrangement in hub residues suggest some disruption in the inter-domain communication 

between both proteases in their quaternary structure. 
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Figure 4.7. PSN analysis on the quaternary structure of SARS-CoV Mpros. Chain A is in 

yellow, chain B is in light pink A). Residues involved in hub formation SARS-CoV-1 dimeric state 

are in purple nodes and links while for SARS-CoV-2 it is in orange color. Nodes and links shared 

in common are in green. B) & C) The residues are colored by closeness values with red, orange 

and cyan corresponding to the high (top 20%), intermediate (20~60%) and low (below than 60%) 

closeness values, SARS-CoV-1 & SARS-CoV-2., respectively. D) Consensus community 

structure analysis between both Proteases. Major communities in the complex are numbered with 

respect to its specific module color. 

 

The BC for each residue of Mpro from SARS-CoV-1 as well as SARS-CoV-2 dimeric complexes 

was analyzed and residues with high BC are listed in (Table 4.6). N-finger residues (Res. No.3 & 
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8) and C-terminal residues of domain III (Res. No. 282 & 290) that are at the interface of both 

monomers were showing high betweenness values in both the structures, indicating the importance 

of these residues in the dimer formation [Felline et al. 2020]. Additionally, these interfacial 

residues showing high BC are also involved in hub formation which suggests their role in catalysis. 

The residues at positions 28 and 144 in SARS-CoV-2 Mpro showed high BC value and their 

essentiality for enzyme activity and dimerization has been confirmed with experimental 

mutagenesis studies in homodimer formation [Barrila et al. 2010]. 

Mpro dimer 

SARS-CoV-1 SARS-CoV-2 

Residue No. BC score  Residue No. BC score 

3:A 1    2:A 0.6 
8:A 0.5    8:A 0.7 
128:A 0.6   14:A 0.5 
138:A 0.5 17:A 0.5 
282:A 0.9 28:A 0.7 
290:A 
3:B 
8:B 
128:B 
138:B 
211:B 
282:B 
290:B 
 

0.5 
0.8 
0.5 
0.6 
0.6 
0.6 
0.8 
0.5 

113:A 
118:A 
128:A 
144:A 
214:A 
285:A 
290:A 
292:A 
293:A 
2:B 
8:B 
14:B 
17:B 
28:B 
123:B 
128:B 
144:B 
214:B 
285:B 
290:B 
292:B 

0.5 
0.5 
0.6 
0.5 
1 
0.8 
0.5 
0.5 
0.5 
0.6 
0.6 
0.5 
0.5 
0.6 
0.7 
0.6 
0.6 
0.9 
0.8 
0.5 
0.5 

 

Table 4.6. Residues with highest BC value in dimeric form of Mpro 
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The closeness values of all residues were computed and classified them into three categories: ⅰ.  

High closeness value, ⅱ. Intermediate closeness values, and ⅲ. Small closeness values.  Our 

results suggested that residues from N-finger (3-11), B2 (112-117), B3 (122-130) and B4 (149-

151) of domain II might be considered as the most likely recognition sites (Figure 4.7 B&C). 

Previously, it has been reported that residue C117 makes direct interaction with N28 and plays a 

major role in the dimer stability and enzymatic activity of SARS-CoV-1 Mpro [Barrila et al. 2010]. 

Experimentally, it has been identified that N28A mutant plays a critical role in active site structural 

integrity and positions the important residues involved in dimer interface binding and catalysis of 

substrate [Hu et al. 2009]. This suggests that residues showing high closeness might be responsible 

for long range interactions that are crucial for dimerization.  

The search for shortest communication pathway led to a total of 290236 and 468290 paths for the 

Mpros of SARS-CoV-1 and SARS-CoV-2, respectively which indicates a significant increase in 

paths for SARS-CoV-2 Mpro dimeric form (Table 4.5). The total number of nodes and links along 

with the specific nodes and links in global Metapath were observed to be 60% and 21.79% for 

SARS-CoV-1 and SARS-CoV-2, respectively. Additionally, we observed some of the interface 

residues are specific to SARS-CoV-1 and those are frequent nodes in communication pathways 

(Chain A: Res. 3, 6, 123, 126, 140, 290; Chain B: Res. 4, 6, 116, 141, 122, 126, 299).  Few substrate 

binding residues (Chain A: Res. 41, 49, 144, 163, 165; Chain B: Res.163, 167) were also involved 

in the communication pathway of SARS-CoV-1 Mpro, while these corresponding frequent nodes 

were absent in SARS-CoV-2 Mpro.  In addition, average hub percent involved in the 

communication pathway was also observed to be decreased for SARS-CoV-2 (Table 4.5). These 

observations among the two suggest a change at structural communication level in the dimeric 

form of Mpro. 
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Common modules are shared among the two homo-dimeric Mpros and depicted in Figure 4.7D. 

Two large communities CI and CII consisting of active site residues from both monomers possess 

10 nodes, 15 links and 7 hubs. Third large community CIII is distributed on the strands of domain 

II in both monomers. Additionally, a fourth community was observed at the interface residues of 

both monomers; N-term residue M6 of chain A and β-strands of domain II from chain B. One of 

the residues F140 from this community has been previously reported to present on the dimer 

interface of SARS- CoV Mpro and mutation of this residue resulted in the conformational change 

of Mpro [Chou et al. 2004].   

 

4.4 CONCLUSIONS 

Our study on comparative protein structure network analysis of Mpros from SARS-CoV-1 and 

SARS-CoV-2, investigated the noticeable difference in the network parameters among the two 

proteases. Moreover, the study also highlights differential perturbation among the community 

structures in inhibitor bound form of proteins. Interestingly, the investigations helped us to probe 

subtle conformation changes associated throughout the structure of the two proteases, which 

otherwise are not evident from the crystals structures. Our observations gauge an insight into the 

diminutive structural changes which may provide an understanding towards selectivity of 

inhibitors towards Mpros of SARS-CoV-2. In addition, the investigation of PSN on the quaternary 

structure of Mpros suggests structural and network changes at the interface as well as long range 

interactions and highlights critical residue pairs for the complex formation using three centrality 

measurement parameters.  This study is a thorough comparative investigation of subtle structural 

changes that may provide an insight into designing a specific inhibitor/drug. 
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5.1 INTRODUCTION 

Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis that accounts for 1.3 

million deaths worldwide every year (World Health Organization [WHO], 2018). Although many 

novel therapeutics have been developed, still the evolving resistance strains such as MDR (multi-

drug-resistant) and XDR (extensively-drug-resistant) pose a great challenge to counter TB globally 

(Libardo et al. 2018). Moreover, the current first line of drugs offers a long treatment regimen. 

