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ABSTRACT

Influenza A virus infections causes substantial population illness with consequent healthcare and
economic problems. There has been an outbreak of novel influenza A (H7N9) virus strains on
the Chinese mainland as of March 2013. As a result of their fast geographical spread and
genomic variety, the ongoing circulation of H7N9 virus poses a pandemic threat. At present,
available anti-influenza drugs are mainly directed at the viral M2 ion-channel (amantadine and
rimantadine), neuraminidase (oseltamivir, zanamivir, laninamivir, and peramivir), or polymerase
(baloxavir marboxil), and emerging anti-viral resistance against these inhibitors is a concern. The
development of safe and effective anti-influenza drugs is essential to a balanced strategy against
seasonal influenza. The use of computational approaches for designing and developing new anti-
influenza drugs has proven beneficial in response to resistance to current therapies.

The use of computer-aided drug design (CADD) is crucial to the development of novel drugs. It
has been shown over the years that CADD plays a vital role in the drug design process,
accelerating the discovery of possible drug candidates at a lower cost. CADD approaches are
able to investigate protein-ligand interactions at the atomic level, which provides insights that
can be used to improve drug design. As a result, the studies presented in this thesis employed
CADD approaches in order to explore molecular mechanisms of action of new therapeutic
approaches designed to combat H7N9 viral infections. The aim of this study was to offer an in-
depth understanding of the effect of H7N9 mutation on neuraminidase inhibitor resistance and
discover the fundamentals for the design and development of more potent anti-viral drugs.

Clinical studies demonstrated that the peramivir resistance to extremely pathogenic influenza
H7NO viruses is caused R292K mutation. As such, we used numerous molecular dynamics
methods to assess the effect of neuraminidase-R292K mutation towards peramivir resistance in
influenza H7N9 viruses. We found that a R292K mutation caused peramivir orientation to be
altered in the binding site of the peramivir-R292 mutant complex, consequently hampering the
mutant's ability to bind peramivir. In contrast to its wildtype counterpart, R292K mutant
decreased the interaction between neighboring amino acid residues, as evidenced by a high
degree of flexibility in the radius of gyration. The mutation altered hydrogen bond-mediated
interactions with peramivir and resulted in a greater accessibility of water molecules nearby the
K292 mutated amino acid residue. Based on the energy binding calculations, it was determined
that the R292K mutation caused a reduction of 17.28 kcal/mol in the peramivir binding affinity
compared to the peramivir-wildtype complex. As a result, the peramivir was oriented differently
in the binding site and the overall conformation of the peramivir-mutant complex changed.



Experimental investigations have been conducted into the mutation of E119 in neuraminidase.
Contrary to this, there is insufficient information regarding the impact of E119V mutation
towards peramivir at the intermolecular level. Therefore, a thorough understanding of the
protein-ligand intermolecular interactions is crucial to understanding its inhibition. In the present
study, we explored the intermolecular mechanism and dynamics associated with the
susceptibility of peramivir to influenza H7N9 virus containing E119V mutation. We utilized
molecular dynamic simulations and a wide range of post-molecular dynamic analysis for
comprehensive insights into the impact of the E119V mutation and the conformational of the
peramivir-E119V mutant complex. Based on the post-molecular dynamic analysis, the
peramivir-E119V mutant complex showed relative stability. For the peramivir-wildtype
complex, the calculated binding free energy (AGoind) 1s -49.09 + 0.13 kcal/mol, while for E119V
mutant it is -58.55 £+ 0.15 kcal/mol. The increase in binding free energy by 9.46 kcal / mol is in
accordance with other post-molecular dynamic analyses, which found that the E119V mutation
increases protein stability. These findings could play a crucial role in developing new anti-
influenza drugs and controlling the avian influenza H7NO virus.

New and re-emerging diseases like influenza are challenging to treat due to the lengthy
development process and high failure rate. To develop potential therapies against the H7N9
virus, we repurposed FDA-approved drugs using an in silico drug repurposing method. A total of
2,568 drugs were screened for potential inhibitors. A DrugBank database virtual screening
identified the compounds promacta, tucitanib, and lurasidone as promising hits. The calculations
of MM-GBSA suggest that tucitanib (-54.1 kcal/mol) and promacta (-56.2 kcal/mol) occupy the
active site of neuraminidase with a higher binding affinity than the standard drug peramivir (-
49.09 kcal/ mol). Based on the results of Molecular dynamics (MD) simulation, the C-a atom
backbones of the complexes of tucatinib and promacta neuraminidase remained stable during the
simulation time. Absorption, distribution, metabolism, and excretion (ADME) analysis revealed
that the hit compounds have a high gastrointestinal absorption (GI) and lack properties that allow
them to cross the blood-brain barrier (BBB). Based on the in silico toxicity prediction, promacta
i1s not cardiotoxic, while lurasidone and tucatinib are only weakly inhibitory. We, therefore,
propose to test these compounds experimentally against influenza H7N9. To bring these
compounds to clinical settings, further investigation, and validation of these potential H7N9
inhibitors are necessary.

In summary, this study has established that the R292K mutation decreases peramivir binding
affinity and distorts peramivir optimum position in the binding site of neuraminidase. In contrast,
the E119V mutation contributed to relative stability of the peramivir-neuraminidase complex.
Promacta and tucatinib could be used as lead compounds to combat the H7N9 influenza virus.
Insights gained from this study will enhance future drug development and help in combating the
avian influenza H7N9 virus. Nonetheless, the concept of multi-target drugs, quantum mechanics
(QM) method such as density functional theory (DFT) and hybrid quantum mechanics/molecular
mechanics (QM/MM) for effective design of neuraminidase inhibitors should be widely
explored.
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PREFACE

This dissertation is presented as a compilation of 7 chapters.

Chapter 1 Introduction

Chapter 2 Influenza Viruses: Harnessing the Crucial Role of The M2 Ion-Channel
and Neuraminidase toward Inhibitor Design

Chapter 3 Computational Methods

Chapter 4 Impact of the R292K Mutation on Influenza A (H7N9) Virus Resistance
Towards Peramivir: Molecular Dynamics Perspective

Chapter 5 Intermolecular Mechanism and Dynamic Investigation of Avian Influenza
H7N9 Virus Susceptibility to E119V Substituted Peramivir-Neuraminidase
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Chapter 1 Introduction

1. INTRODUCTION

11 PREFACE

This chapter provides a brief background to the study and highlights the status of the influenza
virus, limitations associated with anti-influenza therapy, and the emergence of anti-viral
resistance. Furthermore, it provides details on alternative strategic solutions to enhance anti-
influenza therapy, which resulted in the proposed aims and objectives of the study.

