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Proteins are the machinery of life that allow a living system to maintain a low-entropy, 

non-equilibrium state. The functioning of many proteins relies on a protein’s ability to 

change its conformational shape. The structural changes can be triggered by atomic or 

molecular binding with other molecules or by mutations in the amino acid sequence of the 

protein. In this dissertation, I investigate the molecular details of the conformational 

changes in a SARS-CoV-2 viral protein called the spike protein, and an archaea cellular 

protein called PfMATE and explored how conformational changes affect the functioning 

of these proteins. I also performed molecular docking-based drug screening targeting the 

corona virus E protein to create a set of drugs that can potentially be repurposed.

Recently, the Omicron variant of SARS-CoV-2 has undergone additional mutations and 

shown unparalleled transmissibility compared to other strains of the virus. I 

computationally investigated the role of mutations in the Omicron spike protein that binds 

the virus to the host cell’s ACE2 protein. My results suggest that, compared to the WT and
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Delta variant, the mutations in the Omicron spike protein facilitate a more efficient 

conversion between “down” and “up” protein conformations as well as more efficient 

attachment to ACE2. These effects, combined with conformational changes that allow 

antibody evasion, may have contributed to Omicron’s dominance over Delta.  

In the PfMATE protein project, I performed molecular dynamics (MD) simulations to 

investigate the flexibility of five different PfMATE structures. Various analysis techniques 

based on MD computations provide information on how protonation of specific amino 

acids or the presence of Na+ can induce cascading structural changes responsible for the 

transition between inward and outward facing configurations. These structural transitions 

allow the PfMATE to expel molecules, which can produce drug-resistance by allowing the 

expelling of antibiotic molecules before they perform the desired damage to the archaea 

cell.  

The E protein of SARS-CoV-2 plays an essential role in assembling the virus, mediating 

the budding process, and releasing the progeny viruses into the host cells. I examined US 

Food and Drug Administration (FDA) approved and investigational drugs and used them 

to target the E protein to obtain drug-protein complexes using molecular docking. The top 

six complexes were selected based on the docking score and embedded in the ERGIC 

membrane and relaxed with unconstrained MD simulations to investigate their stability. 

Their pharmacological properties were also predicted. The top-scoring, most stably bound, 

and clinically safe compounds are proposed as potential candidates for drug repurposing. 
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1. INTRODUCTION 

1.1 Proteins and Their Conformational Changes 

Proteins are the machinery of life that allow a living system to maintain a low-entropy, 

non-equilibrium state. Proteins vibrate, move, fold, and perform work. They are naturally 

occurring molecular machines and perform most of the tasks for a living cell1,2. A protein 

is a one-dimensional chain of amino acids and attain a particular three-dimensional folded 

shape through ionic and hydrogen bonds, hydrophobic and hydrophilic interactions, and 

disulfide bridges among amino acids. This three-dimensional shape of a protein is called 

its tertiary structure3-7. Based on the Plasma Proteome Database8, there are about 20,000 

proteins known to exist in the human body. Each of them has a specific shape, size, and 

function in the cell that determines the overall physiological condition of a human body. 

Proteins perform a variety of biochemical and biophysical functions: controlling growth 

and maintenance9-12, giving structural rigidity to cells and tissues13-15, performing 

biochemical reactions16,17, producing antibodies to fight infections18,19, acting as hormones 

and chemical messengers20, maintaining pH21-23, providing energy24 etc.  

Protein functions require biomolecular interactions that are highly dependent on protein 

structural conformations25,26. Some proteins perform their function with static structures as 

in the lock-and-key model27 which does not require any structural changes, while allosteric 

transitions28 are necessary for other proteins to function. The induced fit mechanism29-31 is 

a versatile mechanism that requires conformational changes in the interaction process.  

Though proteins perform all the essential functions to maintain the health of a cell, they 

are also responsible for infectious diseases32-35 caused by pathogens. Viral proteins play a 

critical role in paving the way for viral material to enter the host cell and allowing the virus 
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to hijack the host cell’s genetic machinery to make copies of the viral particles that are 

released throughout the host to infect other cells. For bacterial infections, proteins help 

attach to the host cell receptors, act as a toxin, offer drug resistance, etc. 

Recently, the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) caused 

the coronavirus disease outbreak of 2019 (Covid-19) and brought about a global 

pandemic36-38. The molecular-level details of the proteins associated with the pathogenesis 

of the virus are of prime importance to identify the biological processes of the virus and 

develop vaccines and drugs that can target different proteins to inhibit the infection. 

Although successful vaccines are already on the market, the continuous mutations 

occurring in different viral proteins cause differences in the molecular dynamics, thereby 

changing the transmission intensity, disease severity, and possibly cause immune 

evasion39-42. Also, all the vaccines were made by concentrating on the corona virus spike 

protein that attaches to the human host cell protein Angiotensin Converting Enzyme 2 

(hACE2) to mediate viral entry. Other viral proteins, like the envelope (E) protein, can also 

be a potential target for vaccines and drugs as it plays critical roles in acting like an ion 

channel and introducing host cell inflammsome43,44. It also takes part in the assembly, 

budding, and release of progeny viruses45. 

Like viruses, bacteria also use proteins to cause disease with toxins. In addition, bacterial 

membrane proteins that normally expel foreign molecules can also expel antibiotic 

molecules and thereby cause drug resistance in the bacterial cells. It’s been reported that 

the antibiotic norfloxacin is affected by a Multidrug and Toxin Extrusion (MATE) protein 

found in single cell archaeon Pyrococcus furiosus46. Because of the ability to expel 

antibiotics before they can kill the cell, multidrug transporter proteins have received much 
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attention from researchers46,47. MATE transporter proteins are thought to function by 

switching their structural configuration between an inward-facing cone to an outward-

facing cone. This structural change can allow a toxic molecule inside a cell to float into the 

inward facing configuration and float out of the cell after the MATE protein has switched 

to an outward-facing configuration. Thus, MATE proteins allow cells to extrude antibiotic 

molecules and develop resistance to a wide range of drugs, e.g., fluoroquinolones, 

anticancer agents, antibiotics, and some vitamins48,49. However, we still lack a molecular-

level understanding of the underlying dynamics of the multidrug transport protein’s ability 

to change shape50. 

 

1.2 SARS-CoV-2 Omicron Variant 

Viral proteins allow the virus to bind to the host cell. Mutation induced 

conformational changes in viral proteins can allow the virus to bind more easily and 

also allow the virus to evade antibodies and vaccines. As the SARS-CoV-2 

pandemic continues to spread worldwide, the virus continues to amass protein 

mutations that occasionally lead to increased virulence and immune escape. The 

SARS-CoV-2 Delta variant outpaced the Alpha and Beta variants, and recently the 

Omicron variant, also known as B.1.1.529, quickly took over. Consternation about 

Omicron put global health sectors on high alert due to its high transmissibility and 

resistance to existing therapeutic antibodies or those produced by vaccines and prior 

infections51-53. Its spread was so rapid that cases of B.1.1.529 were reported in over 

90 countries in less than a month39,54. In just three weeks since its detection in the 

US, it became the most dominant variant (>70%), followed by the Delta (~30%)55. 

Early results indicated  that the immunity developed after Omicron infection is able 
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to successfully neutralize Delta56. Therefore, there is a glimmer of hope that 

Omicron will be able to displace the more severe Delta and ultimately lessen the 

burden of COVID worldwide. However, new variants of Omicron, such as BA.1 and 

the “stealth” BA.2 have emerged, underscoring the need for caution and further 

research54.  

The virus attaches to a host cell through binding of its spike protein to the ACE2 

protein on the surface of the host cell. The portion at the tip of the spike protein that 

attaches to ACE2 is called the Receptor Binding Domain (RBD). The RBD is also 

the target for antibodies. As shown in Fig. 1.1, variant strains of the virus occur when 

there are mutations in the amino acids constituting the RBD.  

 

Figure 1.1 a) RBD structures of different variants. While Alpha, Beta, and Delta variants 
have less than three mutations in the RBD, Omicron has a remarkably large number of 
mutations. b) Three different ways RBD mutations may contribute to the high 
transmissibility of a variant (Created with BioRender.com). 
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Transmissibility of a respiratory viral infection such as with SARS-CoV-2 is a 

complex process involving a myriad of viral, host, and environmental factors57 and 

there is a trade-off between transmissibility and virulence of SARS-CoV-258,59. 

Considering only the RBD mutations, Omicron seems to have optimized its ability 

to infect in three different ways: 1) RBD “down” to “up” opening, 2) Antibody 

escape, and 3) ACE2 receptor binding. These three aspects of the RBD mutations 

are summarized in Figure 1.1(b). 

 

1.3    Multidrug Transporters 

Multidrug transporters are transmembrane proteins found in living cells. Transporter 

proteins are essential for regulating the molecules that travel in and out of a cell60,61. 

Transporters are able to selectively extrude toxic molecules from a cell. However, this 

ability allows disease-producing bacteria to expel antibiotics from cells before the 

antibiotics are able to perform their function, and thereby contributing to drug resistance 

in bacteria62,63. Multidrug resistant bacteria are a monumental problem because multidrug-

resistant infectious diseases kill over two million lives and cost over $170 billion each 

year64. 

So far, seven families/superfamilies of multidrug transporter proteins have been 

discovered50,60,65. Among the seven, the family of multidrug and toxic compound extrusion 

(MATE) transporters are found in all three domains of life, e.g., eukarya, bacteria, and 

archaea66,67. The MATE transporters are divided into three phylogenetic branches based on 

similarities in their amino acid sequence: NorM, the DNA damage-inducible protein F 

(DinF), and the eukaryotic subfamilies68. The PfMATE protein found in archaea, is known 
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to undergo large scale conformational changes between an inward facing cone and an 

outward facing cone. Thus, PfMATE is an active transporter using electrochemical Na+ or 

H+ gradients as a source of Gibbs free energy to undergo conformational changes that allow 

the protein to extrude a broad spectrum of xenobiotics, metabolic organic cations (OCs), 

and antibiotics across the membrane69-71. By extruding antibiotic molecules, PfMATE 

helps bacteria to develop resistance to a wide range of drugs, e.g., fluoroquinolones, 

anticancer agents, antibiotics, and some vitamins48,49. Understanding the mechanisms of 

conformational changes of MATE transporter proteins may provide information to develop 

drugs that specifically target MATEs to prevent them from expelling antibiotics and, 

therefore reducing antibiotic resistance. As an important component of this problem, 

multidrug transporter proteins have received much attention from researchers46,47, but we 

still lack a molecular-level understanding of the underlying mechanics of multidrug 

transport phenomena50. I investigated the molecular dynamics of conformational changes 

in the specific transporter protein, PfMATE.  
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2. VIRAL AND BACTERIAL SYSTEMS STUDIED 

2.1 SARS-CoV-2 Omicron Variant Spike Protein 

Since the emergence of SARS-CoV-2 in late December of 2019 it is continuously mutating 

and changing its virulence. Sometimes this change makes situation worst as the Delta and 

Omicron variants showed recently. The change in the gene sequence causes the mutations 

in the amino acid sequence of the viral proteins and it occurs frequently in RNA viruses 

like Coronavirus. So far, five different major strains were identified and declared as Variant 

of Concerns by Centers for Disease Control and Prevention (CDC). Among these SARS-

CoV-2 variants, Omicron was the most transmissible one with having 62 mutations in the 

total. The receptor binding domain (RBD) (residue 330-530) of the spike protein is an 

important part that mediates the attachment of the virus to the host cells. The large number 

of spike protein mutations sets the Omicron variant significantly apart from the other 

variants. Compared to the WT, the spike protein harbors more than 30 mutations, including 

15 in the receptor binding domain (RBD) alone. The mutations in the RBD are - G339D, 

S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, 

Q498R, N501Y, and Y505H,72 compared to only 501Y in B.1.1.7, 417N, 484K, and 501Y 

in B.1.351, and 478K and 452R in B.1.617.2 (Figure 2.1).  
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Figure 2.1 The head-only model of spike protein with one RBD in the “up” conformation 
with the associated mutations in the RBD of SARS-CoV-2 Omicron variant. The mutations 
are showed with surface representations in blue color. 
 

Specific mutations can give a variant an edge on the fitness landscape. For example, the 

P681R mutation in Delta is believed to have increased its transmissibility by enhancing the 



   9 

spike protein cleavage73. In the RBD, previous studies show that the mutations Q498R and 

N501Y increase the affinity to bind with the human receptor ACE274, whereas mutations 

in the RBD loop region, e.g. E484K and others, are found to be associated with immune 

evasion75. 

 

2.2 PfMATE Protein 

MATE proteins are thought to function by switching their structural configuration between 

an inward facing cone to an outward facing cone as shown in Figure 2.2(a,b) and 2.2(c,d), 

respectively. This can allow a toxic molecule inside a cell to float into the inward facing 

configuration, and then float out of the cell after the MATE protein has switched to an 

outward facing configuration. This configurational switching is fascinating from a 

molecular biophysics viewpoint because it requires a balancing of structural stability of 

either configuration (enthalpy) with the flexibility to switch configurations (entropy). Thus, 

MATE transporter proteins are a specific microcosm of the stability-flexibility, entropy-

enthalpy tension that characterizes living systems. To understand the dynamics of the 

switching between outward-facing and inward-facing configurations requires knowledge 

of both structures, which until recently was not available for any MATE protein. 

Fortunately, the crystallographic structure of the inward-facing configuration of PfMATE 

has been determined76. The outward-facing configuration of PfMATE had been previously 

determined. PfMATE is a transmembrane protein grouped in the subfamily DinF and is 

extracted from the archaeon Pyrococcus furiosus. Based upon the structure reported by Lu 

et al.77, the amino acids constituting each TM helix are the following: TM1: 17-46, TM2: 
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51-85, TM3: 95-106, TM4: 133-163, TM5: 166-188, TM6: 196-219, TM7: 239-269, TM8: 

276-308, TM9: 316-348, TM10: 355-386, TM11: 391-411, TM12: 418-442. 

 

Figure 2.2 Structure of PfMATE. Helices are represented as cylinders. For IF: (a) side 
view, (b) bottom view of wide opening. For OF: (c) side view, and (d) top view of wide 
opening. The N-lobe (TM1-TM6) is colored in blue and the C-lobe (TM7-TM12) is colored 
in green. 
 