Hence, a search for new drugs or drug-like molecules that can augment the effectiveness of the 

current treatment and reduce the emerging resistance is warranted. 

Oxidative stress and accumulation of reactive oxygen species (ROS) provide a hostile environment 

in the cell, which is an inevitable challenge to invading pathogens (Imlay et al. 2013). Pathogens 

such as Mtb residues in the host phagocytes and copes with the hostile environment by expressing 

a number of antioxidant systems to ensure their survival inside its host (Trivedi et al. 2012). The 

thioredoxin and glutathione systems are two well-known antioxidant systems that provide reducing 

environments and regulate many important cellular processes such as antioxidant pathways, DNA 

and protein repair enzymes, and the activation of redox dependent transcription factors (Fahey et 

al. 2001; Lu et al. 2014). Hence, antioxidant systems have been considered as a potential drug 

target. 

Mtb thioredoxin system consists of two typical thioredoxins (TrxB and TrxC) and a single copy of 

thioredoxin reductase (TrxR) (Akif et al. 2008). TrxR reduces the Trxs by typically utilizing the 

reducing potential from the cellular NADPH. The reduced Trxs function in reducing the peroxides 

and dinitrobenzenes, and also play an important role in     



Chapter 5                                            Structure based drug design against Mtb TrxR 
 
 

detoxifying hydroperoxides. This signifies the importance of the thioredoxin system for the 

survival of a pathogen in the hostile environment of macrophages (Jaeger et al., 2004; Zhang et al. 

1999). Interestingly, as reported earlier for E. coli and other species, reduced Trxs are essential for 

nucleotide biosynthesis as they donate the reducing equivalents to ribonucleotide reductase (Lu et 

al. 2014). Transposon-mediated analysis has validated Mtb TrxR as an essential gene. Moreover, 

it has been reported that deletion of the trxR gene results in a hyper-susceptible strain (Li et al., 

2016; Zhang et al., 2012). TrxR is also shown to be essential for the growth of other organisms 

such as S. aureus (Uziel, Borovok, Schreiber, Cohen & Aharonowitz, 2004) and B. subtilis (Scharf 

et al,, 1998). Thus, considering its crucial role, the bacterial TrxR has recently been demonstrated 

as a promising drug target (Lu et al., 2013). 

The success of a structure-based drug design depends on a selective inhibition of the target 

compared to its counterpart in the human host. Fortunately, Mtb TrxR differs with the human 

TrxRs in terms of structure, sequence, and the mode of transfer of reducing equivalent. Human 

and mammal TrxR is a high molecular weight protein which, apart from NADPH- and FAD-

binding domains, consists of an extra flexible C-terminal extension of the cysteine-selenocysteine-

glycine (CUG) motif as a redox center that transfers the reduction potential to Trxs (Lu et al. 2014). 

In contrast, Mtb and other prokaryotes TrxR are a low molecular weight protein with distinct 

NADPH and FAD domains connected through a two-stranded β-sheet known as a hinge region 

(Akif et al. 2005; Waksman et al. 1994). The buried redox cysteine residues (CXXC) come out on 

the surface by a 67º rotation of the NADPH domain with respect to the FAD domain during 

catalysis to provide reducing potential to Trxs. This unique feature of TrxR has been demonstrated 

with complex crystal structure of the E. coli TrxR–Trx and Mtb TrxR structure (Akif et al., 2005; 

Lennon et al. 2000). 
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In earlier reports, TrxR–Trx interaction site of Mtb was selected as a druggable target (Koch et al., 

2013). But the main obstacle was a low hit rate of protein–protein interaction site and was 

considered not to be easily druggable. Thus, targeting an allosteric pocket near the NADPH 

domain, consisting of the interface of NADPH and FAD domains, active site, and hinge region, 

may bring about structural changes in the protein such that active site residues cannot be available 

on the surface to interact with Trxs. In recent years, TrxR from various bacterial species has been 

targeted, which has yielded some compounds demonstrated to inhibit TrxR, includes ebselene 

(Gustafsson et al., 2016; Lu et al., 2013), auranofin (Harbut et al., 2015; Owings et al., 2016) and 

gold (I)-alkynyl chromones (Hikisz et al., 2015). Still, an investigation of inhibitors with a strong 

specificity towards Mtb TrxR is needed. 

Natural compounds have been the single most productive source of leads for the development of 

drugs. Traditional Chinese Medicine (TCM) (Chen et al. 2011) is a database of natural compounds 

that follow Lipinski's rule of five and almost all compounds have a therapeutic effect. The current 

study aimed for the identification of natural compounds suitable for the potential inhibitors of Mtb 

TrxR. All natural compounds present in the TCM database were used to carry out virtual screening 

against Mtb TrxR. This led to the identification of several compounds on the basis of docking 

scores and the top two compounds were selected for further study. A detailed study of docking 

and molecular dynamics simulation (MDS) along with MM/PBSA of the selected compounds 

showed that they form a stable protein–ligand complex. Principal component analysis (PCA) and 

alteration in solvent accessibility studies confirmed the change in conformation of protein. Protein 

contact network (PCN) graphs of simulated structures of both the apo- and compound-bound 

complexes showed the changes in the degree of connectivity within the hinge region residues 

among the two structures, which signifies that binding of compounds affect the protein structure 
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and function. This is the first report where natural compounds have been screened as an inhibitor 

scaffold against Mtb TrxR. 