1.2 BACKGROUND TO THE STUDY

The influenza virus is notoriously recognised for its exclusive capability to cause recurring
epidemics and pandemics where people of all ages suffer acute respiratory illness [1-3]. The
ability of the virus to emerge and circulate in reservoirs such as an avian or porcine species
through genetic reassortment or direct transmission and then irregularly spread to humans
accounts for the epidemiological spread of the virus [4-6]. The fast and random antigenic change
and immune invasion as soon as a human has become infected by the virus also contribute to the
spread of influenza [7].

The influenza virus has infected human population as of the 16" century causing repeated
epidemics of respiratory illness [8]. The emergence of a new virus that the general population is
not immune to may also result in rapid pandemic spread to all parts of the globe [9,10]. The
features of pandemics incorporate prevalence separate of the typical season, tremendously fast
transmission with simultaneous outbreaks worldwide, and high attack rates across all ages with
high death rates even in young, healthy individuals [1].

The years 1889, 1918, 1957, and 1968 saw four global pandemics during the 19th and 20th
centuries. Informally classified as Russian, Spanish, Asian, and Hong Kong influenzas,
respectively. They are, respectively, HIN1, H2N2, H3N2, and H1N1, three distinct antigenic
subtypes of the influenza A virus [11]. In 2009, an epidemic was brought on by a strain of swine
influenza A related to domestic swine influenza [12]. Coronavirus, the primary culprit behind the
current pandemic, was discovered to be the source of severe acute respiratory syndrome
Coronavirus 2 (SARS-CoV-2) in 2019 [13].

The human influenza virus is part of the Orthomyxoviridae family [5]. It includes influenza A, B,
and C viruses. Among human influenza viruses, only influenza A and B cause acute infection
and immense seasonal epidemics because they spread and cause acute infection [5]. In contrast,
the influenza C virus is associated with mild illnesses. Haemagglutinin (HA) and neuraminidase
(NA) glycoproteins are the primary influenza A and B virus epitopes [7,14].

New influenza A and B virus strains emerge through a mechanism called an antigenic alteration
of HA and NA antigens. Influenza A and B viruses exhibit smaller alterations in antigenic
composition called antigenic drift that cause epidemics [5,7]. A pandemic of influenza occurs
irregularly and unpredictably and is due to a major antigenic alteration occurring only in
influenza A, called antigenic shift (Figure 1). Influenza viruses can be spread by aquatic birds
because they host several subtypes of the influenza A virus [14].
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Figurel: Antigenic drift and antigenic shift. Antigenic drift: the pink color highlights mutations
in the RNA genome. Antigenic shift: different colours represent antigenic differences between
two strains [15].

An antigenic shift arises when a new influenza A virus evolves by encoding a different
haemagglutinin gene from that which is present in an avian influenza. It might be achieved by
adapting an avian virus to make it transmittable among humans [2,16]. Humans are more likely
to be infected by the H5 and H7 subtypes of avian influenza if they are introduced into domestic
poultry [17,18].

Avian influenza A (H7N9) virus infection in the human population emerged in East China in
March 2013 [19]. Since that time, it has infected a total of 1565 humans and Kkilled
approximately 39 percent of people infected with Asian H7N9 virus [19,20]. Influenza A
(H7N9) virus infection in humans has been linked with pneumonia and acute respiratory distress
syndrome with high mortality rates [21,22]. NA catalyzes the breakage of o-(2-3 or 2-6)-
ketosidic connection amongst terminal sialic acid and adjacent surface glycoprotein. Moreover,
this promotes the budding of relatively new viral particles from the infected cell. Consequently,
progeny viruses are released, infecting uninfected host cells and spreading infection to
respiratory tract mucins [7,23].

The influenza virus attaches to the sialic acid found on the surface glycoprotein of the host cell
by using HA. The HA proteins of avian viruses are specifically designed to recognize an a-2,3-
linkage found on epithelial cells of duck intestines. Whereas the HA proteins of human viruses
have an affinity for the sialic acid connected to galactose through an a-2,6-linkage found on the
surface of human respiratory epithelial cells [24-28]. The A (H7N9) virus demonstrates a greater
affinity for the human a-2,6-linked sialic acid host cell receptor, whilst demonstrating a reduced
affinity for the avian a-2,3-linked sialic acid host cell receptor [29]. Serological studies indicate
that no human population has pre-existing immunity towards H7 subtype influenza viruses
[25,30]. Thus, the A (H7N9) virus is concerning as a probable pandemic source and should
continue to be monitored, and more potent anti-influenza drugs should be developed.

The number of existing anti-influenza drugs is restricted to those targeting the M2 ion-channel
(amantadine and rimantadine), neuraminidase (oseltamivir, zanamivir, laninamivir, and
peramivir), or polymerase (baloxavir marboxil), and emerging anti-viral resistance against these
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inhibitors is a problem [7,16]. It is therefore important to develop safe and effective anti-viral
drugs as a component of the balanced strategy to dealing seasonal influenza and is vital in
response to new outbreaks of strains caused by seasonal and pandemic influenza. The active site
of NA forms a pocket composed of 19 highly conserved amino acid residues [7,23,31]. If amino
acid residues at the conserved amino acid sites of the NA active site are mutated, the
susceptibility to NA inhibitors may be altered, affecting the therapeutic properties of the
inhibitors.

Computer-aided drug design (CADD) is very important in the exploration of potential novel
drugs. CADD forms an integral portion of the research approach known as structure-based
design, which is a composition of experimental and computational approaches [32,33]. CADD
has gained substantial attention as a complementary tool for finding new drug leads,
understanding disease mechanisms, and drug-target interaction. Computational approaches
critically reduce the costs of preclinical and clinical studies by reducing the time and resources
required for chemical synthesis and biological testing [34].

The application of computational methods in the development of probable novel therapeutic
agents has proven to possess the ability to significantly address the anti-influenza drug resistance
[34]. Understanding the binding interactions of a ligand and a receptor is of high interest since it
can provide critical information to study structural changes in the binding site. The study of
antiviral resistance to peramivir by mutants such as R292K and E119V using computational
tools is paramount to effectively understand the mechanisms of drug resistance and to further
predict potential drug resistance.