 Archaea are single-cell prokaryotes without a cell nucleus. Archaea organisms were 

originally classified as bacteria but are now a separate domain. Archaea differ from bacteria 

in a few ways, including the lipid molecules that constitute the membrane as described 

below. Archaea have the ability to live in extreme environments of temperature and 

chemical composition.  



   11 

Investigation of the structural transition between inward-facing and outward-facing 

PfMATE configurations has been started experimentally and uncovered complicated 

topologies, but an understanding of the dynamics at the molecular level is lacking. There 

seem to be important interactions between the surrounding lipids, and protonation of 

specific amino acid residues may also be critical in facilitating the isomerization between 

the two configurations. I will use computational molecular dynamics (MD) simulations 

and analysis to investigate the atomic-level details of responsible for the configurational 

transitions of PfMATE, and the importance of protonation of different residues. 

 
2.3 SARS-CoV-2 Envelope Protein 

SARS-CoV-2 E protein is a homopentameric, integral, helical, and short protein with 75 

amino acids (aa) which is short by one aa than SARS-CoV E protein43,78-80. Of the 75 

residues, 1-13 and 35-75 are called are called topological domain and 14-34 are called 

transmembrane domain81. 

The E protein of SARS-CoV-2 has sequence similarity 94.7%, and identity 93.4% with the 

SARS-CoV E protein sequence(Accession: ABD75324.1)82. The amino acid sequence 

comparison of E protein of SARS-CoV-2 and SARS-CoV is given in Figure 2.3. 

 

 

Figure 2.3 E protein amino acid sequence comparison of SARS-CoV-2 and SARS-CoV. 
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The E protein plays a critical role in CoVs biology. Among the transmembrane proteins of 

SARS-CoV-2, E is the only viroporin and acts as a cation selective channel through ERGIC 

membrane. The E protein also releases the progeny viruses by taking part into the budding 

process. E protein expels out the Ca2+ ions from the ERGIC lumen and cause host cell 

NLRP3 inflammation44.  The pathogenicity of CoVs depends on E protein and can be 

attenuated by mutating its residues78,83,84. In addition, knocking out E protein from CoVs 

form immature and less infectious progeny, and thereby reduce the number of viruses. in 

the host cell84.  
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3.  MATERIALS AND METHODS 

3.1 Systems Building for SARS-CoV-2 Omicron Project 

For the RBD interactions with the surrounding domains in the closed-form trimer, the 

initial frame of the simulation trajectory of the full spike protein trimer from the COVID-

19 Data Sets of Amaro lab85 (https://amarolab.ucsd.edu/covid19.php). This fully 

glycosylated spike trimer (RBD-down) was prepared from the cryo-EM structure (pdb ID 

6VXX86). Because a full trimer structure of the Omicron spike protein is unavailable, I 

introduced the Omicron-specific mutations to the WT using CHARMM-GUI 

webserver87,88. These Omicron mutations are: G339D, S371L, S373P, S375F, K417N, 

N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H in the 

RBD region (residues 330-530). I used these systems for investigating the RBD opening 

mechanism. For the Omicron RBD-ACE2 system, a recently deposited cryo-EM structure 

(PDB ID 7T9L)89 was obtained from the Protein Data Bank. Similarly, the cryo-EM 

structure (PDB ID 7W9I)90 was used for the Delta RBD-ACE2 simulations. The RBD-only 

system for Omicron was prepared with the RBD from the RBD-ACE2 complex (PDB ID 

7T9L)89. The simulation system was set up with the same procedure as in our earlier 

studies91,92. All the systems were prepared using the solution builder interface of 

CHARMM-GUI website87,88. All the systems studied in this project are listed in Table 3.1. 
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Table 3.1 Molecular systems simulated in this work. The WT and Delta simulations of the 
RBD-only systems in our earlier work (Baral et. al, 2021)39 were extended from 600ns to 
1000ns. All systems include appropriate glycosylations: glycosylated spike residues: 
N165, N234, N343, and glycosylated ACE2 residues: N53, N90, N103, N322, N546. 

 

3.2 Systems Building for PfMATE Protein Project 

Structures for the IF and OF conformations (PDB ID 6FHZ and 6GWH respectively) of 

the PfMATE transporter recently determined by Zakrzewska et al.76, were obtained from 

the Protein Data Bank. The 17 missing residues in the N-lobe of the IF structure were 

predicted using the protein homology recognition web portal Phyre293. The missing 

segment was inserted into the protein with VMD software94. For both the IF and OF 

conformations, I prepared two different systems based upon the experimental 

observations76,95; one protonated, and the other unprotonated. For the IF system, the 

following five residues were protonated: ASP41, ASP184, GLU163, GLU273, and 

GLU331. For the OF system, I protonated residues ASP184 and GLU163 in the N-lobe, 

System Variant/ (PDB ID) # Residues # Water # Ions

Total # 

Atoms in 

the System

Box Size (Å)
3 Simulation 

Time (ns)

RBD-only

WT

(6VXX)
201 24,764 144 77,736 95x95x95 1000

Delta

(Mutated on 

6VXX)

201 26,654 156 84,000 95x95x95 1000

Omicron

(7T9L)
201 26,723 157 83,518 95x95x95 1000

RBD-hACE2

WT

(7A92)
796 79,743 273 253,548 140x140x140 100

Delta 

(7W9I)
791 75,956 454 242,060 138x138x138 100

Omicron (7T9L) 796 70,801 420 226,700 134x134x134 100

RBD-down
*

WT      (6VXX 

from Amaro Lab)
969 87,924 509 280,520 145x145x145 100

Omicron 

(Mutated on 

6VXX from 

Amaro Lab)

969 87,814 518 280,367 145x145x145 100
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and GLU 331 in the C--lobe. In addition to these four systems, I also performed MD 

simulations on a fifth system, non-protonated IF with an Na+ ion placed at its 

experimentally observed site76 near Asp41, Asn180, ASP184, and Thr202, close to the 

extracellular side in the N-lobe region. The proteins were then embedded into the archaeal 

lipid bilayer as shown in Figure 3.1(a) and 3.1(b). 

Figure 3.1 The initial setup of the membrane-protein system for: a) IF and b) OF PfMATE. 
The counterpart of the POPA, POPG and POPI lipids in the archaeon Pyrococcus furiosus 
are ether lipids: DPA, DPG and DPI respectively, obtained by changing the ester bond with 
ether bonds in the head group and tail junction and replacing one H with a -CH3 in the tail, 
as depicted in (c), (d), and (e). 
 
The PfMATE protein structures were embedded in a lipid bilayer using the Membrane 

Builder plugin of the CHARMM-GUI87 webserver. For all five PfMATE systems, the 

membrane lipid composition was the same on both the inner and outer leaflets with a ratio 

of 35%:20%:45% of POPA, POPG and POPI, respectively. This lipid composition in the 

membrane allows archaea to cope with extreme thermal and acidic conditions96,97. Next, 

these systems were modified to mimic archaeal membranes. PfMATE is found in 

Pyrococcus furiosus, a hyperthermophilic archaeon. Unlike bacteria and eukaryotes, 
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archaeon cell membranes contain glycerol-ether lipids98,99, and long isoprenoid tails with 

side chains100 that make them capable of living in extreme environments, i.e., a wide range 

of temperature from 0°C to 100°C101,102. I replaced the ester linkage in POPA, POPG and 

POPE with an ether linkage and added -CH3 branches in the tails to mimic the archaeal 

lipids diphytanyl phosphatidic acid (DPA), diphytanyl phosphatidyl N-acetyl hexose, 

diphytanyl phosphatidyl glycerol (DPG), and diphytanyl phosphatidyl inositol (DPI), 

respectively, as shown in Figures 3.1(c-e). 

 

3.3 Systems Building for E-protein Drug-Screening Project 

In this project I used recently solved crystal structure of SARS-CoV-2 E protein 7K3G43 

from RCSB Protein Data Bank website (rcsb.org)103. It has a total of 10 conformations, and 

I took the first structure to make the system. The structure contains only the transmembrane 

helices with residues 8-38, although the complete E protein of SARS-CoV-2 has total 75 

amino acids in its genome sequence (Accession: QNH88662.1)104. The C-terminal of the 

structure was modelled using Target-Template Alignment tool of SWISS-MODEL 

webserver105,106 targeting the crystal structure. Later, the transmembrane part of the 

complete modelled structure was overlapped with the transmembrane part of the crystal 

structure and the C-terminal part was cut and joined to the crystal structure using Visual 

Molecular Dynamics (VMD) software94, thus I got a complete E protein for SARS-CoV-2 

with the transmembrane part from crystal structure. For making a system of E protein 

embedded in the endoplasmic reticulum–Golgi intermediate compartment (ERGIC) 

membrane, I used CHARMM-GUI web-based membrane builder interface87,107,108. The 

ratio of the lipid composition for mimicking the ERGIC membrane was POPC : POPE : PI 
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: POPS : Chol = 45 : 20 : 13 : 7 : 15,43 and the system contains 150 lipids on upper and 

lower leaflet each. The system was solvated with TIP3109 water model and ionized with 

150mM of Ca2+Cl-. The system was minimized and equilibrated with a six steps protocol 

generated by CHARMM-GUI for a total of 10,000 steps of 1 fs timestep and 1,115,000 

steps of 2 fs timestep respectively, at 300 K temperature. A series of constrained production 

runs, with a decreased force constant applied to the heavy atoms, were performed to make 

the channel stable for a total of 100ns and was followed by an unconstrained production 

simulation for 1000 ns. All the molecular dynamics (MD) simulations were performed with 

NAMD2.14110. The transmembrane part of the E protein started intertwining from the 

straight form during the MD simulation as shown in Figure 3.2. Later, the structure was 

also retrieved using  

 

Figure 3.2 (a) SARS-CoV-2 E protein after 1000ns MD simulation in its helical form, (b) 
the similar kind of helical shape was also obtained by predicting the structure using 
AlphaFold. 
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DeepMind algorithm AlphaFold111,112 (https://deepmind.com/) and found a similar 

pentameric E protein channels to the one I found in the MD simulation. The similarity of 

the two different E protein structures obtained in two different methods gave me confidence 

using the ensemble of the E protein in the drug screening. 

 

3.4 Molecular Docking 

The preparation of the ligands for docking was performed using same protocol as done by 

Pokhrel et al113. In short: the FDA-approved drugs library was downloaded from the web-

interface e-Drugs3df114. The ligands were in SDF format and Open Babel115 was used to 

convert them to pdbqt files. In this study, I am performing a screening against a total of 

3800 FDA-approved and investigational drugs targeting E protein. An ensemble of 100 

different conformations of the E protein was captured from the MD simulation trajectory. 

As all the protein structures were aligned, a common docking configuration box around 

them was made. The docking and screening  was performed using AutoDock Vina 4.2116. 

The best docking hits were classified and graded based on the binding energy scores using 

custom scripts. 

 

3.5 All Atom Molecular Dynamics (MD) Simulation for  

3.5.1 Protein Only System 

I performed molecular dynamics (MD) simulation following the procedures used in our 

previous work92. Briefly, constant pressure MD simulations were performed with NAMD 

2.14117 using CHARMM36 force-field118,119. Following 10,000-step minimization and 2 ns 

equilibrations, the production runs were performed at 303.15K temperature and 1 atm 
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pressure using 2fs timestep, and using Particle Mesh Ewald method to treat 

electrostatics120,121 and SHAKE algorithm to constrain covalent bonds involving hydrogen 

atoms122. Visual Molecular Dynamics (VMD)94 1.93 was used for the structure and 

trajectory visualization, as well as for the hydrogen-bond analysis. Hydrogen bond analysis 

was performed for the RBD-ACE2 complexes for the 100 ns of the trajectories using a cut-

off of 3.5 Å and 30o. 

 

3.5.2 Membrane-Protein System 

All-atom, explicit solvent molecular dynamics (MD) simulations were performed for the 

PfMATE-membrane systems with the CHARMM36 force field123-126 using the GPU 

version of NAMD2.12 software117. The long-range ionic interactions were treated with the 

particle mesh Ewald method120,121, where the nonbonded cutoff was set to 12 Å. The 

pressure and temperature were controlled using the Nose–Hoover Langevin-piston method 

with a piston period of 50 fs and a decay of 25 fs, and Langevin temperature coupling with 

a friction coefficient of 1 ps−1, respectively127,128.  Bond lengths for hydrogen atoms were 

fixed using the SHAKE algorithm122. The energy was minimized for 10,000 steps with 1 

fs timesteps using the conjugate gradient and line search algorithm and was followed by a 

six-step protocol of minimization (10,000 steps of 1 fs each) and equilibration (1,115,000 

steps of 2 fs each), at 303.15 K temperature. I performed MD simulations at the ambient 

temperature for archaeal of 373K. To prevent the MD simulations from crashing due to a 

large temperature change, after equilibration I first ran a 50 ns NPT (constant pressure and 

temperature) MD production run with 2 fs timesteps at 353 K. This was followed by 

another 100 ns of MD production run at 373 K. Output files were updated at 20 ps intervals. 
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3.6 Targeted Molecular Dynamics (TMD) Simulation 

The structural conversions between OF and IF require a tremendous amount of time using 

standard molecular dynamics. To shorten the time so that I was able to investigate the 

dynamics of the structural transitions between the OF and IF conformations, I used 

Targeted Molecular Dynamics (TMD) computations, in which external forces are exerted 

on the Cα atoms to guide them to a target structure. The forces change during the TMD 

simulation and are determined from the gradient of a potential energy function:   

U = (k/2N)[rmsd(t) – RMSD(t)]2                          (1) 

where, rmsd(t) is the instantaneous root-mean-squared distance (rmsd) of the current 

coordinates with respect to the target coordinates, and RMSD(t) is the assigned target rmsd, 

which decreases over time. For all five systems, the final RMSD was less than 1 Å. 

TMD simulations were performed at 373 K for 40 ns for all five systems to transition each 

system from its initial configuration to the other configuration (OFàIF or IFàOF). The 

initial configuration used for the TMD runs was the configuration of the system at the end 

of the 100 ns 373K MD simulation. An elastic force constant per atom of katom = k/N = 0.43 

kcal/(mol Å2) was used in the TMD runs. 