5.2 METHODS 

5.2.1 Preparation of the target coordinate 

The target crystal structure of Mtb TrxR (PDB ID 2A87) (Akif et al., 2005) was downloaded from 

the protein database and subjected for preparation by adding/fixing the missing side chains using 

what-if server (Vriend et al. 1990). Water and heteroatom molecules were removed from the 

coordinates. Energy minimization of 25,000 cycles of the steepest descent and 20,000 cycles of 

the conjugate gradient were performed through the Swiss PDB viewer. 

5.2.2. Virtual screening and molecular docking 

Crystal structure of Mtb TrxR was used to probe surface cavity predictions by CastP analysis (Tian 

et al. 2018). One of the well-defined allosteric cavities (area 1301.594 A2 and volume 855.756 A3) 

was selected for the virtual screening of natural compounds using iScreen web server (Tsai et al. 

2011). iScreen is a robust screening and docking server with 1) TCM integrated into CADD 

(computer aided drug design) services, 2) PLANTs module to evaluate the docking score, and 3) 

E-LEAD3D for de-novo docking. More than 20,000 compounds present in the TCM database that 

follow the Lipinski’s rule of five were screened to bind on the cavity of TrxR through PLANTS 

docking module. The docking algorithm of PLANTS is based on ant colony optimization and 

provides various conditions of docking. Out of the 200 docked compounds, 2 best compounds 

were sorted out based on the docking scores of binding in the cavity. These two compounds with 

the highest scores were further re-docked in the binding cavity  
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by a de-novo drug design method implemented in LEAD3D software module of the iScreen 

package. 

5.2.3. Molecular dynamics simulation 

To study the structural stability of Mtb TrxR-compound complexes, MD simulations were carried 

out using GROMACS 5.1.4 (Hess et al. 2008; Pronk et.al. 2013). The topology files of the protein 

and compounds were generated using GROMOS96 45a3 force field (Oostenbrink et al. 2004) and 

the PRODRG2 server (Schüttelkopf  et al. 2004), respectively. The TIP3P water model was 

implemented for water molecules. The complex system was solvated in a cubic box with water 

molecules of 1.5nm to the box wall from the surface of the protein and the system was further 

neutralized by adding Na+ counter ions. To minimize the short-range bad contacts, energy 

minimization was carried out using the steepest descent method for 50,000 steps until the largest 

force acting in the system was smaller than 10,000 kJ/mol/nm. After energy minimization, the 

temperature was equilibrated first in an NVT ensemble at 300 K for 50 ps using a modified V-

rescale Berendsen thermostat with a time constant of 0.1 ps, followed by NPT ensemble to 1atm 

using Parrinello–Rahman coupling method with a time constant of 2 ps for 50 ps. After the systems 

were equilibrated, the production run was performed for 20 ns at 300 K. The equations of motion 

were integrated with time steps of 2 fs and the coordinates were saved for every 2500 time steps 

(5 ps), which resulted in a total 4000 frames for a 20 ns simulation. The long-range electrostatics 

was controlled using Particle Mesh Ewald (PME) method with a space cut-off of 10 Å. The 

hydrogen bonds were constrained by implementing the P-LINCS algorithm (Hess et al. 2008). 

Whole analysis was done using the frames from the production run (4000 for 300 K). RMSD, 

RMSF, and SASA were respectively calculated using g_rms, g_rmsf, and g_sasa functions of 
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GROMACS. The protein structures were visualized and the figures were generated using PyMOL, 

XMGRACE, GNUPLOT, and VMD. 

5.2.4. Binding-free energy calculations of compounds 

Molecular mechanics Poisson Boltzmann surface area (MMPBSA) remains the most widely used 

method for binding-free energy calculations from the snapshots of the MD trajectory (Kollman et 

al. 2000). MMPBSA calculates free energy interaction of protein–ligand complexes in three steps: 

1) calculates potential energy in the vacuum, 2) calculates polar solvation energy, and 3) calculates 

non-polar solvation energy. The binding-free energies of the complexes between compounds and 

TrxR were analyzed during equilibrium phase by capturing snapshots from the last frame 15 to 20 

ns MD simulations, using g_mmpbsa tool of GROMACS (Kumari et al. 2014). Particularly, the 

binding-free energy of protein–ligand complex in the solvent was expressed as: 

∆Gbinding = Gcomplex – (Gprotein + Gl igand) 

where Gcomplex is the total free energy of the protein-ligand complex, Gprotein and Gligand respectively 

are total energy of separated protein and ligand in the solvent. The free energy for each individual 

Gcomplex, Gprotein and Gligand were estimated by: 

GX = Emm + Gsolvation 

where x is the protein, ligand, or complex, Emm is the average molecular mechanics potential 

energy in vacuum, and Gsolvation is the free energy of the solvation. The molecular mechanics 

potential energy was calculated in vacuum as: 

Emm = Ebonded + Enon-bonded = Ebonded + (Evdw + Eelec) 

where Ebonded is bonded interaction including bond, angle, dihedral, and improper interactions and 
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Enon-bonded is non-bonded interactions consisting of van der Waals (Evdw) and electrostatic (Eelec) 

interactions. ΔEbonded is always taken as zero. 

The solvation free energy (Gsolvation) was estimated as the sum of electrostatic solvation free energy 

(Gpolar) and apolar solvation free energy (Gnon-polar): 

Gsolvation = Gpolar + Gnon-polar 

where Gpolar was computed using the Poisson-Boltzmann (PB) equation and Gnon-polar was estimated 

from the solvent-accessible surface area (SASA) as: 

Gnonpolar = γSASA + b 

where γ is a coefficient related to the surface tension of the solvent and b is a fitting parameter. 