1.3  NOVELTY AND SIGNIFICANCE OF THE STUDY

Both influenza A and B viruses are susceptible to NA inhibitors. They inhibit NA from breaking
down the sialic acid, allowing budding viral particles to stay connected to the surface of the
infected cell. As a result, an infection is suppressed to just one replication cycle. The active site
forms a pocket composed of 19 highly conserved amino acid residues in IAV and IBV. The inner
cavity contains 8 highly conserved enzymatic residues (Argl18, Aspl51, Argl52, Arg224,
Glu276, Arg292, Arg371, and Tyr406) (N2 numbering) that interact directly with sialic acids
responsible for the enzymatic activity. In addition, the rim comprises of 11 extremely conserved
framework residues (Glu119, Argl56, Trpl178, Serl79, Asp (or Asn in N7 and N9) 198, Ile222,
Glu227, His274, Glu277, Asp294, and Glu425) that stabilizes the enzymatic binding pocket
[7,23,31]. A nucleotide alteration in the NA gene confers resistance to NA inhibitors in the
enzyme's binding site.

In this study, key insights will be gained into the mechanisms of resistance and the
susceptibilities of pathogenic H7N9 virus to current anti-viral treatment such as peramivir. The
employment of computational approaches might provide a clear outlook to understand R292K
and E119V mutant resistance to peramivir against H7N9 virus. With the use CADD techniques,
an impact of a single point mutation on pathogenic H7N9 in influenza neuraminidase to NA
inhibitors is offered. Understanding the molecular mechanism behind mutation-induced drug
resistance in neuraminidase N9 subtype is critical for the optimal design of anti-influenza agents.
Virtual screening is one of the most promising in silico approaches for drug design and

3
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development. The use of a molecular docking-based virtual screening approach to perform in
silico repurposing of FDA-approved drugs against the influenza A (H7N9) virus is beneficial for
reducing drug development costs and time. The study will characterize amino acid residues
involved in protein-ligand interactions. A detailed understanding of the binding landscape will
facilitate the development of unique and selective inhibitors with critical pharmacophore
features.

1.4 STUDY AIMS AND OBJECTIVES

The main aim of this study was to provide an extensive understanding of the impact of
pathogenic H7N9 mutation on the resistance of neuraminidase inhibitors and explore the basis
for the design of more effective anti-influenza drugs. The specific aims and objectives of this
study are highlighted below.

1. The aim was to provide an extensive review on the vital function of the M2 ion-channel
and neuraminidase protein for inhibitor design. The main objectives are as follows:
1.1  Highlight the latest studies on the bio-molecular fundaments of influenza viruses,
with emphasis on the structure, function, and mechanisms of action of the M2-ion
channel and neuraminidase as possible targets for anti-viral drugs.
1.2 OQutline the progress made in the development of anti-viral treatments that target
M2-ion channel and neuraminidase as alternatives to current anti-viral drugs.
1.3 Identify possible therapeutic approaches for designing new anti-viral inhibitors
that would be able to inhibit resistant strains of influenza.

2. The aim was to provide an extensive and detailed understanding of the impact of R292K
mutation on peramivir resistance towards H7N9 and provide additional dimensions to the
existing experimental work. The main objectives of this study are as follows:

2.1 Investigate the intermolecular dynamics on the susceptibility of peramivir to
R292K mutant.

2.2 Evaluate the effect of R292K mutation on peramivir binding affinity and the
conformation of peramivir-R292K mutant complex.

2.3 Identify and characterize amino acid residues responsible for the impact on the
active site.

3. The aim of this study was to computationally investigate the intermolecular mechanisms
of E119V substituted NA on peramivir. The main objectives of this research study are as
follows:

3.1 Investigate the effects of this mutation on the binding affinity and the
conformational terrain of peramivir-neuraminidase E119V mutation.

3.2  Examine the mechanism and dynamism of the susceptibility of the E119V
mutation on the peramivir-neuraminidase complex relative to the wild-type
complex at the intermolecular level.

3.3 To offer contributory insight and additional knowledge that would enhance future
drug designs and help in the fight targeted at controlling the avian influenza
H7NO virus.
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4. The aim of this study was to conduct a virtual screening investigation using molecular
docking to perform repurposing of FDA-approved drugs against influenza A (H7N9)
virus. The main objectives of this study are as follows:

4.1  Perform an in silico-based drug repurposing method to repurpose FDA-approved
drugs to find potential influenza H7N9 virus inhibitors.

4.2 Investigate the stability of hit compounds complexed with viral NA using
molecular dynamics simulation.

4.3  Predict the pharmacokinetic and toxicological properties of the hit compounds.

15 THESIS OVERVIEW
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Chapter 1, Introduction:
Outlines the background to the study, aims and objectives of the study, the impact of the research
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drug design. The paper is titled “Influenza Viruses: Harnessing the Crucial Role of the M2 Ion-
Channel and Neuraminidase toward Inhibitor Design”. Published in Molecules (Impact Factor
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Chapter 4, Research Article:
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Abstract: As a member of the Orthomyxoviridae family of viruses, influenza viruses (IVs) are known
causative agents of respiratory infection in vertebrates. They remain a major global threat responsible
for the most virulent diseases and global pandemics in humans. The virulence of IVs and the
consequential high morbidity and mortality of IV infections are primarily attributed to the high
mutation rates in the IVs’ genome coupled with the numerous genomic segments, which give rise
to antiviral resistant and vaccine evading strains. Current therapeutic options include vaccines and
small molecule inhibitors, which therapeutically target various catalytic processes in IVs. However,
the periodic emergence of new IV strains necessitates the continuous development of novel anti-
influenza therapeutic options. The crux of this review highlights the recent studies on the biology of
influenza viruses, focusing on the structure, function, and mechanism of action of the M2 channel
and neuraminidase as therapeutic targets. We further provide an update on the development of new
M2 channel and neuraminidase inhibitors as an alternative to existing anti-influenza therapy. We
conclude by highlighting therapeutic strategies that could be explored further towards the design of
novel anti-influenza inhibitors with the ability to inhibit resistant strains.