 

3.7 Potential of Mean Force (PMF) Simulation 

The structural transitions between IF and OF configuration were further characterized by 

the determination of free energy landscapes from potential of mean force (PMF) 

calculations from the ensemble average of the TMD trajectories129-133. The TMD 

trajectories provided the reaction coordinates for the PMF calculation to determine how 

the free energy of a system varies with a reaction coordinate. The umbrella sampling 
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method was implemented along the RMSD reaction coordinate of the TMD trajectory at 

0.5 Å increments in order to have at least 10 PMF points for the system that had the smallest 

change in RMSD. Each of the windows was then run for a short minimization and 

equilibration. An unconstrained MD simulation run was performed for each window for 2 

ns at 373 K. 

 

3.8 Dynamical Network Analysis  

Dynamical network analysis (DNA) has been performed to examine the dynamical 

connections between amino acids in various protein structures such as Rfah, tRNA and 

protein kinase134-136. DNA examines MD trajectories to uncover groups of amino acids 

(communities) whose motions are highly correlated. The Cα of each amino acid is called a 

node, and the correlation values between the nodes are called weighted edges. The node 

pairs are connected with edges only when the centers of the nodes are within 4.5 Å for a 

minimum of 75% of the total simulation time. The correlation motions are used to create 

the time averaged connectivity of the nodes using the Girvan−Newman algorithm137. I 

performed DNA using the Carma138 software package. The CatDCD software package was 

used to slice the MD trajectory into pieces to make it suitable for Carma. 

 

3.9 Transfer Entropy 

Transfer entropy (TE) is a method to identify communications between components of a 

system such as information flow between amino acids134,139 during allosteric activity of 

proteins. The parts of a protein that drive the structural change (leaders) and the parts that 

respond (followers) during a transition can be measured using the directionality matrix 
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𝑇!→#(𝜏). Here, i and j are the index of the driver and responder residues, respectively, and 

t=nτo is the time delay required for evaluating TE in units of τo140,141 where τo is the time 

between frames that are output in the MD simulations (my τo=20 ps). I calculated TE as 

described by Michel in ref.142 and used n=5. In this method, the TE was calculated using 

the variance-covariance matrix obtained from the change in position of each Cα atom 

during the MD trajectory using the ProDy Python package143. I performed the TE 

calculations based on the protocol reported by ref.144. I am interested in determining how 

information is transferred through the protein to trigger the structural change. The OF(np) 

configuration is stable, but protonation of the OF configuration seems to cause the OFàIF 

transformation. Therefore, for comparison I calculated TE of amino acids in the stable 

OF(np) configurations to compare with the OF(p) configuration that will transform to IF. 

Likewise, IF(np) is stable, but the binding of Na+ causes the IFàOF transformation. For 

comparison, I calculated TE for amino acids in IF(np) and IF(Na+ ). The TE is calculated 

from the trajectories of the 100 ns all-atom MD simulations for each of the four systems. 
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4. SIGNIFICANCE OF THE RBD MUTATIONS IN THE SARS-COV-2  

OMICRON: FROM SPIKE OPENING TO ANTIBODY ESCAPE AND CELL 

ATTACHMENT 

This chapter was published in 2022: Hossen, M.L., Baral, P., Sharma, T., Gerstman, B. and 

Chapagain, P., 2022. Significance of the RBD mutations in the SARS-CoV-2 Omicron: 

From spike opening to antibody escape and cell attachment. Physical Chemistry Chemical 

Physics, 24(16), pp.9123-9129. 

In this project I computationally investigated the role of the Omicron RBD mutations on 

its structure and interactions with surrounding domains in the spike trimer as well as with 

ACE2.  My results suggest that, compared to the WT and Delta, the mutations in the 

Omicron RBD facilitate a more efficient RBD “down” to “up” conformation as well as 

ACE2 attachment. These effects, combined with antibody evasion, may have contributed 

to its dominance over Delta. 

 

4.1 Effects of Mutations on the RBD Interactions in the Closed-form Trimer 

The binding of the RBD with the ACE2 receptor requires the RBD to be in the “up” 

conformation from “down” in the prefusion state of the spike trimer. RBD’s 

successful attachment to ACE2 is also facilitated by the spike protein’s flexibility 

provided by the three hinges in the stalk domain (residues 1140-1234)145,146, which 

is highly conserved in different variants. Several structures of the spike trimer solved 

with or without ACE2, including the structure with the three RBDs in the down and 

the structure with one RBD in the up-conformation86,147-149, provide insights into the 

mechanism of the cell attachment of the SARS-CoV-2. The RBDs in the “down” 

conformation are held together by symmetrically arranged, centrally clustered, 
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interdomain hydrogen bonds150, which break during the RBD “up” conformation. In 

order to calculate the inter-domain hydrogen bonds formed with a RBD in a closed-

form spike trimer, I prepared a simulation system for a RBD surrounded by the 

interacting domains of the spike trimer using the full spike trimer structure151. To 

minimize the computational time, I prepared a truncated trimer including only the 

domains that directly interact with one of the RBDs (here, I chose the RBD of chain 

A), as shown in Figure 4.1 and Figure 4.2.  
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Figure 4.1 The spike protein trimer of SARS-CoV-2 in its prefusion state in the a) closed 
(RBD down) and b) open (RBD up) conformations. c) The closed form conformation of 
the spike protein highlighting the protein domains considered for the MD simulation. The 
trimer structure used here was the first frame of an MD trajectory obtained from the Amaro 
Lab151 (trajectory of spike opening: https://amarolab.ucsd.edu/covid19.php). The RBD of 
chain A (green) and the surrounding domains (chain B – magenta and chain C – yellow) 
are highlighted. b) The colored part shows the truncated system consisting of the Chain A 
RBD and the surrounding domains considered for MD simulations. All Ca atoms >12 Å 
from the RBD of chain A are harmonically restrained for MD simulations.  The helical 
segments highlighted in red dashed box are the non-contiguous segments of chain B and C 
that interact with the chain A RBD. For the Omicron system, all mutations within 12 Å of 
RBD of chain A and the surrounding were considered.  
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Figure 4.2 Major hydrogen bonds formed between the RBD of chain A (green) and 
the surrounding domains in the closed-form spike trimer for a) WT and b) Omicron. 
Additional interactions are shown in Figure 4.1 (from different views). Hydrogen-
bond pairs and % occupancies for the c) WT and d) Omicron, with the color scale 
from red (maximum) to white (minimum). e) The locations of three glycans N165, 
N234, and N343 in the RBD of chain B that interact directly with the RBD of chain 
A. The RBDB glycans-RBDA hydrogen-bonds (red dotted lines) break to make way 
for the RBD opening. f) Histogram of the hydrogen-bonds made by RBDB glycans 
at N165, N234, and N343 with RBDA, though majority of the contribution comes 
from N165 and N343. 
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These domains include the residues 330-530 of chain A (RBD), 16-530 and 968-

1000 of chain B, and 330-530 and 968-1000 of chain C. The domains surrounding 

the RBD of chain A are harmonically restrained by applying harmonic forces to all 

Ca atoms that are >12 Å away from the RBD of chain A. This allows flexibility of 

the RBD in the trimer but maintains the integrity of the domains mimicking the full 

trimer. I performed 100 ns simulations for the WT and Omicron and calculated the 

hydrogen bonds for the last 50 ns of the trajectories. To confirm that the RBD 

hydrogen bonding is adequately represented by the truncated system, I calculated 

and compared the % hydrogen bonds for the closed-form RBD to the simulation of 

the full system performed by the Amaro Lab151. The RBD hydrogen bonding pattern 

has good agreement between the truncated trimer and the full trimer. 

I show in Figure 4.2 the major hydrogen bonds that an RBD forms with its surrounding 

domains for both the WT and Omicron. The % occupancies for the major hydrogen bonds 

for both the WT and Omicron are given in the matrices in Figure 4.2(c-d). Major hydrogen 

bond interactions with %occupancy >80% include R457(A)-D364(B), Y505(A)-F374(B), 

S383(A)-D985(B), and I468(A)-Q115(B). Residue S383 of the RBD makes three stable 

hydrogen bonds with the helix domain comprised of residues 968-1000 of chain B. 

However, only a few, weak interactions are observed between the RBD and the helix 

domain of chain C. The helix domains lie just below the RBD, as shown in Figure 4.2 and 

Figure 4.1. I also calculated the %hydrogen bonds (Figure 4.2(d)) for the Omicron RBD 

displayed in Figure 4.2(b).  Most of the major hydrogen bonds found in the WT are also 

present in Omicron, including R457(A)-D364(B), S383(A)-R983(B), S383(A)-D985(B), 

S383(A)-E988(B), I468(A)-Q115(B), K462(A)-D198(B), and E516(A)-Y200(B).  

However, one of the major WT hydrogen bonds with nearly 90% occupancy, Y505(A)-
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F374(B), is lost in Omicron due to the Y505H mutation. In addition, the polar to 

hydrophobic mutation S371L also abrogates minor hydrogen-bonding with multiple 

residues. When the Y505(A)-F374(B) hydrogen bond is broken, the RBD slightly 

repositions to make relatively weaker but new hydrogen bonds, mostly with Chain C 

residues. The new interactions in Omicron include N370(A)-F456(C), N370(A)-G476(C), 

A372(A)-G476(C), Q414(A)-K986(C), and D420(A)-E988(B). Although this loss of these 

hydrogen bond interactions in Omicron appears to be compensated by the increase in the 

%hydrogen bond or new hydrogen bonds. Therefore, it’s difficult to assess the stability of 

the RBD based on the total %hydrogen bonds alone. However, the RBD opening from the 

closed form trimer may still be affected for the following reasons. With the Y505(A)-

F374(B) hydrogen bond in the WT, the RBD of chain A is held in a position slightly away 

from these residues, which are in the RBD and the helix domain of chain C. These new 

interactions can still form in the WT if the Y505(A)-F374(B) hydrogen bond is broken and 

vice-versa. Therefore, my analysis shows that compared to the Omicron RBD, the WT 

RBD is more protected from opening from the closed-form trimer due to the possibility of 

either being held by Y505(A)-F374(B) or the additional interactions with chain C, whereas 

the Omicron RBD lacks the Y505(A)-F374(B) interaction. In addition to the interdomain 

residue interactions, my results suggest that the glycan interactions (Figure 4.2(e)) are also 

weaker in Omicron. Glycan-gating is shown to play a crucial role in the opening of the 

RBD to “up” conformation151. As shown in Figure 4.2(f), the chain B RBD glycans (mostly 

at N165 and N343) form 2.3±1.5 hydrogen bonds on average in Omicron vs. 5.5±1.9 in 

WT. I note that the interactions of RBD with the neighboring domains are transient and 

may change as the RBD shifts. While I investigated the interactions in the closed-form 
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state, further work is needed to determine exactly how these mutations affect the RBD 

opening along the opening pathway. 

 

4.2 Structural Changes, Antibody Binding, and Antigenic Shift in the Omicron RBD 

Once the RBD springs out from the “down” conformation, it is vulnerable to 

antibody detection and binding due to the loss of shielding by glycans151. Due to 

mutation-induced changes in both the residue type as well as the RBD structure, 

antibodies elicited with prior infections or vaccines may not be able to optimally 

bind to the RBD. In an earlier work, I showed that the changes in the Delta RBD 

structure, including in the receptor-binding motif (RBM) loop segment, cause some 

antibodies to be ineffective39 at binding the RBD. With the significant number of 

mutations in the Omicron RBD, such effects can be extensive. To explore the 

structural changes in the Omicron RBD, I performed 1 𝜇𝑠 simulation of the RBD-

only system for Omicron (PDB ID 7T9L) and compared with that of WT92 and I 

find significant differences in the RBD structure for the isolated RBD (i.e., not 

complexed with ACE2). Specifically, the motif consisting of residues 364 to 375, 

which contains the mutations S371L, S373P, and S375F, shows an extensive 

structural change (Figure 4.4(a)). All these three mutations are from polar to 

hydrophobic and this causes the motif to realign and make non-specific interactions 

with F342, A435, and W436 in the hydrophobic pocket (Figure 4.3).  
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Figure 4.3. Comparison of the motif structure (residues 364-375) at 0 ns and 1000ns 
for the a) WT and b) Omicron RBDs. The polar to hydrophobic mutations S371L, 
S373P, S375F in Omicron allow interactions with the nearby hydrophobic residues. 
The polar residues are highlighted in green surface and the hydrophobic residues are 
highlighted in white/gray surface. 
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As shown in Figure 4.4(a), the distance between the Ca atoms of residues 371 and 

375 in the motif is  

 
Figure 4.4 a) Structural changes in the Omicron RBD motif containing the mutations 
S371L, S373P, and S375F (motif highlighted in bright purple), which form a 
hydrophobic cluster (right). b) The C⍺-C⍺ distance between residues 371 and 375 
showing the difference in WT vs Omicron. c) Number of times the RBD residues 
found to hydrogen bond with the antibodies in 105 RBD-Ab complexes from the 
Protein Data Bank. The mutated residues in Omicron are highlighted in purple boxes 
along the x-axis. 
 
relatively stable in WT, whereas it separates significantly in Omicron. Both of these 

residues are binding sites for antibodies (e.g. RBD-Ab complexes 7KN5 and 
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7M7B). This separation in the antibody-binding region can reduce or abolish the 

binding of the antibodies specific to these sites. Subtle structure changes in other 

sites in the RBD may also affect antibody binding, allowing the Omicron RBD to 

escape antibody detection. Figure 4.4(c) shows the antibody-binding sites identified 

from the RBD-Antibody complexes available in the Protein Data Bank. Almost all 

mutations in the Omicron RBD are located in important antibody-binding sites 

(residues indicated by purple boxes) and therefore can directly affect the binding of 

antibodies specific to the WT and other variants.  

To explore the antigenic shifts due to the mutations, I first identified the RBD epitopes 

using various MHC-I and MHC-II prediction methods as well as sequence and structure-

based B-Cell epitope prediction methods as described in the Supporting Information and 

used a consensus approach152 to select the epitopes for further analysis. The consensus 

epitopes that contain the mutations in RBD are given in the Supplementary Table 4.1. 