The values of the constant are as follows: 

γ = 0.02267 kJ/mol/Å2 or 0.0054 Kcal/mol/Å2 

b = 3.849 kJ/mol or 0.916 Kcal/mol 

5.2.5. Principal component analysis 

Principal component analysis (PCA) was performed to obtain a mass-weighted covariance matrix 

of the protein atom displacement, which is indicative of the dominant and collective modes of the 

protein. This covariance matrix is diagonalized to extract a set of eigenvectors and eigenvalues 

that accurately reflect the concerted motion of the molecule. The GROMACS inbuilt tool g_covar 

was used to yield distinct eigenvalues and eigenvectors by calculating and diagonalizing the 

covariance matrix, whereas the g_anaeig tool was used to analyze and plot the eigenvectors (David 

et al.  2014). The first two eigenvectors represent the highest eigenvalues and are adequate to 

capture the overall motion of the protein. 
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5.2.6 Protein contact networks analysis 

Protein contact network (PCN) was performed to carefully analyze changes between the 

interacting residues by the comparing contact maps of the apo and holo complex structures of the 

TrxR using CMView (Vehlow et al. 2011). The network is a graph where each residue corresponds 

to a node, and two nodes are connected by an edge if and only if the two residues are in contact. 

Two residues are considered to be in contact if they are spatially closed in the three-dimensional 

structure and are specified by two key parameters: contact type and distance cutoff. The contact 

type defines a subset of atoms of the residue. The most commonly used cutoff values for Cα-based 

PCNs are 0.7 nm to 0.8 nm. RING 2.0 web server was used for the identification of both covalent 

and non-covalent bonds in protein structures (Piovesan et al. 2016). The RING output was 

visualized directly using Pymol and the python script of RING-Viz script. 

5.3 RESULTS AND DISCUSSION 

Discovery of anti-tuberculosis drugs has been a challenge due to the alarming emergence of MDR 

and XDR strains of Mtb, making tuberculosis a global health threat. Moreover, the existing anti-

tuberculosis drugs have been associated with various side effects. Therefore, extended efforts are 

needed for the identification of a novel target and the discovery of a specific anti-tuberculosis drug. 

Many computational tools are available for the structure-based drug design and optimization of 

lead compounds. Mtb TrxR has been shown to be a druggable target, which helps mycobacteria to 

survive against oxidative killing in the host cell. Earlier inhibitors of Mtb TrxR were designed 

based on a protein–protein interaction site. It has been known that protein–protein interaction site 

has a low hit rate in inhibitor designing efforts. Moreover, it is not easily druggable. Allosteric 

sites on protein are considered to be a druggable target for designing a selective inhibitor. Hence, 
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an allosteric site is chosen for the specific targeting of Mtb TrxR. Mtb TrxR has a unique feature 

of catalysis compared to the higher eukaryotic TrxR. It requires rotating the NADPH domain 

through the hinge region to bring about the catalysis. Hence, the cavity around the hinge region is 

targeted in our study using virtual screening of natural compounds from the TCM database. 

5.3.1 Structure-based virtual screening and docking 

The virtual screening function in iScreen identifies potential TCM compounds by a docking 

algorithm based on the protein structure and the binding site information. The predicted cavity 

with an area of 1301.554A2 and volume 855.756A3 located between the NADPH and FAD 

domains, as shown in (Figure 5.1 A), was utilized for the binding analysis of TCM compounds 

and which in turn generated a docking score of each compound (Table 5.1). Among all 

compounds, two promising compounds (called here compound1 and compound2) were selected 

based on their docking score value and interaction orientation in the complex. Pharmacokinetic 

study of inhibitor compounds plays a critical role in the development of a drug. Since these 

compounds are screened from the TCM database, they have acceptable absorption, distribution, 

metabolism, and excretion criteria. The two-dimensional chemical structures of the screened 

compounds are shown in (Figure 5.1 B). 
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Figure 5.1. Predicted binding cavity on the Mtb TrxR structure shown in surface representation 

(circled in red). The screened compounds docked in the cavity are shown in the blowup. B) The 

chemical structure of two screened compounds: compound1, officinaruminane_B and compound2, 

dichotomine_D. 

 

TCM compound iScreen Dock Score Autodock Score (kcal/mol) 

 Compound 1 -96.9407 -5.54 

 Compound 2 -85.5386 -5.66 

 

Table 5.1. Docking score of top two screened compounds from the TCM database. 

 

5.3.2 Binding interaction analysis of hit compounds 

Binding interactions of hit compounds with the binding cavity in TrxR were analyzed with 

LIGPLOT (Wallace et al. 1996) as well as manually (Figures 5.2A & 5.2B). Different types of 

molecular binding interactions were observed to stabilize the compounds in the binding cavity and 

the most prominent is the hydrophobic bonding interaction with important residues near the active 

site and hinge region as well as the interface residues of NADPH and FAD domains. The binding 

pattern within the cavity is almost similar in both compounds except that three additional hydrogen 

bonds were observed between compound2 and the side chains of Arg295, Glu170, and His250. 

Interestingly, it was also observed that cation pi and pi–pi interactions in both cases are crucial for 

an enhanced binding stability in the cavity. It is not surprising that hydrophobic interactions also 

contribute to the stable binding of the inhibitor to the protein target, as it has been reported earlier 
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for the inhibition of MDM2 by polyphenols (Verma, Grover, Tyagi, Goyal, Jamal, & Singh et al., 

2016). 
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Figure 5.2. LIGPLOT and a 3-D representation of protein–ligand interactions of the screened 

compounds in the selected cavity of Mtb TrxR. A) Compound1 B) Compound 2. Hydrophobic 

interactions are shown in brick red arch and hydrogen bonds are shown with green dashed lines. 

5.3.3 Analysis of Molecular Dynamics Simulations 

In order to study the stability and dynamic behavior of the two hit compounds in the complex with 

Mtb TrxR, a molecular dynamics simulation study was performed for 20 ns. The conformational 

stability and convergence of TrxR and TrxR bound with hit compounds (TrxRcomp1, TrxRcomp2) 

were evaluated by calculating the root mean square deviation (RMSD) of the backbone atoms. 