Keywords: influenza virus; influenza; neuraminidase; M2 channel; antiviral drugs

1. Introduction

Influenza is a major cause of high morbidity and mortality through seasonal flu
and global pandemics [1,2]. Seasonal influenza has resulted in 9-45 million illnesses and
12,000-61,000 deaths annually since 2010 [2,3]. Vaccination and anti-influenza drugs are the
main current strategies used to prevent and treat influenza infections [4-7]. Antigenic drift
or shift of human influenza viruses can result in new, highly virulent influenza strains that
arise unexpectedly to cause new epidemics or worldwide pandemics [8,9]. The influenza
virus mutates rapidly, which renders efforts to control the spread of the virus by vaccination
inadequate [10,11].

These evolutionary mechanisms of viruses lead to the development of a variety of
hybrid influenza viruses with different characteristics when compared to the parental
viruses [12,13]. These variations make it difficult to control human influenza outbreaks
through vaccination alone, since humans will not have immunity to this new virus subtype,
thus increasing the possibilities of seasonal and sporadic pandemics [12-14].

The great Spanish 1918 H1N1 influenza pandemic with genes of avian origin resulted
in approximately 50 million deaths in two years [15,16]. During that period, there were no
effective vaccines or anti-influenza drugs. Thus, seasonal updates of influenza vaccines
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are essential to countermeasure changes in circulating influenza viruses. Even though
vaccination is the primary strategy for prevention, in some seasons, protection cannot be
rapid enough [17]. As such, the development of effective and safe anti-viral agents forms
a significant component in the balanced approach of managing seasonal influenza and is
critical for responding to new outbreaks of seasonal and pandemic strains.

Two major classes of anti-viral agents are currently available for treatment or preven-
tion of influenza infections: M2 channel inhibitors, and neuraminidase inhibitors [18,19].
M2 channel inhibitors are only effective against influenza A viruses and are also associated
with severe side effects and the emergence of drug resistance [20-22]. Neuraminidase
inhibitors are a newer class of anti-influenza agents and they are effective against both
influenza A and B viruses. Contrary to M2 channel inhibitors, they are associated with
little toxicity and less drug resistance [23,24].

Currently no drug has been discovered that is effective against all influenza virus
strains. This review will focus on the recent studies on the biology of influenza viruses
as well as the structure, function, and mechanism of action of both M2 channel and
neuraminidase influenza viruses. We also address the progress made in developing
new M2 channel and neuraminidase inhibitors to offer more insights into possible
therapeutic options.

2. Influenza Viruses

The human influenza viruses A (IAV), B (IBV), and C (ICV) belong to the Orthomyx-
oviridae family and have many common biological properties [25]. IAVs and IBVs are of
epidemiological interest since they circulate and cause severe disease and major seasonal
epidemics in the human population. On the other hand, ICV is associated with mild
illnesses [5,26].

IAV and IBV are stabbed with two major surface glycoproteins (antigens) that dom-
inate the virus surface: hemagglutinin (HA), and neuraminidase (NA) [27]. Both HA
and NA perform complementary functions in the life cycle of the influenza virus. HA is
responsible for the attachment of the virus to the host cell surface that is being infected. In
contrast, NA is involved in the release of a progeny virion from an infected cell [27-29].
Conversely, ICV has a single major surface glycoprotein, the hemagglutinin-esterase-fusion
(HEF) protein, which combines functions of both HA and NA [30,31].

IAVs and IBVs are conventionally named according to their species (if non-human),
the location where isolated, the isolate number, a year of isolation, and lastly, the HA
and NA virus subtypes in brackets. For example, A/Wisconsin/67/05(H3N2) was isolate
number 67 of a human influenza A virus isolated in the state of Wisconsin in 2005, and it
has an HA subtype 3 and an NA subtype 2 [32].

IAVs are classified based on the antigenic properties of HA and NA glycoproteins [33,34].
To date, 16 HA and 9 NA IAV subtypes, designated H1-H16 and N1-N9, have been
discovered circulating in a wide range of aquatic birds [35,36]. These are expressed in
several combinations of viruses isolated from aquatic avian species. An additional two
combinations, H17N10 and H18N11, have been discovered in bats [37,38].

IBVs are instead divided into two antigenically distinct phylogenetic lineages, the
B/Victoria/2/87 (B/Victoria) and B/Yamagata/16/88 (B/Yamagata) found circulating
in seals [32,39]. ICVs have been isolated from humans and pigs. IAVs are more var-
ied than IBVs, which are fundamentally exclusive to humans due to their capability to
adapt to several species. IBV epidemics happen on average three weeks later than IAV
epidemics [40—42].

New IAV and IBV strains arise regularly in a process referred to as antigenic variation
(antigenic drift and antigenic shift) of HA and NA antigens [8,9]. This process inhibits the
binding of neutralizing antibodies against common circulating strains, thereby allowing a
new subtype of viral strains to avoid host immune response acquired through vaccination.
These variations cause yearly outbreaks of influenza in the human population [43,44].
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Antigenic drift is caused by intense selection pressure by the neutralizing antibodies
of host immune systems, resulting in point mutations in the genes encoding NA and HA
antigens. This drift leads to amino acid sequence changes in the antibody binding sites on
these viral proteins. It occurs in both IAVs and IBVs [10]. The antigenic shift is due to the
re-assortment of virus genomic segments when a cell is infected by two different strains of
influenza viruses of different subtypes. It occurs only in IAV. This shift contributes to the
replacement of genes encoding one or both surface antigens during replication, resulting
in genome exchange [14,44].

2.1. Structure of Influenza Viruses

By electron microscopy, IAVs and IBVs are both pleomorphic (spheres or very long
filaments), with an average size of 100 nm in diameter for spheres and 300 nm in length for
filaments. HA and NA glycoproteins project from the membrane surface as spikes. The two
spikes differ in morphology—HA is triangular rod-shaped, while NA is mushroom-shaped
(Figure 1). Each virion has an average of 500 HA and 100 NA spikes [45-47].

PEI, PB2, PA
(RMA polymerase)

. HA (hemagglutinin]

M2 {ien channel)

MA (neuraminidase) —

Ty Lipid bilayer

MEP

MNP (nucleocapsid protein)
Segmented (=) strand RMNA gene

Figure 1. Structure of influenza A virus showing the two major surface glycoproteins (hemagglutinin
(HA) and neuraminidase (NA)), the nucleocapsid and polymerase proteins (NP, PB1, PB2, and PA),
the matrix proteins (M1 and M2), the non-structural proteins (nuclear export protein (NEP)), lipid
bilayer and segmented negative-strand RNA genes [48].