Table 4.1 Predicted RBD epitopes that involve mutations in different variants of concern - 
WT, Alpha (B.1.1.7), Beta (B.1.351), Delta (B.1.617.2), Mu (B.1.621), and Omicron 
(B.1.1.529) and their corresponding antigenicity values. The mutations in the epitope are 
underlined. Significantly increased antigenicity in Omicron epitopes E2, E3, and E9 are 
highlighted in green and a moderately decreased antigenicity in E5 is highlighted in light 
red.     

Epitope Residues Variant Epitope Sequence Antigenicity 

E1 338-356 WT FGEVFNATRFASVYAWNRK 0.24 
   B.1.1.529 FDEVFNATRFASVYAWNRK 0.28 

E2 370-378 WT NSASFSTFK 0.12 
   B.1.1.529 NLAPFFTFK 1.34 

E3 372-380 WT ASFSTFKCY 0.28 
   B.1.1.529 APFFTFKCY 1.20 

E4 417-425 WT KIADYNYKL 1.66 
   B.1.351 NIADYNYKL 1.55 
   B.1.621 NIADYNYKL 1.55 
   B.1.1.529 NIADYNYKL 1.55 



   33 

E5 437-448 WT NSNNLDSKVGGN 0.70 
   B.1.1.529 NSNKLDSKVSGN 0.24 

E6 439-451 WT NNLDSKVGGNYNY 0.94 
   B.1.1.529 NKLDSKVSGNYNY 0.69 

E7 447-471 WT GNYNYLYRLFRKSNLKPFERDISTE 0.16 
   B.1.617.2 GNYNYRYRLFRKSNLKPFERDISTE 0.42 

E8 455-478 WT LFRKSNLKPFERDISTEIYQAGST 0.13 
   B.1.617.2 LFRKSNLKPFERDISTEIYQAGSK 0.11 
   B.1.1.529 LFRKSNLKPFERDISTEIYQAGNK 0.10 

E9 483-493 WT VEGFNCYFPLQ 0.56 
   B.1.351 VKGFNCYFPLQ 0.60 
   B.1.621 VKGFNCYFPLQ 0.60 
   B.1.1.529 VAGFNCYFPLR 1.23 

E10 491-505 WT PLQSYGFQPTNGVGY 0.34 
   B.1.1.7 PLQSYGFQPTYGVGY 0.41 
   B.1.351 PLQSYGFQPTYGVGY 0.41 
   B.1.1.529 PLRSYSFRPTYGVGH 0.41 

E11 502-510 WT GVGYQPYRV 1.36 

    B.1.1.529 GVGHQPYRV 1.01 

 

I calculated the antigenicity of the mutated sequences using VaxiJen153 and compared with 

the corresponding WT sequence to assess the antigenic characteristic introduced by the 

mutation. Most of the epitopes listed in Table 4.1 have similar antigenicity after mutations 

in Alpha, Beta, Delta, or Omicron. However, three epitopes in the Omicron (E2, E3, and 

E9 in Table 4.1) are found to have significantly increased antigenicity compared to the WT. 

These Omicron epitopes include 370-NLAPFFTFK-378 involving the mutations S371L, 

S373P, and S375F, 372-APFFTFKCY-380 involving the mutations S373P and S375F, and 

483-VAGFNCYFPLR-493 involving the mutations E484A and Q493R. The antigenicity 

of E2 is 1.34 for Omicron vs 0.12 for WT. A similar increase is observed for epitope E3, 
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which has overlap with E2. Similarly, the antigenicity of E9 is 1.23 for Omicron vs 0.56 

for WT. The locations of these epitopes are shown in Figure 4.5.   

 

Figure 4.5 Location of the epitopes E2, E3, and E9 with increased antigenicity in the 
Omicron RBD. All epitopes have good surface accessibility for the antibody binding. 
 
While the mutation-induced antigenic shifts render reduced sensitivity for the WT-specific 

antibodies, the increased antigenicity in the Omicron epitopes suggests a more potent 

immune response from these epitopes. 

 

E9

E2,E3
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4.3 Effects of the Mutations on ACE2-Binding of the Omicron RBD 

The mutations in the RBM region can directly affect the binding affinity of the RBD 

to bind ACE2.  The RBD binding with ACE2 in different SARS-CoV-2 variants has 

been a topic of intense research39,92,154-159. Kim et al showed differences in the force 

required to dissociate the RBD from ACE2 for different variants of concern (Alpha, 

Beta, Gamma, and Delta)160. With 10 mutations in the RBM region of Omicron, the 

effects on ACE2 attachment can be significant compared to other variants. Early 

results by Wu et al. suggested that Omicron RBD-ACE2 interactions is weaker than 

in Delta161. However, recent cryo-EM structure-based analysis of the RBD-ACE2 

complexes of both the Omicron and Delta variants show that the Omicron RBD-

ACE2 interface has better optimized interactions compared to that of Delta158.  

Effort has been made to assess the binding affinity of RBD and ACE2 by launching 

online tool162. In this study, to investigate the effects of the Omicron mutations on 

the RBD attachment to the ACE2 receptor, I performed an MD simulation of the 

Omicron RBD-ACE2 complex (PDB ID: 7T9L)163 and compared the RBD-ACE2 

interfacial interactions with that of WT (PDB: 7A92)164  and Delta (PDB ID: 

7W9I)90. The short MD simulations provide the dynamic nature of the interactions 

and allow us to calculate the probability (% occupancy) of each hydrogen bond. As 

shown in Figure 4.6(a-d), the occupancy of the inter-protein hydrogen bond in 

Omicron is noticeably higher than in Delta suggesting a much stronger ACE2-

binding in Omicron. The major RBD-ACE2 hydrogen-bond pairs in Omicron with 

>70% occupancy include Y453-H34, G502-K353, N487-Y83, T500-D355, and 

R493-E35, and H505-K353 and N477-S19 with >50% occupancy. In contrast, Delta 

has only two interactions (N487-Y83, G502-K353) with >70% occupancy and four 
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(K417-D30, Q493-E35, Y505-E37, and T500-D355) with >50% occupancy, 

suggesting a relatively weaker interfacial interactions in Delta compared to 

Omicron. This is consistent with a recent work by Genovese et al.165 that analyzed 

the interfacial  

 
Figure 4.6 Percent occupancies of the hydrogen bonds between the RBD and ACE2 
for the a) Delta and b) Omicron variants. The Unique interfacial hydrogen-bonds 
found in Omicron are highlighted in Green. Hydrogen bonds with >50% occupancy 
are shown for c) Delta and d) Omicron. The communities that span both the RBD 
and ACE2 are shown for the e) Delta and f) Omicron RBD-ACE2 complexes. 
 
interactions in the RBD-ACE2 complex using ab-initio and quantum mechanical 

calculations. Lupala et al.166 also found a significantly increased binding affinity of 

the Omicron RBD to ACE2, compared to the Delta RBD, suggesting an increase in 

infectivity. I compared the RBD-ACE2 hydrogen bonding with that in WT (Figure 

4.7) and observed additional unique hydrogen bonds (e.g. A475-S19) in Omicron 

compared to WT. Since the presence of glycans at the interface can enhance the 

RBD-ACE2 interactions167, I calculated the hydrogen bonding with glycan at N90 
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at the interface and found that Omicron has a relatively stronger interaction with 

80% hydrogen bond occupancy in Omicron vs. 56% in Delta.   

 

Figure 4.7 Hydrogen bond pairs for the interprotein interactions between the RBD and 
ACE2 for the WT, Delta, and Omicron. The matrices for the Delta and Omicron are the 
same as in Figure 4.6(a,b) but given here for comparison with WT. The matrix for residues 
participating in the unique hydrogen-bond pairs in Omicron are highlighted in green. 
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In addition to the increased hydrogen-bonding at the interface, the stability of the complex 

is also displayed by the dynamic network analysis168. I used the last 50 ns of the trajectory 

for RBD-ACE2 complexes of the Delta and Omicron variants to calculate the dynamic 

network communities as shown in Figure 4.8 I performed the community analysis by 

partitioning the network into subnetworks (community). A community is a collection of 

nodes (amino acids) that are connected with edges (connections). The communities that 

span across the RBD-ACE2 interface are shown in Figure 4.6(e,f) and the corresponding 

residues are shown in Figure 4.8.   
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Figure 4.8 Community analysis performed for the first 50 ns of the trajectories for the Delta 
and Omicron variants. a) Each identified community is represented by a different color and 
the region that span both the RBD and ACE2 are circled. b) The amino acid residues 
involved in the dynamic network of the communities spanning the two proteins (circled 
region).  
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There are a total of 28 connections that occur between the RBD and ACE2 in Omicron, 

compared to 20 in Delta. This suggests a better binding of the RBD to ACE2 with increased 

interactions that stabilize the RBD-ACE2 complex in Omicron. While the network analysis 

and hydrogen-bond analysis provide a general assessment of the RBD-ACE2 binding, free-

energy calculations with potential mean-force134 or work done with steering force160 are 

needed to compute more reliable binding affinities. 
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5. THE ROLE OF PROTONATION AND NA+ IN THE PFMATE TRANSPORTER 

PROTEIN STRUCTURAL TRANSITIONS 

This project was submitted to Physical Chemistry B journal and is currently under review: 

Hossen, M.L., Bhattarai, N., Chapagain, P., and Gerstman, B., The role of protonation and 

Na+ in the PfMATE transporter protein structural transitions. Physical Chemistry B. 

 

In this project, for the amino acids in PfMATE, I present computational results on the 

dynamics, bonding, thermodynamic stability, connectivity and information transfer within 

the different PfMATE structures. In the figures below, I used the following nomenclature 

for the PfMATE structures: OF(np) for non-protonated outward-facing, OF(P) for 

protonated outward-facing, IF(np) for non-protonated inward-facing, IF(p) for protonated 

inward-facing, and IF(Na+) for inward-facing without protonation but with Na+ near 

Asp41, Asn180, Asp184, Thr202.   

 

5.1 Protein Structural Equilibration 

The results presented in the following sections for the dynamics of the amino acid residues 

in the five different PfMATE systems are determined from the 100 ns all-atom MD 

simulation trajectories. To show that my MD structures have settled into equilibrium 

structures, in Figure 5.1 for each system I display the root means square deviation (RMSD) 

averaged over all of the Cα atoms relative to the initial positions. For all five systems, the 

RMSD levels-off to a stable configuration by 50 ns, with little subsequent change in 

RMSD. I use the subsequent 50 ns of the MD simulations for the analyses in the following 

sections.   



   42 

 

Figure 5.1 RMSD averaged over all Cα as a function of time for the MD trajectories of the 
five PfMATE systems. All five protein systems have settled into a structural configuration 
by 50 ns.  
 
Figure 5.1 shows an RMSD trend among the five systems that is consistent with whether a 

system prefers the IF or OF configuration. The initial configuration for all five curves is 

based upon the experimental structures, which were IF(np) or OF(np). Figure 5.1 shows 

that the OF(np) structure underwent the smallest change in the positions of its Cα during 

its 100 ns MD simulation. This is expected since the np system prefers to be in the OF 

configuration. In contrast, the addition of Na+ to the IF(np) structure results in a large 

RMSD, which is consistent with idea that the insertion of Na+ causes a change in the 

interactions between the residues in the IF structure that will eventually (on much longer 
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time scales) lead to a transition to the OF structure. The changes in the residue interactions 

are examined in detail in later sections. 

In addition, I also validated that my 40 ns TMD computations properly switched the 

PfMATE configuration between IF and OF for the five different systems. Table 5.1 

displays the distance at the beginning and end of the TMD simulations between select 

amino acid pairs that are on either the outer lobe or inner lobe of the protein. The change 

in separation of these amino acids is consistent with the experimental data and show that 

the TMD simulations changed the structure between IF and OF. 

Table 5.1. Distances between select amino acid pairs before and after Targeted MD 
simulations: inner lobe 95-318 and 96-318, outer lobe 44-316. The change in the distances 
are consistent with the experimental data and show that the TMD simulations changed the 
structure between IF and OF.  

 
OF(p)àIF(p) OF(np)àIF(np) IF(Na+)àOF(Na+) IF(np)àOF(np) IF(p)àOF(p) 

Before 
TMD 

After 
TMD 

Before 
TMD 

After 
TMD 

Before 
TMD 

After 
TMD 

Before 
TMD 

After 
TMD 

Before 
TMD 

After 
TMD 

95-318 
(TM3-
TM9) 

29.6 44.1 29.4 43.9 41.9 29.5 40.5 29.3 41.9 29.1 

44-364 
(TM1-
TM10) 

32.7 22.4 34.2 21.5 21.2 28.7 21.7 29.0 21.4 28.5 

96-318 
(TM3-
TM9) 

27.1 40.8 27.0 40.6 38.6 26.9 37.3 26.7 38.5 26.6 

 

5.2 Amino Acid Rigidity: RMSF 

I used the last 50 ns of the MD simulations to compare the dynamics of various amino acid 

residues among the five different PfMATE systems. I first examined the root mean square 

fluctuation in the position of the Cα of amino acids that were reported76,95 to play important 

roles in the structural transformations that occur upon OF protonation or the IF binding of 
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Na+. Compared to their behavior in the OF(np), in OF(p) the residue D184 experienced a 

large decrease in RMSF of 35%, residue E331 had a 28% decrease in RMSF, and E163 

had a decrease of 9%. Upon the binding of Na+ in the IF structure, D41, N180, and D184 

experience large decreases in RMSF of 35%, 27%, and 10%, respectively. These results 

imply that the structural transformations involve important amino acids becoming more 

rigid in their position, perhaps acting as fulcrums. The importance of these amino acids in 

the structural transformation process is further explored below. 

 

5.3 Pore Radius 

I used the PDB IF and OF structures to calculate the radius of the PfMATE channel as a 

function of position along the channel axis traversing the membrane using the Hole 

program169, a broadly used computational tool in the study of membrane protein 

channels170-172. The Hole program calculates the pore radius using the van der Waals radius 

of the atoms. Figure 5.2 shows the pore radius for IF and OF PfMATE structures, where 

the inner leaflet of the membrane has a negative channel coordinate. The pore radii were 

calculated taking the average of the radius over the last 50 ns of each 100 ns MD trajectory. 