RMSD of the protein backbone against the time of the simulation is represented as trajectories 

(Figure 5.3A). These trajectories show that the system obtained adequate stability after 15 ns of 

the molecular dynamics simulations, explained by the low variation of the TrxR protein backbone 

after forming a complex with the individual compound. Interestingly, while both compound 

complex forms showed similar RMSD trends, the apo form of TrxR tended to have a higher RMSD 

after 15 ns of the simulation. The higher RMSD is due to enhanced motion of one of the loops 

(region 47–72) from the FAD binding domain. This loop is observed to be stabilized by forming 

new hydrogen bond interactions with one of the α-helices of the NADPH domain in the 

compound1 complex form of TrxR. 

Individual amino acid residues of a protein play a significant role in providing stability to selective 

inhibitor binding to the protein. Hence, the position and the relative flexibility of each amino acid 

residue of TrxR were analyzed in the molecular dynamics simulations. The RMSF trajectories give 

information about each amino acid fluctuation in TrxR as shown in (Figure 5.3 B). A movement 

(>6 Å) can be observed in the loop region (residues 47–72) of the FAD domain of the apo-TrxR 
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protein, which overlaps with the high RMSD. Binding of the compounds altered the RMSF of this 

region, suggesting that fluctuation of the loop region facilitates the compounds to bind. The 

binding induces conformational changes in both NADPH and FAD domains. The compounds 

binding residues in TrxR, such as A51, A124, A126, S144, C145, T147, C148, S166, E169, E170, 

and F173, are relatively stable and fluctuate little. In fact, no significant fluctuations of amino acid 

residues were observed during the entire simulation. As reported earlier (Akif et al. 2005; 

Waksman et al. 1994), the motion of NADPH domain with respect to the FAD domain is 

functionally important for the catalysis. The hinge region is less flexible but provides a pivotal 

point for functionally relevant motion of the NADPH domain. However, to test the effect of the 

compounds in the hinge region, we performed position restrained MDS, in which hinge region 

residues were position restrained. Simulation of the restrained apo-TrxR for 20 ns provided an 

average RMSD of 0.1 nm whereas the average RMSD of the unrestrained TrxR was observed to 

be more than 0.3 nm. Further, similarity in the RMSD profile of the restrained apo-TrxR and the 

compound bound complexes suggests the rigidification of the hinge region upon binding of the 

compounds (Dantu et al. 2016). Binding of compounds with TrxR, mostly through hydrophobic 

interactions, caused conformational changes and formed a new set of interactions between the 

NADPH and the FAD domains. This suggests that the new interactions between the two domains 

would resist functionally relevant motion for the catalysis. In addition, compound1 was also 

observed to interact with the active site residues of TrxR. 

Solvent accessible surface area (SASA) is a parameter computed using the gmx_sasa module of 

GROMACS, which measures the proportion of protein surface exposed to the water solvent. The 

buried amino acid residues in the hydrophobic core of the protein are the driving force for protein 
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folding. The relative value of SASA can predict the extent of conformational changes in the protein 

that have occurred during the course of binding (Marsh et al. 2011). The SASA value for an 

unbound protein was calculated to be 180 nm2 whereas the compound-bound protein exhibited a 

slight decline in the solvent residual exposure. The average SASA value of the bound compounds 

1 and 2 was calculated as 160 and 163 nm2 respectively (Figure 5.3 C). This indicates that bound 

forms were least exposed to the water solvent during the 20 ns of the MDS, which could suggest 

that the binding of compounds changed the conformation of the protein and that it could provide 

an irreversible inhibitory effect by binding to the interactive surface residues near the protein 

hydrophobic core. 
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Figure 5.3. A) Backbone RMSD vs time. B) RMSF vs residue number. Secondary structure 

arrangement of TrxR according to residues shown on the top of the RMSF plot. C) SASA vs time 

of apo-TrxR complex with compound1 and compound2 and the trajectories are represented in 

black, red, and green respectively. 

 

5.3.4 Evaluation of binding affinity with the protein molecule 

The free energy calculations using MM/PBSA method provides an important parameter for 

estimating the binding affinities of ligands with a protein molecule (Wang et al. 2013). The 
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MM/PBSA calculations yielded the binding-free energies of compounds 1 and 2 with TrxR, listed 

in Table 5.2. The results indicate that compound1 possessed a higher negative binding free energy 

value of −151.385 kJ/mol compared to compound2, which had the value of −121.613 kJ/mol. 

These binding energies suggest a significant potential for the formation of stable molecular 

interactions with amino acid residues of the TrxR. Interestingly, it was noted that Van der Waals, 

electrostatic interactions and non-polar solvation energy negatively contributed to the total 

interaction energy while only polar solvation energy positively contributed to the total free-binding 

energy. Overall, the high negative value of Van der Waals energy suggests massive hydrophobic 

interactions are dominant in the formation of a stable protein–ligand complex.  

 

System Energy (kJmol−1) 

Van der 

Waals  

Electrostatic  Polar 

Solvation  

SASA  Total 

TrxR_compound 1 −208.35 

±10.43 

−5.30 ±4.79 80.86 ±15.74 −18.58± 1.15 −151.38 

±14.43 

TrxR_compound 2 −166.76 

±6.71 

−15.00 ±8.69 74.79 ±9.55 −14.63 ±1.00 −121.61 

±9.57  

 

Table 5.2. Average MM/PBSA free energies of Mtb TrxR complexes with compounds, calculated 

from the MD simulation performed at 20 ns. 

 

5.3.5 Analyses of protein conformational variation 

The MD trajectories of the system were inspected with the principal components to get a better 
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understanding of the conformational changes of Mtb TrxR in the complex with two compounds. 

Correlated motion plot shows how atoms move relative to each other. Motions can be correlated 

(in the same direction), anti-correlated (in the opposite direction), or uncorrelated (Kasahara et al. 

2014). Anti-correlated motions were observed to be significantly dominant in the complex forms 

(Figure 5.4). A summary of significant motions between two domains/regions such as NADPH–

FAD, NADPH–Hinge and FAD–Hinge is presented in Table 5.3. 