IAVs and IBVs contain eight negative-sense, single-stranded RNA genome segments
and are encapsidated by nucleocapsid proteins to form ribonucleoprotein (RNP) [29,49].
They encode transcripts for 10 essential virus proteins categorized into four groups: (1) the
nucleocapsid and polymerase proteins—nucleocapsid protein (NP), polymerase B1 protein
(PB1), polymerase B2 protein (PB2), and polymerase A protein (PA); (2) the envelope
proteins—HA and NA; (3) the non-glycosylated matrix proteins—matrix protein 1 (M1)
and matrix protein 2 (M2) (NB and BM2 for IBV); and (4) the non-structural proteins—non-
structural protein 1 (NS1) and nuclear export protein (NEP) [50-55].

In contrast, ICV only consists of seven RNA genome segments, and a single major
surface glycoprotein, the HEF protein [30,31]. The lipid core interior of the virus particle is
enclosed by the matrix protein (M1), covering the three integral membrane proteins: HA,
NA, and CM2. A virus particle must contain each of all unique RNA segments to be fully
infectious [56,57].

2.2. Replication Cycle of Influenza Virus

Human influenza viruses infect cells of the upper respiratory epithelium [58]. They
are assumed to be transmitted from an infected person predominantly by aerosol or droplet
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infection, which is created while talking, coughing, or sneezing, thus contaminating the
mucosa of the respiratory tract. Transmission can also occur via direct contact with virus-
contaminated surfaces and successive mouth-nose contact. Following infection, the viruses
replicate in the nasal and laryngeal mucosa [5,59].

Influenza virus replication can be divided into seven distinct phases (Figure 2):
(1) virus attachment; (2) endocytosis; (3) uncoating and membrane fusion; (4) transcription
of the viral RNA; (5) translation of viral proteins; (6) replication of the viral RNA; (7) virion
budding and release.

(7) Virion budding
and release

(1) Attachment
to sialic acid

CRNA I%\

(6) Replication
(3) Uncoating and of VRNA (-ve) via

membrane fusion VR a CRNA (+ve) 7o
g intermediate £ : . -
(4)Transcr|ptlon e

" (5) Translation

mRNA
Key:
e ) ° T ° o o ° Y
RNP NP Polymerase HA NA M1 M2 NS1 NEP Viral receptor
subunit

Figure 2. The replication cycle of influenza virus, illustrating seven discernible phases: (1) attachment;
(2) endocytosis; (3) uncoating and membrane fusion; (4) transcription of the viral RNA; (5) translation
of viral proteins; (6) replication of the viral RNA; and (7) virion budding and release [60].

2.2.1. Virus Attachment

This is the first step in viral replication, where the virus binds to the host cell. Viral
HA binds the influenza virus to the sialic acid of the cell surface glycoprotein or glycolipid
that is being infected [26,61]. The sialic acid termini have two unique steric configurations,
the «-2,3- and «-2,6- linkages. The HA proteins of human viruses prefer to bind sialic
acid linked to galactose via an «-2,6-linkage (Siax2,6Gal), which is predominantly found
in human respiratory epithelial cells [62,63]. In contrast, HA proteins of avian viruses
preferentially recognize an x-2,3- linkage (Siax2,3Gal) that is predominant on the epithelial
cells of duck intestines [64—66].

2.2.2. Endocytosis

Following HA protein (or HEF in ICV) virus attachment to sialic acid-containing
receptors on the host cell, virus particles enter the cell by clathrin-mediated endocytosis
via clathrin-coated pits—a process by which receptors on the cell surface mediate an
inward budding of the plasma membrane. This leads to the formation of endocytic vesicles
(endosomes) containing the absorbed substances [67-69].
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2.2.3. Uncoating and Membrane Fusion

The acidity of the endosomal membrane influences the uncoating of the influenza
virus. Low pH (~5) of the late endosome triggers host cell protease (trypsin-like) to cleave
HA into two subunits (fusion peptide), HA1 and HA2 [70-72].

After cleavage, the hydrophobic free N terminus of the HA2 subunit (exposed fusion
peptide) inserts into the endosomal membrane of the host cell. Fusion leads to the incorpo-
ration of the virus envelope with the endosomal membrane; this result in the opening of
a pore through which Influenza A viral ribonucleoproteins (vRNPs) are released into the
cellular cytoplasm. Uncleaved HA of influenza viruses can attach to, but not enter, the host
cell and is consequently not infectious [73,74].

Additionally, in IAVs, protons influx through the M2 ion channel from the late en-
dosome into the virus particle [75,76]. This influx leads to acidification of the interior of
the virus particle leading to disruption of M1-RNP complexes, consequently enabling the
release of vRNPs into cellular cytoplasm [77,78]. The M2 ion channel is also believed to
prevent the premature activation of HA after cleavage by equilibrating the acidic pH of the
Golgi apparatus [79,80].

Following release from the virion, cytoplasmic vRNPs are trafficked into the host cell
nucleus by cellular import factors (nuclear localization signals), importin-« (karyopherin-c)
and importin-f3 (karyopherin-f3). The M1 protein, on the other hand, following separation
from the vRNP complexes, is separately trafficked into the nucleus, where all vVRNA
synthesis takes place [77,81-83].

2.2.4. Transcription of the Viral RNA

Inside the nucleus, viral RNA transcription is carried out by the viral RNA-dependent
RNA polymerase (RdRp) complex (PB1, PB2, and PA subunits), whereby it binds to
and cleaves the vVRNA and concurrently leads to elongation [84,85]. The RdRp complex
primes the VRNA template via a mechanism called “cap snatching” to increase initiation
efficiency [86].

For cap snatching, the PB2 subunit binds to the 5 caps of the host mRNA, while the
endonuclease activity of the PA subunit “snatches” (cleaves) 10-13 nucleotides downstream
of the 5'cap. The produced 10-13 nucleotides with the cap serve as a primer for viral mRNA
synthesis [54,87,88]. Synthesis is carried out by the polymerase activity of the PB1 subunit.
Transcription finalizes by polyadenylation of the viral mRNA encoded by polyadenylation
signal, an oligo-U sequence (5 to 7 Uracil residues) located close to the 5'-end of the
template [87-89].

2.2.5. Translation of Viral Proteins

Synthesis of viral mRNA also occurs in the nucleus of the cell catalyzed by the same
polymerase complex used for mRNA transcription, but without the requirement of a
capped primer [90,91]. The viral polymerase uses the negative-sense vRNA as a template
to synthesize a positive-sense copy of the VRNA termed complementary RNA (cRNA).
The viral RNA polymerase subsequently transcribes this cRNA to produce more copies of
vRNA [92,93].