The initial configuration was either the IF or OF structure from the PDB. As seen in Figure 

5.1, none of the four structures undergo a structural transition during the relatively short 

100 ns all-atom MD simulations. The IF(Na+) pore has been found experimentally to 

eventually transition to an OF structure, whereas the IF(p) configuration is the preferred 

structure for the protonated protein. Interestingly, in Figure 5.2(a) the IF(Na+) pore radius 

is significantly less uniform along the channel axis then the IF(p) pore. Likewise, as seen 

in Figure 5.2(b), the OF(np) pore, which is the preferred structure for the non-protonated 



   45 

protein, is significantly smoother than the OF(p) pore that will eventually transform to the 

IF(p)  

 

Figure 5.2 Pore radii along the coordinate axis traversing the membrane, where negative 
channel coordinate is for the membrane’s inner leaflet. a) IF states, and b) OF states. 
 
structure. Thus, even though all of the structures in Figure 5.2 appear to be stable on the 

100 ns timescale of the all-atom MD simulations, the MD simulations can still provide 

information on the long-term stability of each PfMATE configuration. 

 

5.4 Free Energy Along Transition Pathways 

In Figure 5.3 I plot the free-energy surface (PMF) for several PfMATE structural 

transformations. The PMF curves are calculated from my Targeted Molecular Dynamics 

(TMD) computations as explained in the Methods section. I chose the RMSD as the 

reaction coordinate130,173 between the initial and final configurations. The free-energy 

surface for all of the structural transitions is relatively smooth with no major kinetic 

barriers. Figure 5 shows that the transition IF(Na+)àOF(Na+) upon the addition of Na+ to 

IF is especially favorable, as is the transition OF(p)àIF(p) upon protonation of OF. This 

is consistent with Jagessar’s proposal95 that the IF binding of a positively charged ligand 

such as Na+ 76 causes the IF(Na+)àOF(Na+) transition, which is followed by a loss of Na+ 
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resulting in the OF(np) state. Then, protonation of the OF state causes the OF(p)àIF(p) 

transition. 

 

Figure 5.3 PMF (free energy landscape) for different structural transition of PfMATE a) IF 
à OF, b) OF à IF. On each graph, the curves were rescaled in such a way that their 
starting points are the same. 
 

5.5 Energy and Hydrogen Bond Analysis 

I used the TMD simulations displayed in Figure 5.3 to determine which amino acids 

experience significant changes in their bonding and interactions with other amino acids 

during the transition process. I first focused my attention on the amino acids that were 

discussed in refs.76,95. 

 

5.5.1 Hydrogen Bond and Energy Analysis for Specific Amino Acids 

In Figure 5.4(a) I plot the number of hydrogen bonds made by the amino acids at the 

protonation site during the transition from OF(p)àIF(p). In Figure 5.4(b), I plot the number 

of hydrogen bonds made by the amino acids at the Na+ binding site during the transition 

from IF(Na+)àOF(Na+). H-bonds are calculated using a cutoff distance of 3.5 Å and angle 

of 30°. 
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Figure 5.4 From the TMD simulations, the number of hydrogen bonds made by amino 
acids at the binding site during the transition for: a) protonation that induces OF(p)àIF(p), 
b) Na+ binding that induces the transition from IF(Na+)àOF(Na+). 
 

Figure 5.4(a) shows that amino acid E331 has a smooth and relatively small change in the 

number of H-bonds during the protonation induced OF(p)àIF(p) structural transition, 

whereas residues E163 and D184 undergo significant increases and decreases in the 

number of H-bonds throughout the transition. During the structural transition from 

IF(Na+)àOF(Na+) that occurs upon binding of Na+, residues N180 undergo a significant 

decrease in the number of H-bonds during the structural transition, whereas residue D184 

experiences an increase in the number of H-bonds during the transition. I also observe in 

Fig.6b that three of the amino acids (D41, N180, D184) experience significant fluctuations 

in the number of H-bonds during the transition. In both panels in Figure 5.4, D184 is 

involved in making and breaking H-bonds during the structural transitions. Further insight 

into the importance of D184 in the structural transitions is provided in the section on 

transfer entropy.  

Table 5.2 provides changes in the electrostatic energy for important amino acids during the 

OF(p) à IF(p) transition and the IF(Na+) à OF(Na+) transition. For the OF(p) à IF(p) 
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transition, E163 experiences a small decrease in the strength (less negative) of its 

electrostatic energy. Since E163 is on the intracellular side of TM4, this is consistent with 

the inward side of the protein opening wider during the transition resulting in weaker 

residue interactions. In contrast, during the OF(p) à IF(p) transition, both D184 and E331 

experience a significant increase in the strength of their electrostatic interactions that is 

consistent with the closing of the OF side of the protein during the transition. 

For the IF(Na+)àOF(Na+) transition, I see that D41 has weaker electrostatic interactions 

after the structure has switched to OF, which is consistent with D41’s location on the OF 

side of TM1. The electrostatic energies of the other residues in the same region (N180, 

D184, T202) are affected to a much smaller extent. 

Table 5.2 Non-bonded electrostatic energy changes for important amino acids during 
structural transitions: (a) OF(p)àIF(p), (b) IF(Na+)àOF(Na+). 

 

5.5.2 Interlobe H-Bonds 

In addition to my investigations discussed above of H-bonds between amino acids that 

were signified as important in refs.76,95, I also investigated H-bond that might reflect the 

large scale motions of the N- and C- lobes and TM helices upon the structural transitions. 

I focused on two H-bonds that help stabilize the OF structure as reported by ref. 76, the 

interlobe H-bond R88-E310, and H-bond R244-E393 between TM7-TM11. These bonds 

(a) OF(p)àIF(p) (b) IF(Na+)àOF(Na+)

Residue
Energy

Before TMD
(kcal/mol)

Energy
After TMD
(kcal/mol)

!E
(kcal/mol) Residue

Energy
Before TMD
(kcal/mol)

Energy
After TMD
(kcal/mol)

!E
(kcal/mol)

E163 -10.9 -10.8 0.11 D41 -18.2 -9.67 8.57
D184 -34 -37.6 -3.6 N180 -35.5 -37.3 -1.8
E331 -9.62 -13.1 -3.4 D184 -14.6 -15.2 -0.6
- - - - T202 9.5 10.05 0.55
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are displayed in Figure 5.5(a). TM7 and TM11 are both in the C-lobe in the OF structure, 

but TM7 undergoes a large transverse shift to the N-lobe during the structural transition to 

the IF configuration. Figure 5.5(b) displays three interlobe H-bonds that are important in 

stabilizing the IF configurational structure. 

 

Figure 5.5 Important H-bonds that stabilize the structural conformation. a) OF interlobe H-
bond R88-E310, and H-bond R244-E393 between TM7-TM11. b) Three interlobe H-bonds 
that are important in stabilizing the IF configurational structure. 
 

In Table 5.3, I report the percentage of time that these H-bonds exist when the protein is in 

the OF configuration compared to when the protein is in the IF configuration. The H-bond 

percentages are determined from the last 20 ns of the 100 ns MD simulation for the OF(p) 

configuration and from the last 20 ns of the 100 ns MD simulation for the IF(Na+) 

configuration. My H-bond results confirm the relative motion of the N- and C- lobes, as 

well as the displacement of TM7 away from TM11 discussed by Zakrzewska76. 

Table 5.3 Percentage of time that interlobe (IL) or TM-TM H-Bonds exist in the OF 
configuration compared to the IF configuration. 

T OF IF 
R88-E310 (IL) 74.4% 0.0% 
R244-E393 
(TM7-TM11) 

74.6% 0.0% 

K129-E273 (IL) 0.0% 50.3% 
S265-M126 (IL) 0.0% 37.3% 
Y351-E273 (IL) 0.0% 50.1% 
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5.6 Dynamic Network Analysis of Amino Acid Connectivities for Different Structural 

Conformations 

Jagessar et al.95 propose a mechanism for isomerization from the OF to IF configuration 

upon protonation. In their model, the IL6-7 loop functions as a belt that stabilizes the OF 

state. Upon E163 protonation, the interaction between IL4-5 and IL6-7 is disrupted and 

IL6-7 moves away from the N-lobe, which allows TM3 to tilt relative to the inner leaflet 

side of the membrane and facilitates the structural transition to the IF configuration. In 

order to investigate this proposal on the level of dynamic structural correlations among 

amino acids, and to uncover other structural cascading possibilities, I calculated the 

strength of structural network connections among amino acids when the PfMATE protein 

is in different configurations.  

I used data from the last 20 ns of the 100 ns MD trajectories to perform network analysis. 

Figure 8a-e displays the network communities of the different PfMATE systems. The small 

spherical nodes are the Cα of the amino acids. Nodes within a community are connected 

by cylindrical rods whose thickness represents the strength of the connection. I found a 

different number of communities in the different systems: OF(np)-10, OF(p)-14, IF(p)-7, 

IF(np)-11, and IF(Na+)-11. The list of communities and the participating amino acids are 

provided in Table 5.4. 

Table 5.4 Data from the last 20 ns of the 100 ns MD trajectories was used to perform the 
dynamical network analysis. This is a list of amino acids participating in all of the network 
communities of the different PfMATE systems. The communities are pictured in Fig. 8 in 
the main article. 
Structure Community Residue number 

OF(np) 
  
  
  

1 4, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 80, 
81, 82, 97, 101, 104, 105, 106, 107, 108, 109, 110, 111, 112, 
113, 146, 147, 148, 149, 150, 151, 152, 153, 154, 155, 156, 
157, 158, 159, 160, 161, 162, 163, 164, 165, 166, 167, 168, 
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169, 170, 171, 172, 173, 175, 206, 207, 208, 209, 210, 211, 
212, 213, 214, 215, 216, 217, 218, 219, 220, 221, 222, 223, 
224, 225, 227 

2 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 83, 85, 86, 87, 88, 305, 306, 
307, 308, 309, 310, 311, 312, 315 

3 251, 253, 254, 255, 256, 257, 258, 259, 260, 261, 262, 263, 
264, 265, 266, 267, 268, 269, 270, 272, 403, 404, 405, 408, 
409, 410, 411, 412, 413, 414, 415, 416, 417, 418, 419, 420, 
421, 422, 423, 424, 425, 427, 429 

4 42, 43, 44, 45, 46, 47, 48, 179, 182, 183, 184, 185, 186, 187, 
188, 189, 190, 191, 192, 193, 194, 195, 196, 197, 198, 199, 
200, 201, 202, 203, 204, 205 

5 271, 273, 274, 275, 276, 277, 278, 279, 280, 281, 282, 283, 
284, 285, 286, 287, 336, 338, 340, 341, 342, 343, 344, 345, 
346, 347, 348, 349, 350, 351, 352, 353, 354, 355, 356, 357, 
358, 359, 360, 361, 362, 363, 364, 365, 366, 367, 368, 426 

6 34, 36, 37, 38, 39, 40, 41, 174, 176, 177, 178, 180, 181 
7 252, 369, 370, 371, 372, 373, 374, 375, 376, 378, 379, 382, 

383, 386, 391, 392, 393, 394, 395, 396, 397, 398, 399, 400, 
401, 402, 406, 407, 428, 430, 431, 432, 433, 434, 435, 436, 
437, 438, 439, 440, 441, 442, 443, 444, 445, 446, 447, 449, 
450, 453, 455 

8 84, 89, 90, 91, 92, 93, 94, 95, 96, 98, 99, 100, 102, 103, 226, 
228, 229, 230, 231, 232, 233, 234, 235, 236, 237, 238, 239, 
240, 241, 242, 243, 244, 245, 246, 247, 248, 249, 250 

9 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 
31, 32, 33, 35, 79, 288, 289, 290, 291, 292, 293, 294, 295, 296, 
297, 298, 299, 300, 301, 302, 303, 304, 313, 314, 316, 317, 
318, 319, 320, 321, 322, 323, 324, 325, 326, 327, 328, 329, 
330, 331, 332, 333, 334, 335, 337, 339, 377, 380, 381, 384, 
385, 387, 388, 389, 390, 448, 451, 452, 454 

10 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 114, 
115, 116, 117, 118, 119, 120, 121, 122, 123, 124, 125, 126, 
127, 128, 129, 130, 131, 132, 133, 134, 135, 136, 137, 138, 
139, 140, 141, 142, 143, 144, 145 

OF(p) 
  
  
  
  
  
  
  

1 4 
2 5, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 27, 288, 290, 291, 

292, 293, 294, 295, 296, 297, 298, 299, 300, 301, 302, 303, 
304, 305, 306, 307, 308, 309, 310, 311, 312, 313, 314, 315, 
316, 317, 318, 319, 320, 321, 322, 323, 324, 325, 326, 327, 
328, 329, 374, 376, 377, 378, 379, 380, 381, 382, 383, 384, 
385, 388, 389 

3 6, 7, 10, 11, 12, 13, 14 
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4 250, 251, 252, 253, 254, 255, 256, 257, 258, 259, 260, 261, 
262, 263, 264, 265, 266, 267, 268, 269, 270, 271, 272, 273, 
274, 275, 276, 277, 278, 279, 280, 281, 282, 283, 284, 285, 
372, 375, 397, 399, 400, 401, 402, 403, 404, 405, 406, 407, 
408, 409, 410, 411, 412, 413, 414, 415, 416, 417, 418, 419, 
420, 421, 422, 423, 424, 425, 426, 427, 428, 429, 430, 431, 
432, 433, 434, 435, 436, 437, 439 

5 26, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 
43, 44, 46, 47, 48, 174, 176, 177, 178, 179, 180, 181, 182, 183, 
184, 185, 186, 187, 188, 189, 190, 191, 192, 193, 194, 196, 
197, 198, 200, 201, 202, 203, 204, 205 

6 116, 117, 118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 
128, 129 

7 330, 331, 332, 333, 334, 335, 336, 337, 338, 339, 340, 341, 
342, 343, 344, 345, 346, 347, 348, 349, 351, 353 