 

System Regions 

NADPH-FAD NADPH-Hinge FAD-Hinge 

Apo TrxR Weakly correlated Weakly correlated Weakly correlated 

Compound 1 Mixed Mixed Strongly-anti correlated 

Compound 2 Weakly-anti-correlated Weakly-anti-correlated Weakly-anti-correlated 

 

Table 5.3. Dominant motion of atoms in NADPH and FAD domains and the hinge region of the 

protein 
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Figure 5.4. Covariance matrix plot of apo and complex form of Mtb TrxR during 20 ns MD 

simulation. A) apo–TrxR. B) complex with compound1. C) Complex with compound2. The 

positive and negative limits are shown. 

 

The magnitude (eigenvalue) and direction (eigenvector) of overall atomic motions in the apo- and 

complex bound forms of TrxR were evaluated using principal components (PC) (Peng et al. 2014). 

The first few components can be interpreted as directions, which represent the maximum variance 

in the backbone atoms. The first two eigenvectors of the apo-TrxR and complex-bound form 

represent a significant number of conformational dynamics (Figure 5.5). The projections of the 

A) B) 

C) 
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motion on the first two eigenvectors imply that the TrxR complex covers a small space and shows 

a reduced number of conformational motions along PC1 and PC2 projections as compared to the 

apo-TrxR. In complex-bound forms of TrxR, each point in phase space describes the specific 

conformation and reduced displacement in phase space highlights lower conformational sampling 

upon binding with the compounds. Additionally, the conformational sampling of both systems was 

inspected by tracing the covariance matrix for backbone atom positions. For apo-TrxR, the 

covariance trace value was observed to be 40.44 nm2 and lower covariance trace values of 31.82 

and 32.98 nm2 were observed for both compound1 and compound2 complex bound forms 

respectively (Figure 5.5). Overall, PCA suggests that binding of both compounds with TrxR results 

in a significant change in the overall motion of TrxR with a compressed conformational space. 

                

Figure 5.5. PCA plot constructed by eigenvector 1 and eigenvector 2. The conformational 

sampling of apo state, compound1 and compound2 bound to the TrxR is represented in black, red, 

and green respectively. 
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The simulated structures of both complexes causing the conformational variations in the protein 

domains were also analyzed using the PCN (Protein Contact Network) method that reveals 

differences in contacts among the nodes (Piovesan et al. 2016). It indicates that the total number 

of contacts were slightly increased in the active site region as well as in the interface of NADPH 

and FAD domains in the complex structure as compared to the apo-TrxR. While the number of 

contacts in the hinge region remains unchanged in both cases as compared to the apo-TrxR (Figure 

5.6). It suggests that the rearrangement of contacts between the interface domains contributes to 

the conformational changes in the complexes. Moreover, it was also observed that the binding of 

compounds impacted the local interaction network between the NADPH and FAD interface 

domains and the number of linked nodes, links, and links mediated by hubs were slightly changed. 

Furthermore, the center of mass distance between NADPH and FAD interface regions of the 

compound-bound forms of TrxR was found to change significantly as compared to the apo-TrxR 

form. The center of the mass moved closer in the compound-bound forms (Figure 5.7). This clearly 

suggests that the binding of the compounds to TrxR restricts the conformational flexibility. 

         

Figure 5.6. Protein contact network of the apo and compound bound Mtb TrxR. Contact 

network of among the residues of the apo and the compound-bound forms of TrxR. 
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Figure 5.7. Center of mass distance calculation between the NADPH and the FAD interface 

domain residues. A) Apo form B) Compound1 bound form C) Compound2 bound form. 

 

Furthermore, the comparison of the structures of apo-TrxR with the compound-bound forms of 

TrxR revealed a significant shift of one of the α-helices from the NADPH domain of TrxR–

compound1 towards FAD domain and was observed to stabilize by many new hydrogen bonds. 

The carbonyl oxygen of Gly139 of the NADPH domain forms a H-bond with the side chain of 

Thr54 of the FAD domain. In addition, Glu134, Glu135 of the NADPH domain formed H-bonds 

with Ser47, Gly49, 50 of the FAD domain, respectively (Figure 5.8). The formation of additional 

contacts in the complexes may restrict the conformational flexibility of the NADPH binding 

domain, which in turn may inhibit the ability of Mtb TrxR for transferring the electrons to the 

substrate thioredoxin. 
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Figure 5.8. Superimposition of structure of the apo–TrxR and compound1 complex form of TrxR 

and their respective domains are shown in different colors. The NADPH domain of complex and 

apo–TrxR is represented in dark gray and light gray respectively. The FAD domain of complex 

and FAD domain is shown in dark green and light green respectively. Dotted circles show the 

orientation of the α-helix in both. The H-bonds formed between the residues from NADPH and 

FAD domains in the complex are shown in the blowup. 

 

5.4  CONCLUSIONS 

Mtb TrxR has been validated as an essential gene of Mtb and also shown to be a druggable 

candidate. This study reports screening of natural compounds from the TCM database against Mtb 

TrxR. This led to the identification of 200 compounds and the top two compounds, compound1 
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and compound2, were selected. Both compounds bound to the hydrophobic groove of the Mtb 

TrxR and the binding was stable throughout the MDS. Finally, the data obtained in the study 

indicate that both these natural compounds may have the potential to bind with Mtb TrxR and can 

be used as lead molecules for the inhibition of Mtb TrxR.  
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6. 1 SUMMARY 

In the current paradigm of treating infectious diseases, protein molecules are the best therapeutic 

targets. They are involved as essential virulence factors of many microorganisms. Studying the 

structure-function relationship of any therapeutic target is important for understanding its role in 

the diseased state. The function of a protein is determined by its three-dimensional structure. This 

information is required for designing therapeutics. The static structure obtained from X-ray 

crystallography or NMR is not enough to define the functional states of the protein. It has been 

observed that specific modulations in the protein structure, like mutations and interaction with 

other entities, may influence the protein's three-dimensional shape, which can result in changes in 

function. However, some cases have been observed where modulations bring change in function 

with little change in its 3D structure. So, this suggests there is a missing link between the structure 

and function paradigm. It is challenging to extract the subtle protein structure differences due to 

modulations that maintain the structural integrity. Protein’s conformational flexibility and 

dynamics contribute towards understanding the molecular mechanism, which suggests that the 

dynamics of protein structure bridge the gap between structure and function. The thesis work 

attempts to investigate the effect of modulations on the protein structure, which is not detectable 

at the structural level but influences the role in binding. For the investigation, three well-known 

therapeutic targets were taken into consideration. Integrative Protein Contact Network (PCN) and 

Molecular Dynamics Simulation (MDS) approaches were utilized to study the dynamics of small 

conformational changes that lead to the change in the protein's function.   