The viral mRNA (vVRNP segments) is exported from the cellular nucleus into the
cytosol by the nuclear export proteins (M1 and NS2) for translation by the cytoplasmic
ribosomes. The mRNAs transcribed by the RdARp complex are spliced by host cell machinery
regulated by interferon-antagonist (NS1) protein to yield M and NS proteins. M1 is thought
to form complexes with vVRNPs, and NS2 mediates the export of the M1-RNP complex into
the cytosol via nucleoporins [90,91].

2.2.6. Replication of the Viral RNA

In the cytosol, the influenza virus protein synthesis is directly mediated by the host cell
translation machinery. Viral RNA replication occurs in two steps: the first vVRNA is repli-
cated into cRNA, and then cRNA is copied into vVRNA. Newly synthesized nucleoprotein
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(NP) and viral polymerase subunits (PA, PB1, and PB2) are imported back into the nucleus.
These newly synthesized proteins are known to assist in viral mRNA transcription and
VRNA replication [91]. Progeny vRNPs associate with nuclear export proteins and form
a M1-RNP complex for trafficking towards the cell surface using microtubule-organizing
centers (MTOCs) [94-96].

HA, NA and M2 membrane proteins are synthesized by ribosomes associated with the
endoplasmic reticulum (ER). Following synthesis, they are trafficked into the Golgi appara-
tus for post-translational modifications (glycosylation of HA and NA, and palmitoylation
of HA and M2) and subsequently directed to the cell membrane. HA, NA, and M2 integrate
with vRNPs in the cell membrane and stick in the lipid bilayer for packaging [85,90]. The
mechanism of packaging the eight vRNPs (seven for ICV) is currently not fully understood
but is thought to be facilitated by segment-specific packaging signals. Influenza viruses
with incomplete vRNPs are known to be not fully infectious [97,98].

2.2.7. Virion Budding and Release

Influenza virus budding occurs in the lipid raft, a plasma membrane region known
to be rich in sphingolipid and cholesterol [99,100]. The RNPs and M1 proteins aggregate
in this membrane region, and when they reach high concentrations, they concentrate to
create a virus particle. Budding is believed to be initiated by an accumulation of M1 matrix
protein at the cytoplasmic side of the plasma membrane [20,101]. M2 has also been shown
to accumulate at the boundaries of the budding sites and contribute to the scission of the
virus particles [20,46].

The release of the newly assembled influenza virus bud is exceptionally dependent
on the sialidase activity of NA to catalyze the cleavage of sialic acid from the host cell
and virus glycoprotein [28,102]. As a result, HA is prohibited from binding to the cell
surface, and the progeny viruses are released from the infected cell to spread the infection
to uninfected cells [29,103].

3. The AM2 Ion Channel

Influenza A M2 (AM2) membrane protein is a type III integral membrane protein that
is very selective for protons versus sodium and potassium ions. It forms a homotetrameric
pH-regulated proton-selective channel located in the viral envelope [104-107]. Ion channel
activity has been detected in Xenopus oocytes [106,107], mammalian cells [107,108], and
yeast [109,110] expression systems. In the early stages of viral replication, the AM2 channel
permits influx of protons from endosomes into the virus interior, leading to virus uncoating
and the subsequent release of free RNPs into the host cell cytoplasm such that the viral
genetic material can replicate [108,111].

The AM2 ion channel also plays a crucial role in the late stages of the viral replication
cycle by working as a proton channel and equilibrating the pH of the Golgi apparatus
with the cytoplasm. Thus, this prevents premature conformation change of the newly
synthesized viral HA while they are transported to the plasma membrane of the infected
cells [112,113]. The critical requirement for this viral protein makes it a good target for
antiinfluenza drugs [114]. Evidence as to its functions has been mainly from studies of the
action of drug-resistant mutants [110].

3.1. Structure and Function of the AM2 Ion Channel

The structure, mechanism of proton conductance, and inhibition of the AM2 ion chan-
nel were broadly studied by electrophysiology [22,115], site-directed mutagenesis [116,117],
and molecular dynamics (MD) simulations [118,119]. However, the studies only estab-
lished the overall topology and location of sidechains. Studies that employ high-resolution
techniques such as solution NMR, crystallographic structures and solid-state NMR (SS-
NMR) have provided an elevated understanding of the proton channel to the atomic
level [120-123].
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These studies determined that the three-dimensional structures of the AM2 ion chan-
nel (97 residues single-pass membrane) comprise three structural domains, which perform
multiple functions (Figure 3). The N-terminal 23 residues ectodomain is responsible
for the integration of AM2 into the virion [124,125]. Succeeding this region is a single
transmembrane (TM) domain (19 residues), which is imperative for proton conductance,
tetramerization of the protein, and drug binding [108,110]. Finally, the C-terminal cytoplas-
mic tail endodomain (54 residues) is critical for membrane localization, budding, scission,
and binding to matrix protein M1, which is essential for the assembly and production of
infectious virus particles [20].

A

1 Ala30

His37

Figure 3. Three-dimensional structure of the influenza A M2 (AM2) ion channel. (A) A monomer
of the AM2 protein transmembrane domain (TMD) displaying channel facing amino acid residues;
(B) Organization of four TMDs, and the alignment of pore-lining residues. For clarity, three
AM?2 monomers are shown to expose the sidechains of the pore-lining residues. The NMR structure
with PDB ID 2RLF was used (prepared by authors).

The active site of the channel was established to be in the TM domain. The TM helices
assemble into a four identical «-helix bundle with a left-handed twist angle of ~23° and a
well-defined water-filled pore through which protons must pass to gain access to the viral
interior [122,126,127]. Water molecules within the channel pore form a hydrogen-bonded
water network known as the Grotthuss mechanism along the 17 A stretch between the
Val27 valve and His37 box.

The continuous highly structured network of water molecules is only observed in low
pH conditions, compared to the intermediate pH 6.5 conditions, which shows less ordered
waters [126,127]. Functional studies and crystallographic structures indicate that the ion
channel pore is lined by Gly34, Ser31, Ala30, and Val27 sidechains with a tilt angle of ~25°.