8 8, 9, 77, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 
93, 94, 95, 96, 97, 98, 99, 100, 102, 159, 160, 161, 162, 163, 
164, 165, 224, 225, 226, 227, 228, 229, 230, 231, 232, 233, 
234, 235, 236, 237, 238, 239, 240, 241, 242, 243, 244, 245, 
246, 247, 249 

9 149, 153, 157, 166, 167, 168, 169, 170, 171, 172, 173, 175, 
206, 207, 208, 209, 210, 211, 212, 213, 214, 215, 216, 217, 
218, 219, 220, 221, 222, 223 

10 286, 287, 289, 350, 352, 354, 355, 356, 357, 358, 359, 360, 
361, 362, 363, 364, 365, 366, 367, 368, 369, 370, 371, 373 

11 386, 438, 440, 441, 442, 443, 444, 445, 446, 447, 448, 449, 
450, 451, 452, 453, 454, 455 

12 45, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 63, 130, 
131, 132, 133, 134, 135, 136, 137, 138, 139, 140, 141, 142, 
143, 144, 145, 146, 195, 199 

13 62, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 78, 101, 
103, 104, 105, 106, 107, 108, 109, 110, 111, 112, 113, 114, 
115, 147, 148, 150, 151, 152, 154, 155, 156, 158 

14 248, 387, 390, 391, 392, 393, 394, 395, 396, 398 
IF(p) 

  
  
  

1 4, 5, 7, 9, 11, 13, 378, 379, 380, 382, 383, 385, 386, 387, 389, 
390, 391, 392, 393, 394, 395, 396, 397, 398, 399, 400, 402, 
440, 441, 442, 443, 444, 445, 446, 447, 448, 449, 450, 451, 
452, 453, 454, 455 

2 30, 32, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 47, 48, 
49, 51, 52, 53, 56, 60, 149, 165, 167, 168, 170, 171, 172, 173, 
174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184, 185, 
186, 187, 188, 189, 190, 191, 192, 193, 194, 195, 196, 197, 
198, 199, 200, 201, 202, 203, 204, 205, 206, 207, 208, 209, 
210, 211, 212, 214, 215, 216, 217, 218, 219, 220, 221, 222, 
223 
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3 31, 33, 46, 50, 274, 278, 280, 281, 282, 283, 284, 285, 286, 
287, 288, 289, 290, 291, 292, 333, 335, 336, 337, 338, 339, 
340, 341, 342, 343, 344, 345, 346, 347, 348, 349, 350, 351, 
352, 353, 354, 355, 356, 357, 358, 359, 360, 361, 362, 363, 
364, 365, 366, 367, 368, 369, 370, 371, 372, 373, 374, 376, 
426 

4 55, 58, 59, 61, 62, 63, 64, 66, 108, 109, 110, 111, 112, 113, 
114, 115, 116, 117, 118, 119, 120, 121, 122, 123, 124, 125, 
127, 128, 129, 130, 131, 132, 133, 134, 135, 136, 137, 138, 
139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 150, 257 

5 65, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 
82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 
98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 151, 152, 153, 
154, 155, 156, 157, 158, 159, 160, 161, 162, 163, 164, 166, 
169, 213, 224, 225, 226, 227, 228, 229, 230, 231, 232, 233, 
234, 235, 236, 237, 238, 239, 240, 241, 242, 243, 244, 245, 
246, 247, 248, 249, 250, 251, 252, 253 

6 54, 57, 126, 254, 255, 256, 258, 259, 260, 261, 262, 263, 264, 
265, 266, 267, 268, 269, 270, 271, 272, 273, 275, 276, 277, 
279, 375, 401, 403, 404, 405, 406, 407, 408, 409, 410, 411, 
412, 413, 414, 415, 416, 417, 418, 419, 420, 421, 422, 423, 
424, 425, 427, 428, 429, 430, 431, 432, 433, 434, 435, 436, 
437, 438, 439 

7 6, 8, 10, 12, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 
27, 28, 29, 293, 294, 295, 296, 297, 298, 299, 300, 301, 302, 
303, 304, 305, 306, 307, 308, 309, 310, 311, 312, 313, 314, 
315, 316, 317, 318, 319, 320, 321, 322, 323, 324, 325, 326, 
327, 328, 329, 330, 331, 332, 334, 377, 381, 384, 388 

IF(np) 
  
  
  
  
  

1 4 
2 5, 7 
3 6, 8, 10, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 

26, 27, 29 
4 28, 33, 34, 35, 36, 38, 149, 164, 165, 166, 167, 168, 170, 171, 

172, 173, 174, 175, 176, 177, 178, 205, 206, 207, 208, 209, 
210, 211, 212, 213, 214, 215, 216, 217, 218, 219, 220, 221, 
222, 223, 224, 227 

5 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 179, 180, 181, 182, 183, 
184, 185, 186, 187, 188, 189, 190, 191, 192, 193, 194, 196, 
197, 198, 200, 201, 202, 203, 204, 351, 353 

6 9, 11, 37, 252, 289, 291, 292, 293, 294, 295, 296, 297, 298, 
299, 300, 301, 302, 303, 304, 305, 306, 307, 308, 309, 310, 
311, 312, 313, 314, 315, 316, 317, 318, 319, 320, 321, 322, 
323, 324, 325, 326, 327, 328, 329, 330, 331, 332, 333, 334, 
335, 336, 337, 340, 370, 373, 374, 376, 377, 378, 379, 380, 
381, 382, 383, 384, 385, 386, 387, 388, 389, 390, 391, 392, 
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393, 394, 395, 396, 397, 398, 399, 400, 402, 440, 441, 443, 
444, 445, 446, 447, 448, 449, 450, 451, 452, 453, 454, 455 

7 64, 256, 258, 259, 260, 261, 262, 263, 264, 265, 266, 267, 268, 
269, 270, 271, 272, 273, 274, 275, 276, 277, 278, 279, 280, 
281, 282, 283, 284, 285, 286, 287, 288, 290, 338, 339, 341, 
342, 343, 344, 345, 346, 347, 348, 349, 350, 355, 357, 358, 
359, 360, 361, 362, 363, 364, 365, 366, 367, 369, 404, 422, 
423, 425, 426 

8 30, 31, 32, 61, 63, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 
76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 
92, 93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 
106, 148, 150, 151, 152, 153, 154, 155, 156, 157, 158, 159, 
160, 161, 162, 163, 169, 225, 226, 228, 229, 230, 231, 232, 
233, 234, 235, 236, 237, 238, 239, 240, 241, 242, 243, 244, 
245, 246, 247, 248, 249, 250, 251, 253, 254, 255, 257 

9 403, 408, 409, 411, 412, 413, 414, 415, 416, 417, 418, 419, 
420, 421, 424, 427 

10 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 62, 107, 108, 109, 
110, 111, 112, 113, 114, 115, 116, 117, 118, 119, 120, 121, 
122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 132, 133, 
134, 135, 136, 137, 138, 139, 140, 141, 142, 143, 144, 145, 
146, 147, 195, 199, 352, 354, 356 

11 368, 371, 372, 375, 401, 405, 406, 407, 410, 428, 429, 430, 
431, 432, 433, 434, 435, 436, 437, 438, 439, 442 

IF(Na+) 
  
  
  
  
  
  
  

1 4, 6, 8, 10, 297, 300, 301, 302, 303, 304, 305, 306, 307, 308, 
309, 310, 311, 312, 313, 314, 315, 316, 317, 318, 319, 320, 
321, 322, 323, 324, 325, 326, 327, 328, 329, 330, 377, 378, 
379, 380, 381, 382, 383, 384, 385, 386, 387, 388, 389, 390, 
391, 392, 393, 394, 395, 396, 397, 398, 399, 400, 439, 440, 
441, 442, 443, 444, 445, 446, 447, 448, 449, 450, 451, 452, 
453, 454, 455 

2 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 142, 146, 168, 
170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 
182, 183, 184, 185, 186, 187, 188, 189, 190, 191, 192, 193, 
194, 195, 196, 197, 198, 199, 200, 201, 202, 203, 204, 205, 
206, 207, 208, 209, 210, 211, 212, 213, 214, 215, 216, 217, 
218, 219, 220, 222 
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3 31, 33, 35, 278, 280, 281, 282, 283, 284, 285, 286, 287, 288, 
289, 331, 332, 333, 334, 335, 336, 337, 338, 339, 340, 341, 
342, 343, 344, 345, 346, 347, 348, 349, 350, 351, 352, 353, 
354, 355, 356, 357, 358, 359, 360, 361, 362, 363, 364, 365, 
366, 367, 368, 369, 370, 371, 372, 373, 374, 375, 426 

4 65, 66 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 
82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 
98, 99, 100, 101, 102, 103, 104, 148, 149, 150, 151, 152, 153, 
154, 155, 156, 157, 158, 159, 160, 161, 162, 163, 164, 165, 
166, 167, 169, 221, 223, 224, 225, 226, 227, 228, 229, 230, 
231, 232, 233, 234, 235, 236, 237, 238, 239, 240, 241, 242, 
243, 245 

5 244, 246, 247, 248, 249, 250, 251, 252, 253, 254, 255, 256, 
257, 258, 259, 261, 403 

6 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 
117, 118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 128, 
129, 130, 131, 132, 133, 134, 135, 136, 137, 138, 139, 140, 
141, 143, 273 

7 105, 106, 107, 108, 109, 110, 111, 112, 113, 114, 115, 116, 
144, 145, 147 

8 260, 262, 263, 264, 265, 266, 267, 268, 269, 270, 271, 272, 
274, 275, 276, 277, 279, 418, 419, 420, 421, 422, 423, 424, 
425, 427 

9 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 
29, 299 

10 5, 7, 9, 11, 12, 30, 32, 34, 290, 291, 292, 293, 294, 295, 296, 
298 

11 376, 401, 402, 404, 405, 406, 407, 408, 409, 410, 411, 412, 
413, 414, 415, 416, 417, 428, 429, 430, 431, 432, 433, 434, 
435, 436, 437, 438 

 

The number of communities does not necessarily correlate with the stability of a structure. 

Important details of the communities such as size and scope across the protein are crucial 

in understanding how structural stability is controlled by amino acid connectivity. In 

Figures Figure 5.6(a’), 5.6(c’), 5.6(d’), 5.6(e’), I show only the network communities that 

have amino acids that span both N- and C-lobes. Amino acids not in these lobe-spanning 

communities are displayed as ribbon structures. Figure 8(b’) shows two communities for 

the OF(p) structure. Neither of these two OF(p) communities span the N- and C-lobes. 
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They are highlighted because they contain amino acids with strong connectivity that break 

upon conversion to the IF(p) conformation, as discussed below. For all panels in Figure 5.6 

the N-lobe (violet shading) is on the left and the C-lobe (light green) is on the right, except 

for Figure 5.6(a’). The communities in Figure 5.6(a’) are more easily viewed from the other 

side of the protein, and thus the N-lobe is on the right and the C-lobe is on the left. 

 

Figure 5.6 Communities from dynamical network analysis for the last 20 ns of the 100 ns 
MD trajectories. Communities in each system are shown in different colors. The small 
spherical nodes represent amino acids. Thicker lines between nodes represent stronger 
correlations in positional fluctuations. (a) OF(np), (b) OF(p), (c) IF(p), (d) IF(np), (e) 
IF(Na+).  Communities with amino acids spanning the N- and C-lobes are displayed in (a’), 
(c’), (d’), (e’). Figure 8b’ displays two communities in OF(p). Neither community spans 
the N- and C-lobes but both contain strong connections that break when the structure 
converts to IF(p). For all figures except Figure (a’), the PfMATE N-lobe (lavender shading) 
is on the left and the C-lobe (light green) is on the right. For Figure 5.6(a’), the highlighted 
communities are better viewed from the other side of the protein and thus the lobe positions 
are reversed.  
 
 
5.6.1 Protonation Induced Changes in Network Communities 
 
Communities that span both the N- and C- lobes stabilize the overall structure of the 

protein. Table 5.5 shows network connections that must be broken in order for the structure 
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to convert. I found that in the stable OF(np) structure (Fig. 8a’) there are two communities 

that span the N- and C- lobes  (Table 5.5, OF(np) Communities 1 and 8) with many 

connections between the lobes. In contrast, upon protonation to the unstable OF(p) 

structure (Fig. 8b') there are no communities that span the N- and C- lobes (Table 5.5, 

OF(p)). However, Fig. 8c’ and Table 5.5 show that upon conversion to the IF(p) structure, 

three communities are created that stabilize the IF(p) structure by spanning the N- and C-

lobes with many connections. Also provided for comparison in Table 5.5 is the sum of the 

strengths of the connections for protonated versus non-protonated configurations. The 

strengths are given in arbitrary units. 

Further insight into the structural conversion process upon protonation of the OF structure 

can be found in two communities in the unstable OF(p) configuration. The unstable OF(p) 

configuration contains Community 7 (N-lobe) that has strong internal amino acid 

connections that are broken during the structural conversion to IF(p), as does OF(p) 

Community 13 (C-lobe). Table 5.5 shows that within Community 7, residue G8 has strong 

connections to residue E163 and G164, and residue V9 has strong connectivity to I85, 

E163, and Y224. Residues G8 and G9 are on helix TM1 and E163 is on TM4. In the OF 

structure G8, G9 are near E163. However, in the IF structure, G8 and G9 are far from E163 

and the connections between them are broken. As proposed by Jagessar95, this shows that 

E163 plays a crucial role in the structural transition from OF(p) to IF(p). 
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Table 5.5 Network connections that are broken if the PfMATE converts to the other 
structure. The stable OF(np) structure contains many inter-lobe and intra-lobe connections 
(26 total), whereas protonation changes the connectivity so that only a small number (8 
total) of intra-lobe connections must be broken for OF(p) to convert. The IF(p) structure 
contains many inter-lobe connections that must be broken upon structural conversion. The 
strength of the connections is given in arbitrary units. 

 

5.6.2 Na+ Induced Changes in Network Communities 

I investigated how the presence of Na+ changes the connection networks for the IF structure 

in comparison to IF(np). All of the networks are provided in Table 5.4. Table 5.6 shows 

network connections that must be broken in order for the IF structure to convert. The IF(np) 

structure contains a moderate number of inter-lobe connections that must be broken for 

conversion to OF, whereas the presence of Na+ greatly reduces the number and strength of 

stabilizing inter-lobe connections, which facilitates the transition. 
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Table 5.6 Network connections that are broken if the PfMATE converts to the other 
structure. The presence of Na+ great reduces the number and strength of the connections 
that must be broken. The strength of the connections is given in arbitrary units. 