Amino acids interaction networks in a protein provide an insight into the molecular mechanism of 

protein folding and unfolding, probing hotspot residues, and identifying allosteric effects. Our 
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study constructed the Protein Structure Graph on a single static structure and applied the ENM-

NMA approach for building a network based on the cross-correlation of motion between the atoms. 

The study also used Molecular Dynamics Simulations to investigate protein dynamics at the 

atomistic level. It is an important approach to extracting the molecular mechanism of biomolecules 

in different physiological conditions. The protein undergoes different modulations, which result in 

conformational changes due to the gain or loss of contacts. Using these combinatorial approaches, 

one can uncover various changes that are not even identified at the structural level.  

In our study, three different therapeutic targets from two different systems were chosen. The first 

system is a topical interest target, spike protein, from SARS-CoV-2. The spike protein is an 

important drugable and vaccine candidate. It consists of two domains: S1 and S2. The S1 domain 

includes NTD (N-terminal Domain), CTD (C-terminal Domain), SDI, and SDII (sub-domain I& 

II) domain. RBD is present in CTD, which binds with the ACE2 receptor. In this current pandemic 

storm, several mutations have been identified in Spike protein, making the available vaccines 

ineffective. In the early days of the pandemic, three Variants of Concern (VOCs) of SARS-CoV-

2 gained much attention; alpha, beta, and gamma strains. The gamma variant, also known as the 

P.1 variant of SARS-CoV-2, possesses 12 mutations on the spike protein. Previous In-vitro 

kinetics data shows that the P.1 variant displays greater affinity towards the ACE2 receptor than 

the prototype strain. However, the cross-structure RMSD between spike proteins of wild-type 

(WT) and P.1 variant was almost negligible to 0.2 Å. Hence, it intrigued us to identify the factors 

responsible for the change in the affinity of the P.1 variant. How are mutations making the 

available drugs/vaccines ineffective without any change at the structural level? To address this, 

Protein Contact Network and dynamics approaches were applied to identify the subtle changes 

responsible for the increase in affinity with the ACE2 receptor. Protein contact network analysis 
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has suggested that mutations on the RBD have perturbed the network parameters like hubs, 

communities, and shortest communication pathways, which results in the loss of nodes and links 

participating in the network parameters in the P.1 variant. Further, the effect of mutations outside 

the RBD domain was also investigated. The observation highlighted the rearrangement of node-

wise contacts, but the alteration was more confined to the core of the NTD in the P.1 variant.   A 

comparison of the thermodynamics of spike protein of wild-type and P.1 variant also suggests that 

mutations provide a destabilizing effect. Our comparative dynamics study highlighted the 

conformational variations among the RBD-ACE2 and truncated S1 domain-ACE2. The PCA 

results suggested more conformational heterogeneity in the P.1 variant than in the wild type. 

Overall, the results indicated a loss of interactions among the domains, which account for greater 

flexibility and better conformational adaptability in the case of the P.1 variant. 

In the subsequent section, a small molecule therapeutic was designed to target the interface region 

of the RBD-ACE2 complex from the P.1 variant. The chosen parent small molecule (SSAA09E2) 

was already a validated potent inhibitor against the interface RBD-ACE2 complex of the SARS-

CoV-2. But the same inhibitor showed less affinity for the same complex of the P.1 variant.  This 

observation emphasized our theme that modulations in the protein have maintained structural 

integrity, but the binding potency of the inhibitor differs. Using the parent 

molecule SSAA09E2, various analogs were designed through a fragment replacement approach. 

The approach used to probe the fragment’s space to be replaced with other active compounds.  

Among all the screened compounds, only two analogs were chosen that showed better affinity than 

the parent compound. Binding conformational analysis suggested that both compounds are sitting 

on the interface of RBD-ACE2. They were also involved in potential interactions like hydrogen or 

other covalent interaction with the interface residues. Molecular Dynamics Studies for 200ns 
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demonstrated the stability of designed analogs inside the cavity. The RMSD profile of both 

compounds suggested that the protein backbone trajectory was stable throughout the simulations 

and also maintained some crucial interactions involved with the interface residues. Binding free 

energy calculation also indicated that both compounds have high negative free energy values with 

the protein complex. The residue-wise energy contribution suggested that the interface residues 

had the most significant contribution in the binding of designed compounds at the interface of the 

RBD-ACE2 complex. Additionally, the results highlighted the molecular mechanism of designed 

compounds on the RBD-ACE2 binding. The RMSF of the interface region of RBD has increased 

significantly for the compound-bound complexes. The increased flexibility can lead to higher 

entropy penalty, negatively influencing the binding energy. Additionally, both compounds also 

showed some secondary effect on the functional conformation of the RBD of the spike protein for 

some region which was away from the interface. Our residue-wise RMSD analysis also 

corroborates with RMSF results. The effect of the compounds in the complex was further analyzed 

on the internal motion of the RBD-ACE2 complex. The conformational space sampling confirms 

that the compound 1 bound complex was observed to occupy a greater area along its first and 

second principal components. The porcupine plots indicated a change in the internal motion for 

both compound-bound complexes. Hydrogen distances between key interface residues increased 

after binding both the compound bounds.  This may bring about a disruption in the interfacial 

residues interaction. Overall our work suggests that both compounds have the potential to induce 

structural changes both locally and globally, which can interfere with the critical interface 

residues.  