The helices are firmly packed at the N terminus, and they are marginally spread-out
toward the C terminus. At the N-terminal end, the ion channel pore entrance is narrowed
to 2 A by the hydrophobic sidechain of the Val27 valve and restricts water molecules from
penetrating the channel [126]. The channel pore size progressively expands to an inner
diameter of ~9 A until Gly34. The channel then narrows at the half of the channel towards
the C terminus, and the His37 and Trp41 sidechains form the narrowest points—too small
to allow anything to pass. Trp41 obstructs the C-terminal end of the pore to a pore size of
1.4 A in diameter [125,127].
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His37 and Trp41 residues are located near the center of the TM domain. Four
His37 sidechains are packed into a box-like structure (His-box) and individual imida-
zoles are connected by a structured network of water molecules via a low-barrier hydrogen
bond (LBHB) [122]. The His-box needs to expand only slightly (1-2 A) to permit the
passage of water molecules [126]. The His37 sidechain acts as a proton sensor and conducts
protons by protonation or deprotonation of its imidazole sidechain. The Trp41 sidechain
forms a Trp-basket that acts as a pH-dependent gate of the channel [76,123,126].

This two-state gating mechanism has a structurally rigid closed state and loses the
quaternary structure open state [128]. Cross-linking studies indicated that the four parallel
TM helices are bound at one end of the N-terminus by intermolecular disulfide bridges at
Cys17 and Cys19 [129,130]. Additionally, they are bound at the other end by C-terminal
amphipathic (AP) helices (residues 51-59), ensuring that acid activation of the channel
does not dissociate the tetramer [120].

In the closed conformation of the channel pore, the Val27 valve at the N-terminus
and the Trp41 gate at the C-terminus effectively block water from freely diffusing into the
pore from either side of the membrane. The four bulky Trp41 indole rings are at van der
Waals (VDW) distance from each other, preventing the passage of water or ions [120,131].
Additionally, the Trp41 residue is suggested to form intermolecular hydrogen bonding with
the carboxyl group of the adjacent Asp44 subunit to stabilize the closed Trp41 gate [126].
Mutating Asp44 to Asn triggered a significant increase in the activity of the AM2 channel,
supposedly triggered by the disruption of Asp-Trp hydrogen bonding interaction [132,133].

Although IAV mutates and shuffles its genes, the coding regions for His37 and
Trp41 residues are highly conserved in all known strains of avian, swine, equine, and hu-
man [AVs when compared with the other AM2 proteins encoded by the genome [134,135].
Mutagenesis studies have identified His37 and Trp41 residues as a function core of the
channel. When His37 is replaced with either Gly, Ala, Glu, Lys, or Arg, the effectivity of
the AM2 channel is reduced, indicating that His37 is essential for the proton selectivity of
the channel [136,137]. Site-directed mutagenesis replacement of Trp41 with Ala, Cys, or
Phe also results in the absence of the measurable pH-modulating activity of the channel at
high pH, suggesting that Trp41 is the gate that blocks the fusion of protons from the inside
but not from the outside of the virus [117].

A low pH medium destabilizes the TM helix-helix packing via electrostatic repulsion;
this widens the pore to accept water molecules to enable His37 imidazole ring protona-
tion [138]. This conformational change breaks the hydrogen bond between Trp41 and
Asp44, enabling the Trp41 gate to flip open. The influx of protons goes through the channel
into the virus interior to facilitate the separation of matrix protein and RNPs [117,123].

3.2. Catalytic Mechanism of the AM2 lon Channel

The mechanism of AM2 ion channel activity has been thoroughly studied in oocytes,
mammalian cells, and vesicles [106-110]. The interest in the ion channel stems from its pro-
ton selectivity since it has 10° to 107-fold more permeability to protons versus alkali metal
ions such as sodium (Na*) and potassium (K*) under physiological conditions [111,121].
MD calculations, as well as functional studies, suggest that the channel responds solely to
external pH. Low pH activates the channel and high pH closes the channel, irrespective
of the interior pH. It conducts protons from the outside to the inside of the virus when
the external pH is low, but does not as efficiently conduct protons outward when the pH
gradient is reversed [139-141].

MD simulations and functional and spectroscopic studies of the AM2 proton transport
mechanism have been extensively used to study the exact molecular mechanism of how
protons are transported through the membrane, and they are still under debate. Two proton
transport mechanisms have been proposed: an early model “water wire model” and the
currently accepted model “proton relay model” [118,142-145].

According to the water wire model, protonation and deprotonation of His37 imidazole
sidechains cause an electrostatic repulsion between charged histidine residues. This pushes
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tightly packed transmembrane (TM) helices apart, thereby opening the “tryptophan” gate
and exposing His37 to proton acceptors (water). This repulsion results in the formation of
a continuous water wire that shuttles protons from one water molecule to another [76].

According to the proton relay model, the His37 imidazole sidechain serves as a “relay”
molecule, binding protons from the outside of the channel and releasing them to the inside
of the channel by dissociation. This mechanism is assisted by tautomerization or flipping
of the imidazole ring [110,122].

It has been suggested that the channel is closed when the pHoyt exceeds pH 7.5 and
is opened when the pHoy: is lower than pH 6.5. Proton exchange is at the highest level
between pH 5 and 6 of the endosome, where the +2 and +3 protonation states domi-
nate [146,147]. MD simulations suggest that conformation change between Cgeq and
Copen conformers is stimulated by pHout and typically takes place at the +3-protonation
state of His37 imidazole rings (Figure 4) [127,141].

High pH Low pH
viral exterior viral exterior
H* H*

N-terminal

Activatign

—

His37

Trpd1
C-terminal

1V v
H-I-
viral interior viral interior

Figure 4. Model for AM2 channel acid activation and proton conductance displaying conformation
change from closed to open conformers [148]. For clarity, only two helices and one protonation state
are shown.

The relay model was further supported by solid-state NMR studies, which reported
the first two protonation conduction steps of His37 residue occurring with pKa of 8.2, the
third protonation at pKa of 6.3 and the fourth at pKa of <5[147]. A different study reported
the first two protonation steps of His37 tetrad to occur at pKa values of 7.6 and 6.8 [149].
These findings identified the shuttling of the third proton (conducting pKa) to occur near
the midpoint of the conductance curve, suggesting that conduction transpires via the
alternation of +2 and +3 states. Furthermore, MD simulations for possible protonation
states were in agreement with the above studies [135,138].