 

5.6.3 Size and Strength of Network Connectivities 

I also used my network analysis to further quantify the size and strength of the networks 

containing amino acids that are involved in structural conversion from OFàIF upon 

protonation (E163, D184, E331) or involved in Na+ binding (D41, N180, D184, T202) that 

causes the IF�OF structural conversion. Figures 5.7(a,b) show all connections involving 

the communities that contain E163, D184, E331 in the unstable OF(p) and stable OF(np), 

respectively. Figure 5.7(c) shows all connections involving the communities that contain 

D41, N180, D184, T202 in the unstable IF(Na+) as well as the unprotonated D41, E163, 

D184, E273, E331 residues. Figure 5.7(d) shows all connections in the stable IF(p) 

involving the communities that contain D41, N180, D184, T202 in the absence of Na+ but 

with residues D41, E163, D184, E273, E331 protonated in the IF configuration. The figures 

show that the stable configurations have larger networks with stronger connectivity 

(edges). I quantified this by summing the strengths of all the connections in each structure. 
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The results are: unstable OF(p): 9.1, stable OF(np): 35.8, unstable IF(Na+): 5.2, stable 

IF(p): 11.8. A clear trend is apparent between the stability of a structure and the sum of the 

strengths of the connections in the network communities involving key amino acid. 

 

Figure 5.7 Communities that contain amino acids that are involved in structure conversion 
upon protonation or binding of Na+. (a) OF(p), (b) OF(np), (c) IF(Na+), and (d) IF(p) 
PfMATE systems. 
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5.7 Transfer Entropy and Information Flow for Structural Transitions 

The large-scale structural transitions between IF and OF protein configurations require the 

transfer of information among amino acids. References76,95 identify amino acids located at 

the protonation site as well as amino acids at the binding site for Na+. In order to determine 

which of these amino acids are likely to generate the information that causes the structural 

transition, I performed Transfer Entropy (TE) calculations using the computational 

technique described in ref.142. A TE donor (leader, TE>0) is a source of structural 

information and can drive a structural transition, whereas a TE receptor (follower, TE<0) 

receives structural information. In addition, TE pathways in the protein involving several 

amino acids can also provide insight into the mechanistic details of structural transitions. 

I am interested in determining how information is transferred through the protein to trigger 

the structural change. The OF(np) configuration is stable, but protonation of the OF 

configuration seems to cause the OFàIF transformation. Therefore, for comparison I 

calculated TE of amino acids in both the OF(np) and OF(p) states. Likewise, IF(np) is 

stable, but the binding of Na+ causes the IFàOF transformation. For comparison, I 

calculate TE for amino acids in IF(np) and IF(Na+). The TE is calculated from the 

trajectories of the 100 ns all-atom MD simulations for each of the four systems. 

 

5.7.1 Protonation Induced Changes in TE 

Protonation causes the structural transition from OF to IF. The amino acids around the 

protonation binding site were identified76 as E163, D184, E331. Jagessar95 proposes a 

mechanism for isomerization from the OF to IF state that is initiated specifically by E163 

protonation in OF that loosens the IL6-7 loop. My TE results support this proposal, and 
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also provide additional insight concerning the effects of D184 and E331 on the structural 

configuration upon protonation. To determine how these amino acids communicate the 

difference between non-protonated versus protonated to other amino acids to generate the 

structural transition from OF to IF, I looked at two parameters from the Transfer Entropy 

calculations: the strength of an amino acid as a TE donor, and the importance of the TE 

protein pathway that starts from a specific amino acid. I specifically looked for trends in 

how these two parameters changed between the non-protonated outward facing OF(np) 

structure and the protonated OF(p) structure. With respect to E163, I found that in the 

OF(np) structure, the TE pathway that starts with E163 (Table 5.7) has a rank of 377 among 

all 451 TE pathways calculated, and the pathway does not include any amino acids in the 

IL6-7 loop. In addition, there are seven other OF(np) TE pathways that E163 is part of, but 

none of these pathways involve residues in the IL6-7 loop. Upon protonation of OF, the 

only TE pathway involving E163 is the pathway that starts with E163, which rises in 

importance to a rank of 328 and includes one residue (D222) on IL6-7. These TE results 

show that protonation leads to an increase in communication between E163 and the IL6-7 

loop compared to OF(np).  

Table 5.7 The amino acid TE pathways for the OF structure that start with E163, D184, 
and E331. The pathways (and ranks) are given for the OF(np) structure and the OF(p) 
structure. 

E163 
np E163 à K7 à G379 à L375 à E273 à A355 à S354 à E131 à 

G130 à K129 à L116 à P117 à G164 à L11 à K7 (Rank 377) 

p E163 à G162 à V9 à G8 à S352 à K4 à A128 à D222 à L348 
à K4 (Rank 328) 

D184 
np 

D184 à V182 à I181 à G289 à G130 à K129 à L116 à P117 à 
G164 à L11 à K7 à G379 à L375 à E273 à A355 à S354 à 
E131 à G130 (Rank 5) 

p D184 à V182 à G178 à R13 à T5 à K4 à A128 à D222 à L348 
à K4 (Rank 27) 
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E331 
np 

E331 à T5 à V174 à G176 à A40 à N167 à R161 à G162 à 
S104 à L229 à A230 à D89 à G8 à K7 à G379 à L375 à E273 
à A355 à S354 à E131 à G130 à K129 à L116 à P117 à G164 
à L11 à K7  (Rank 153) 

p E331 à L332 à G289 à P234 à L229 à L12 à G8 à S352 à K4 
à A128 à D222 à L348 à K4  (Rank 45) 

 

Table 5.8 shows that protonation decreases the role of E163 in receiving structural 

transformation from other amino acids in the protein.  In addition, Table 6 shows that upon 

protonation, E331 has the largest increase as a TE donor and its TE pathway rank increases 

in importance the most. This is consistent with the experimental work of ref.76, which found 

that the OFàIF structural transition can be triggered by protonation of E331. In addition 

to the increase in donor strength of E331 when protonated, the TE pathway involving E331 

also increases in importance upon protonation. Table 5.7 shows that the only OF pathway 

involving E331 contains two amino acids in the IL6-7 loop (L229, R230) and has a 

relatively low rank of 153. When protonated, E331 again participates in only one OF 

pathway and this pathway includes two different residues in the IL6-7 loop (D222, P234). 

However, the rank of this TE pathway is 45, significantly more important than in the 

OF(np) structure. This TE result on the importance of E331 upon protonation is also 

consistent with the result presented earlier that E331 undergoes a large change in RMSF 

upon protonation. For D184, transfer entropy shows no clear trends. Table 5.7 shows that 

D184’s only TE pathway decreases in rank upon protonation, but protonation also changes 

the TE pathway to include an amino acid in IL6-7 (D222) whereas there is no IL6-7 residue 

in D184’s OF(np) TE pathway. Table 6 shows that upon protonation, D184 loses strength 

as a TE donor in the OF structure. 
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Table 5.8 Change in Transfer Entropy parameters for the OF structure with no protonation 
(OF(np)) versus with protonation (OF(p)). The strength as a TE Donor is given as a 
normalized value. The rank of the primary information pathway that starts with a specific 
amino acid is given with respect to the 451 pathways generated by the TE algorithm of 
ref.142. A lower rank means a more important TE pathway. 

  OF(np) OF(p) 
  Donor Strength Pathway Rank Donor Strength Pathway Rank 
E163 -6.89 377 -3.63 328 
D184 23.72 5 14.21 27 
E331 1.60 153 7.26 45 

 

5.7.2 Na+ Induced Changes in TE 

The binding of Na+ causes the structural transition from IF to OF. The amino acids around 

the Na+ binding site were identified95 as D41, N180, D184, T202. To determine which of 

these amino acids are the likely source of information that is transferred to other amino 

acids to generate the structural transition from IF to OF, I looked at two parameters from 

the Transfer Entropy calculations: the strength of an amino acid as a TE donor, and the 

importance of the TE protein pathway that starts from a specific amino acid. I specifically 

looked for trends in how these two parameters changed when the IF structure had not bound 

Na+ versus the IF structure with Na+ bound near these four amino acids. The TE 

calculations show that the binding of Na+ significantly increases the TE donor strength of 

T202, N180, and D184, but causes D41 to become more of a TE receptor. The trend of 

increasing importance as a TE donor for T202, N180, and D184 is shown in both the 

increase in TE donor value as well as an increase in the importance of each amino acid’s 

primary pathway, as seen in Table 5.9 As with the RMSF results, the TE results show that 

the binding of Na+ has the largest effect on the dynamics of N180. 
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Table 5.9 Change in Transfer Entropy parameters for the IF structure with no Na+ versus 
with Na+ bound. The strength as a TE Donor is given as a normalized value. The rank of 
the primary information pathway that starts with a specific amino acid is given with respect 
to the 451 pathways generated by the TE algorithm of ref.142. A lower rank means a more 
important TE pathway. 

 IF Without Bound Na+ IF With Bound Na+ 

 Donor Strength Pathway Rank Donor Strength Pathway Rank 
N180 4.09 378 15.24 50 
D184 3.53 61 8.86 23 
T202 -5.57 103 8.18 82 
D41 -0.08 70 -6.61 132 
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6. IN-SILICO SCREENING OF INHIBITORS TARGETING THE SARS-COV-2 

ENVELOPE PROTEIN 

In this project, I performed in silico drug screening using molecular docking with the US 

Food and Drug Administration (FDA)-approved and investigational drugs targeting a 

conformational ensemble of SARS-CoV-2 E protein (PDB ID: 7K3G)43 by doing 

molecular dynamics (MD) simulation. These drugs can be repurposed as anti-viral drugs 

against SARS-CoV-2. The screening study identified 6 promising drugs that presented 

outstanding chemical and pharmacokinetic properties and stability inside the E-protein 

during MD simulation, thereby could be recommended for further experimental analyses 

and pre-clinical trials. 

 
 
6.1 Molecular Docking Based Screening Results 

I generated an ensemble of 100 PDBs of SARS-CoV-2 E protein using the molecular 

dynamics simulation trajectory. I took a list of about 3800 drug molecules that includes 

both FDA-approved and investigational drugs and performed a high-throughput in silico 

docking with them to target the E protein. The docking results were further sorted based 

on the binding energy generated by the docking tool AutoDock Vina 4.2116, and was 

followed by further analysis- docking based interaction analysis, MD based analysis, 

pharmacokinetics studies etc. 

Based on the binding energy score and the visualization of the docked complexes, I chose 

six best compounds from a total of 380000 hits as listed in Table 6.1. All the six compounds 

interact inside the transmembrane (TM) of the E protein. However, five of them, tirilazad, 

laniquidar, midostaurin, siramesine, and galeterone, bind to C-terminal domain, and one, 
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lumacaftor, fits in to the N terminal domain of the E protein. The C-terminal of the TM 

domain found to be an active site for the drug binding in previous studies174,175, whereas 

Mandala et al43 found that small-molecules/drugs have high-affinity to bind to N-terminal 

in order to occlude the E-protein in the presence of membrane bilayer. All the six 

compounds show hydrophobic interaction with E-protein,  and two compounds show 

hydrogen bonds made with E-protein based on the result generated by a 2D ligand-protein 

interaction diagrams application LigPlot+176. Laniquidar and Lumacaftor have the highest 

number of hydrophobic interactions with five and four respectively, and others have only 

three hydrophobic interactions as shown in Figure 6.1. Only lumacaftor make hydrogen 

bonds with E-protein residue Thr9. According to binding energy, laniquidar and galeterone 

are the two highest ones with -11.5 kcal/mol each, next one is tirilazad with -11.3 kcal/mol, 

and midostaurin, siramesine, lumacaftor each has -11.2 kcal/mol as shown in Table 6.1. 

The binding sites or active sites of E-protein in the selected complexes are shown in Figure 

6.2.  

Table 6.1 Six best docking hits, their 2D chemical structures, binding energy, hydrogen 
bond, and hydrophobic interactions. 
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Figure 6.1 2D ligand-protein interaction diagrams of six compounds with highest binding 
energies obtained in docking calculation against SARS-CoV-2 E-protein. The interaction 
diagrams were made with LigPlot+ application. 
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Figure 6.2 3D interaction diagram of six compounds. a) the top/bottom view of the drug-
protein complexes and b) the side of the same complexes that show the exact location of 
the binding site in the transmembrane domain of the E-protein. The drugs are shown in 
stick representation. 
 
 
6.2 Molecular Dynamics (MD) Simulation Results 

Based on the docking results, the best fit six complexes of drug molecules and E-protein 

structures are now considered for MD simulations related analysis, that is helpful 

understanding the ligand-protein interaction, conformational dynamics of biological and 

chemical compounds. Six systems were made for tirilazad, laniquidar, midostaurin, 

siramesine, galeterone, and lumacaftor complexed with E-protein and embedded in ERGIC 

membrane bilayer using CHARMM-GUI website87,108. The systems were hydrated with a 

cubical TIP3 water box and ionized with a Ca2+Cl- for neutralization. All other parameters 

were set to standard MD simulation parameters default in NAMD2.14 software110,177. The 

systems were minimized and equilibrated for a short period of time and was followed by a 

100 ns MD production run with a 2 fs timestep and 300 K temperature. 
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Figure 6.3 Results based on MD trajectory analysis. a) root mean square deviation 
(RMSD), b) root mean square fluctuation (RMSF), and c) radius of gyration. (RGYR) of 
the drug molecules. Panel d) and e) are showing NAMD energy and hydrogen bonds 
between drug compounds and E-proteins calculated with angle 30 degree and distance 3.5 
Å as a cutoff. 
 