The second system chosen for our study was Mpro from SARS-CoV-2. It has been designated an 

important drug target because of its essential role in processing polyproteins translated from the 
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viral RNA. Mpro from SARS-CoV-1 and SARS-Cov-2 shares a high degree sequence identity of 

96.1%. So early in the pandemic, it was hypothesized that designed inhibitors against SARS-CoV-

1 Mpro may also have the same effect. Unfortunately, the reported inhibitors had shown differential 

inhibition on the activity of Mpros from SARS-CoV-1- and SARS-CoV-2. The Mpro is a homodimer 

cysteine protease where each protomer consists of three domains, domain I (residue 8-101), 

domain II (residues 102-184) and domain III (residues 201-303) and catalytic residues and the 

substrate binding sites are situated between domains I and II. Though, Mpros from SARS-CoV-2 

and SARS-CoV-2 show slight variation at the amino acid sequence level. But no significant 

structural changes were noticed. Hence it was hypothesized that the changes in amino acid 

could contribute to the differential effect of inhibitors on Mpros. In this study, with the application 

of a protein structure network (PSN), minor conformational changes associated with the protein 

structure were investigated.  The PSN analyzed important network parameters like degree, 

hubs, betweenness centralities, communities, and shortest paths. First, the analysis was focused on 

the apo form of Mpro from SARS-CoV-1 and SARS-CoV-2. A change in the degree of residues at 

the active site regions was observed. In addition, a change in the degree of residues was also 

noticed at the N and C-terminal residues, which were crucial for the dimerization of Mpro. 

Interestingly replacement of A46 in SARS-CoV-1 Mpro with S46 in SARS-CoV-2 Mpro resulted in 

the rearrangement of contacts and was observed to form new connections. The total number of 

hubs was also changed in both cases. Few hubs were distinctive to each structure, suggesting their 

important role in interactions and stability. We have analyzed the residues involved in the 

high betweenness centrality. Residues with high BC were involved in the formation of new 

contacts. Further, we have analyzed the community structure analysis on both structures. The 

rearrangement of modules was observed throughout the structure, indicating the perturbation at 
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the global level in the 3-D structure of two proteins. Then, we constructed PCN on inhibitor-bound 

complexes to analyze the network parameters of inhibitor-bound complexes. The binding of 

inhibitors to the Mpro generated many hubs at the inhibitor binding site. Few hubs are unique in 

each structure, suggesting their role in the specificity of inhibitors. Further, we have analyzed 

perturbations in inter and intra-subunit communication due to the binding of inhibitors. We have 

analyzed the meta-path and mapped the residues participating in each path. There was an 

increase in the length of communication paths for the SARS-CoV-1 inhibitor-bound complex. We 

have also observed the changes in the most frequent nodes and links in structural 

communication. Community rearrangements suggest that the inhibitors induce perturbations in the 

network connectivity compared to the apo form. As it has been reported that biologically active 

SARS-CoV Mpro exists as a dimer, we have constructed PCN on its dimeric state and computed 

the PCN parameters. The result highlighted the identification of the crucial residues from the 

subunit interfacial region. 

The third target, Thioredoxin Reductase (TrxR), was chosen for our study from the bacterial 

system, Mycobacterium tuberculosis (Mtb).   TrxR is a well-known therapeutic target and 

antioxidant system involved in redox potential and provides a reducing environment to the Mtb 

inside macrophages.  Mtb TrxR consists of two domains NADPH and FAD binding domain. The 

distance between NADPH and FAD binding region is 15 Å apart, which is very large for any 

electron transfer mechanism. Hence, a rotation of 66◦  in the NADPH domain with respect to the 

FAD domain is required for the catalysis. This rotation is possible due to a hinge region in the 

protein.  It has already been demonstrated that this conformational rotation is essential for the 

activity of TrxR. Our study hypothesized to restrict this conformational change by designing a 

compound-like molecule targeting the interface residues from NADPH and FAD along with the 
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hinge region residues. First, we probed a druggable pocket and a cavity of area 1301.554A2 and 

volume 855.756A2 located between the NADPH and FAD domains subjected to the screening 

process. We screened 20,000 natural compounds from the Traditional Chinese Medicine database 

and took the first two compounds for our study, which showed high docking scores. Then we 

applied 20ns MDS on the apo and compound-bound complexes to analyze the stability and 

molecular mechanism behind the screened compounds. The RMSD trajectory was very stable for 

all three systems. But for the apo form, it was quite high after 15ns. The increased flexibility region 

stabilized in the compound-bound complexes. Protein residues interacting with compounds had 

reduced flexibility compared to apo form. The average SASA value for the apo state was also high 

in the apo case, indicating the change in conformation where compound-bound complexes were 

less exposed to water. The binding free energy calculation showed compound1 had a higher 

affinity than compound2. Further, the PCA analysis has suggested that the ani-correlation between 

the atoms was more dominant between the compound-bound complexes. The magnitude and 

direction of motion were also changed, where the compound-bound complexes covered less space. 

Additionally, we have analyzed the change in contact pattern by constructing PCN on all three 

complexes. It indicated that the total number of contacts was slightly increased in the active site 

region and the interface of NADPH and FAD domains in the complex structure compared to 

the apo-TrxR. So there was a rearrangement of contacts in both domains, indicating that both 

compounds were causing the conformational change in the protein. So it suggested that both 

compounds have the potency to bind with Mtb TrxR and can be used as a lead molecule to 

inhibit Mtb TrxR. 
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Overall, the study of the three different therapeutic targets highlights the following conclusions   

 A subtle change in conformation induces a change in function due to modulation caused 

by several factors like mutations, inhibitor binding, or other types of interactions. 

 PCN and MDS are useful approaches to identifying the subtle changes which are not 

identified at the structural level. 

 An understanding of the dynamics of proteins can help in identifying the conformational 

changes obtained from static protein structures. 

 Integrating PCN and MDS studies can help in identifying the important residues which are 

contributing to change in function but maintain structural integrity. 
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