The RMSD of the drug compound indicates the stability of the ligand inside the E-protein 

over time. Midostaurin and galeterone are showing the highest stability and experiencing 

a very little movement inside the E-protein. Tirilazad and siramesine are fluctuating 

moderately during the simulation. However, laniquidar at around 5 ns and lumacaftor at 

around 50 ns show a tremendous move and get settled immediately and remain in the stable 

state for rest of the simulation. The RMSF of the drug molecules show clear relation to the 

RMSD of them. Laniquidar and lumacaftor have the highest fluctuations in their heavy 

atoms, whereas galeterone and midostaurin heavy atoms are showing the lowest flexibility. 

As the RGYR of a chemical indicates the distribution of its atoms, it is good measure to 

see the degree of changes of the ligand atoms. I also calculated the RGYR for the ligands 

as shown in Figure 6.3(c), and all the drugs are showing a stable distribution of their atoms 

during simulations. The total energy and hydrogen bond were calculated with NAMD 

energy  and Hydrogen bond plugin of VMD94 depicted in Figure 6.3(d) and 6.3(e) 
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respectively. Both the calculations are showing a stable complex for E-protein and ligands. 

After confirming the stability of all the complexes, I performed the pharmacokinetics 

studies for them. 

 

6.3 Pharmacokinetic Studies 

Now that I have six stable ligands and E-protein complexes obtained from molecular 

docking and verified with MD simulation, the pharmacokinetics studies, which is important 

for safety assessment178, of the drug molecules are being considered for further analysis. 

Lipinski’s rule of 5179, or Pfizer’s rule of five is an investigative approach to identify the 

druglikeness of a chemical compound that has a definite pharmacological or biological 

activity. The rules were fixed depending on the remarks that oral drugs are usually 

relatively small with high lipophilicity180. The rule infers that compound having properties: 

molecular weight (< 500 Da), lipophilicity, LogP (< 5), hydrogen bond donor, HBD (< 5), 

and hydrogen bond acceptor, HBA (> 10), shows a better absorption and saturation 

property across a cell membrane. In addition to these properties, I also calculated % of 

absorption, AB%, manually with the following equation181: 

𝖠𝖡%=𝟣𝟢𝟫−(𝟢.𝟥𝟦𝟧×𝖳𝖯𝖲𝖠) 

 The properties were assessed for all the six drug molecules as shown in Table 6.2 using 

an web-based application called molsoft182 (https://molsoft.com/mprop/). The properties 

which are violated by the compounds are shown in red color in the table. Tirilazad, 

laniquidar, and midostaurin have a little high molecular weight, whereas others are well 

inside the limit. None of the compounds violate the hydrogen bond donor/acceptor criteria. 

However, the MolLogP property is the one violated by most the drugs but midostaurin. 
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The percentage of absorption is just fine for all the drugs and is indicating that when 

administered orally all the compounds possess a good property of bioavailability, 

distribution, and circulation183. While considering the druglikeness score, all the 

compounds are showing to be like a prior identified drug, although midostauring, 

galeterone, and lumacaftor are off by a fraction only and could less likely be a drug 

molecule184. However, overall, all the compounds show to be a good drug candidate for 

SARS-CoV-2 E protein. 

Table 6.2 Lipinski’s rule of 5 prediction of the selected compounds using molsoft web-
based application. 

 

I also calculated bioactivity of the chosen compounds using molinspiration website185 

against GPCR ligand, ion channel modulator, kinase inhibitor, nuclear receptor ligand, 

protease inhibitor,  enzyme inhibitor as shown in Table 6.3, and the prediction read as 

active with bioactive score > 0, moderately active with bioactive score -5.0-0.0, and 

inactive with bioactive score < -5.0185,186. The study show that all the six compounds are 

active against GPCR ligand and kinase inhibitor with a positive bioactivity score. Only 

siramesine is showing active nature against ion channel modulator, whereas other five are 

moderately active against it. Siramesine, galeterone, lumacaftor are found to be active and 
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and tirilazad, laniquidar, and midostaurin are moderately active against nuclear receptor 

ligand. Except galeterone, all the compounds are calculated as active for protease inhibitor. 

The compounds are also active with positive bioactivity value except tirilazad and 

laniquidar against enzyme inhibitor. 

Table 6.3. Bioactivity prediction of the selected drugs obtained using molinspiration 

website. 

 

Developing a successful drug, there is a set of pharmacodynamic properties- appropriate 

drug uptake, reasonable drug distribution to corresponding tissues and organs, effective 

metabolization for reasonable activity, suitable elimination, and definite non-toxic manner, 

called ADMET properties, which are critical for manufacturing effective drugs187-190. The 

ADMET stands for absorption, distribution, metabolism, excretion, and toxicity. These 

properties were predicted for all the selected compounds using pkCSM webpage191 among 

other web-based tools192-196, and listed in Table 6.4. The measured parameters were human 

intestinal absorption (HIA), blood brain barrier (BBB) penetration, CYP substrate and 

inhibitor, total clearance, and rat oral acute toxicity (LD50) which represent absorption, 

distribution, metabolism, excretion, and toxicity respectively. 

 

Drugs GPCR  
Ligand 

Ion Channel 
Modulator  

Kinase 
Inhibitor 

Nuclear 
Receptor 
Ligand  

Protease 
Inhibitor  

Enzyme 
Inhibitor  

Tirilazad 0.01 -0.81 0.71 -0.02 0.03 -0.12 
Laniquidar 0.32 -0.43 0.35 -0.34 0 -0.03 
Midostaurin 0.2 -0.33 0.96 -0.45 0.18 0.39 

Siramesine 0.78 0.22 0.29 0.21 0.17 0.22 
Galeterone 0.22 -0.01 0.18 0.91 -0.08 0.86 
Lumacaftor 0.21 -0.23 0.12 0.16 0.1 0.06 
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Table 6.4 Compounds’ pharmacodynamics profile obtained using pkCSM website. 

 

The calculated HIA property is indicating a higher absorption of all the compounds and 

seem to be highly absorbed in the intestinal cells197. Only siramesine is showing a better 

BBB penetration which is critical for the development of new drugs for brain diseases, and 

neuroimaging of brain198. The CYP450 stands for cytochrome P450 enzymes and are 

critical for drug biotransformation reactions in/on the smooth endoplasmic reticulum of 

different cells, e.g., liver. A CYP inhibitor impedes the biotransformation of drugs by 

CYP450 enzymes, thereby obstruct the metabolism of the drug. In this study, only tirilazad, 

midostaurin, and galeterone are found to be a CYP non-inhibitor. Except midostaurin and 

lumacaftor, other four compounds have a very good assessment of total clearance. The 

toxicity (LD50) values of all the compounds are high and indicating a nonlethal property 

of them, as lower the LD50 value higher is the toxicity. 

 

 



   75 

7. CONCLUSIONS 

I investigated the role of conformational changes of the SARS-CoV-2 Omicron variant’s 

spike protein, hACE2 receptor protein, E protein, and the PfMATE transporter protein. 

Amino acid mutations that cause conformational changes in viral proteins can allow the 

virus to more efficiently bind to a host cell and allow the virus to evade existing 

therapeutics/vaccines.  

The spike protein of SARS-CoV-2 requires the RBD of at least one chain in its trimer to 

be in the “up” conformation to scan the host cell receptor proteins and antibodies. 

Switching of the RBD conformation from the “down” conformation is a large structural 

change. The orientation of the sidechain of the amino acid(s) is also vital to find the proper 

match with the neighboring amino acids in the host cell’s hACE2 receptor protein to form 

non-bonded interactions that allow viral material to enter(infect) the cell and cause disease 

in the host organism. Similarly, amino acids in the N-terminal (residues Glu8–Ile13) of the 

SARS-CoV-2 envelope protein show greater dynamic properties compared to the C-

terminal and may play a critical role in binding Ca2+ and allowing the protein to pass out 

of the ERGIC lumen to the cytoplasm.  

In the case of the PfMATE protein, both inward- and outward-facing structures undergo a 

huge structural change to switch to their isomer. These conformational changes in structure 

allow PfMATE to act as a transporter protein that expels antibiotic molecules before they 

can damage the bacterial cell. This results in drug resistance to medication, e.g., 

norfloxacin ,and thereby intensifies the economic and health-related burden of the patients. 

 



   76 

In the Omicron project, my analyses show that the Omicron RBD shows a higher ACE2 

binding affinity compared to the Delta RBD. Unlike other variants, Omicron has RBD 

mutations Y505H and S371L that lie in the region interacting with the surrounding spike 

protein domains in the closed-form spike trimer and this can affect the RBD opening. 

Increased ACE2 affinity and potentially easier and more efficient RBD opening, combined 

with antibody evasion due to mutation-induced antigenic shifts provide the Omicron strain 

with a significant increase in the probability of successful cellular attachment, and this may 

contribute to its dominance over Delta. Other factors such as ACE2 accessibility of the 

RBD due to spike mutations affecting the hinge flexibility199-201, altered TMPRSS2 usage 

in cleaving S1/S2202 as well as post-fusion conformational changes203-205  may have effects 

on the transmissibility and severity of infection. While the Omicron RBD escapes most 

antibodies specific to other variants, it harbors sequences with significantly improved 

antigenicity compared to prior sequences. This suggests a possibility of superior 

neutralizing antibodies for Omicron and provides insights into vaccine design as well as a 

perspective on the future of SARS-CoV-2 persistence. 

In addition to the Omicron study, I investigated the molecular level details of the structural 

transitions between the IF and OF conformations of PfMATE using all-atom molecular 

dynamics simulation techniques and thermodynamic and mechanistic analyses using 

Targeted Molecular Dynamics (TMD) computations. Calculations of potential of mean 

force (PMF) from the TMD simulations allowed us to track the change in free-energy as 

the system switches from OF to the more thermodynamically favorable IF upon 

protonation, and to track the change in free-energy as the system switches from IF to the 

thermodynamically more favorable OF upon the binding of Na+.  The atomic-level cause 
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of differences in thermodynamic stability and structural flexibility among the different 

PfMATE systems was traced to protonation-induced differences in hydrogen bonding on 

both the extracellular and intracellular sides of the PfMATE systems. The flexibility of 

specific amino acids changed noticeably upon protonation. Compared to their behavior in 

the OF(non-protonated) configuration, in OF(protonated) the residue D184 experienced a 

large decrease in RMSF of 35%, residue E331 had a 28% decrease in RMSF, and E163 

had a decrease of 9%. Upon the binding of Na+ in the IF structure, D41, N180, and D184 

experience large decreases in RMSF of 35%, 27%, and 10%, respectively. These results 

imply that the structural transformations involve important amino acids becoming more 

rigid in their position, perhaps acting as fulcrums.  

My Dynamical Network Analysis and Transfer Entropy Analysis showed how protonation 

could modify the cascading structural changes responsible for the transition between the 

IF and OF configurations. The stable OF(np) structure contains many inter-lobe and intra-

lobe connections (26 total), whereas protonation changes the connectivity so that only a 

small number (8 total) of intra-lobe connections must be broken for OF(p) to convert. The 

IF(p) structure contains many inter-lobe connections that must be broken upon structural 

conversion.  Consistent with  Jagessar’s proposal27,  E163 plays a crucial role in the 

structural transition from OF(p) to IF(p). Also, the charged state of several residues and 

ion binding near D41/N180/D184/T202 provides an easier conformational transition for 

the IF(Na+) system by decreasing the node connections in communities. My transfer 

entropy calculations showed that protonation of OF allows E331 to take on more 

importance in affecting the structural arrangement of the amino acids in the protein. The 
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TE calculations also show that the binding of Na+ significantly increases the TE donor 

strength of T202, N180, and D184 but causes D41 to become more of a TE receptor.  

While finding the molecular level details of the dynamics of the SARS-CoV-2 Omicron 

RBD of the spike protein, RBD-hACE2 complex, and RBD-antibody, I also carried out 

research on finding therapeutics targeting the E protein. The SARS-CoV-2 E protein is a 

pentameric channel that is responsible for expelling out the Ca2+ from the ERGIC lumen 

to the cytoplasm of the host cell, and thereby starting the inflammation of the infected cells. 

It acts as a viroporin and takes part in modifying the cell membrane, resulting in the release 

of the viruses from the affected cells. The pathogenic activity of the CoVs can be reduced 

by introducing mutations in the E protein. Also, the E protein deletion causes the 

attenuation of the number of viruses as this action produces undeveloped and incompetent 

progeny viruses. Because of the multifunctionality of the E protein in CoVs, it becomes a 

potential drug target and can be a promising vaccine candidate against SARS-CoV-2. In 

this study, I used molecular docking methods to screen the best drug candidates for SARS-

CoV-2 E protein from a list of 3800 FDA-approved and investigational drugs. The six 

docked drug-E protein complexes, tirlazad, laniquidar, midostaurin, siramesine, 

galeterone, and lumacaftor, were selected based on the binding energy-based docking score 

calculated with molecular docking software AutoDock Vina. The selected complexes were 

embedded in the ERGIC membrane and prepared for MD simulation by solvating and 

ionizing them. RMSD, RMSF, and RGYR calculations based on the MD simulation show 

that all the drugs bind well to the E protein. These results were also supported by NAMD 

energy and hydrogen bond calculation. Hydrophobic interactions of each of the selected 

drugs with the transmembrane part of the E protein add extra stability to the complexes. 
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To come up with a successful drug for a particular target, pharmacological studies of the 

drug molecules are essential to check the safety profile of the drug candidate. This study 

can help to avoid detrimental off-target activity profiles of drug targets. I assessed the 

Lipinski’s rule of 5 to evaluate the druglikeness of the selected drugs and their 

pharmacodynamic property. Based on the Lipinski’s rule of 5, all the compounds were 

promising drug candidates for the SARS-CoV-2 E protein. All the compounds seemed to 

be highly absorbed in the intestinal cells as per the HIA calculation. Only siramesine 

revealed a better BBB penetration. Tirilazad, midostaurin, and galeterone are found to be 

a CYP non-inhibitor. Four compounds- tirlazad, laniquidar, siramesine, and galeterone, 

showed a very good assessment of total clearance. All six compounds showed a nonlethal 

property as their measured toxicity (LD50) values were high. The study listed six drugs to 

inhibit the channel activity of SRAS-CoV-2 E viroporin. These recommended repurposed 

pharmaceuticals and nutraceuticals require further validation of their action in clinical 

settings. The compounds that perform well in clinical trial may be used against the covid-

19 pandemic. 
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