Under a low protonation state of His37 (pH > 7.5), the Trp41 basket constricts the
C-terminal pore below His37, forming a gate that blocks the influx of protons through the
channel and dehydrates the His-box (the channel favors Cjpseq conformers) [76,138,149].
The NMR study indicated that lowering the pH from 7.5 to 6.0 caused immense broadening
of most of the NMR resonances corresponding to the TM domain. The expansion was due
to increased exchange between multiple TM domain conformations as the Trp gate opens
and closes the channel [120,133].

A high His37 protonation state (pH < 6.5) favors the Copen conformers. As the pH
decreases, the Trp-basket opens to expose protonated His37 molecules to the viral interior,
able to enter primary proton conduction step, while the Val27 valve N terminal end of
the bundle contracts [122,135,138]. When the highest protonation state is reached, the
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positive charge on the His-box increases and the Trp-basket opens sufficiently due to
electrostatic repulsion between the His-tetrad. The open Trp-basket hydrates the His-
box to create an aqueous conduction path, allowing the release of protons into the viral
interior [123,135,138]. Succeeding the dissociation of protons from the His-box and their
discharge into the virus interior, the AM2 channel reverts to conformers resembling a
neutral pH structure (Cgjpseq) for a subsequent cycle of proton shuttle [126,127,129,136].

M2-blockers are thought to block virus replication after the influenza virus infection
has taken place through the prohibition of proton influx from the endosomes into the virus
interior, accordingly halting virus uncoating, such that the viral genetic material cannot
replicate [22,150].

3.3. AM2 Channel Inhibitors

Amantadine (Symmetrel) was approved by the food and drugs board (FDA) in 1966,
followed by rimantadine (Flumadine) in 1994 for both treatment and prevention of IAV.
They are only effective against IAV, and their utility is limited by association with severe
side effects on the central nervous system (CNS) as well as the emergence of drug-resistant
viruses [106]. The drug-binding site has previously been predicted by mutagenesis and
electrophysiological studies, which suggested that drug-resistant mutants (V27A, A30T,
S31N, and G34E) bind to the N-terminal pore of the TM domain [22,151].

Recently, numerous NMR and X-ray crystal structures of the intracellular TM domain
have been resolved [146]. They suggest that Adamantane fits into the central cavity of the
AM2 channel above the His37 box to prevent the conformational change from Copen to
Celosed conformers, thus obstructing the proton conductance [128,142].

Amantadine and rimantadine are amphiphilic, comprised of a hydrophilic amine
and a hydrophobic adamantyl or adamantylethyl cage (Figure 5). Rimantadine has a
chiral center and is clinically administered as a racemate. The solution NMR spectroscopy
structure of the rimantadine-~AM?2 channel complex indicated that inhibition occurred
by an allosteric mechanism. Four rimantadines were bound to the C-terminal on the
lipid facing surface of the helices and tightly packed to block the C-terminal end of the
channel [120]. R-rimantadine was found to exhibit full occupation of the C-terminal end,
thus causing higher inhibition activity of the AM2 channel than S-rimantadine [152].

Figure 5. Adamantane and its amine analogues: amantadine (1), rimantadine (2), R-rimantadine
(2-R) and S-rimantadine (2-S) (prepared by authors).

The X-ray crystallographic structure of the amantadine-AM2 channel complex showed
that amantadine binds to the N-terminal domain. The large hydrophobic group comfortably
fits into the center of the aqueous cavity and physically blocks the pore, thus interrupting
highly structured water networks and disturbing the protonation equilibrium of His37.
This blockage suggests a physical occlusion mechanism of inhibition [121]. The amantadine
cage fits into the channel pore with exceptional geometric complementarity. Amantadine
fits better in the inward configuration with its amine facing towards but not directly
contacting His37. pKa of His37 is affected by amantadine binding [127].

This proposed binding model (physical occlusion mechanism) is consistent with the
stoichiometry of binding and the location of drug-resistant mutants (V27A, A30T, S31N, and
G34E) which bind to the N-terminal domain, suggesting a physical occlusion mechanism
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for inhibition [22,153,154]. Physical occlusion is also coherent with indications that when
the ammonium group of amantadine is replaced with a bulky secondary alkylamine, its
effectiveness is retained [146]. The hydrophobic substituents can similarly replace the
adamantine cage. Although, the positively charged primary ammonium group shows
an optimal high-binding affinity when compared to tertiary amines, alcohols, and other
neutral head groups, which tend to have a lower binding affinity [155-157].

The optimum binding affinity of primary amines suggested that the positively charged
ammonium group may mimic positively charged hydronium ions produced as protons
permeate through the channel to reach His37-box. The hydrated ammonium or hydronium
ions are stabilized by water-mediated hydrogen-bonding [137,141,157].

The binding of amantadine to the channel causes structural and dynamical modi-
fications to the channel by disrupting the continuous water networks that are vital for
proton conductance [127,148]. The SSNMR structure of the adamantine-channel complex
presented a significant decline in water—protein cross-peak by 47% compared to the open
state upon drug binding, demonstrating channel dehydration, thereby preventing proton
conductance. These findings indicate that amantadine binds into the pore instead of the
surface, as suggested by the solution NMR study of AM2 [120,158].

These findings are in exceptional agreement with the high-resolution SSNMR structure
of the amantadine~AM2 channel complex in lipid bilayers at high pH, which indicates that
amantadine physically occludes the AM2 channel [122]. The crystallographic structures are
also in excellent agreement with numerous functional and spectroscopic data and provide
a basis for developing new anti-viral drugs against influenza viruses [22,136].

Vaccination provides the best method for the prevention and control of influenza and
normally elicits a potent neutralizing antibody response [159]. The immunogenicity of
M2e was first investigated in 1988 by Zebedee et al., in which to gain an understanding of
the M2 protein function in the influenza virus’ replicative pathway, their study produced
and characterized a monoclonal antibody to M2 [160]. This monoclonal antibody (14c2)
recognized the ectodomain of the protein, and it was able to spot M2 on the virions, thus
reducing viral growth through the size reduction in lytic plaques [161]. Manzoor et al. in
2020 [162] examined the anti-viral activity of monoclonal antibody rM22223 and found that
rM2ss23 inhibited A/ Aichi/2/1968 (H3N2) (Aichi) but not A/PR/8/1934 (HIN1) (PRS8)
replication. Amino acid residues at positions 54 and 57 in the M2 cytoplasmic tail were
also discovered to be important for the sensitivity to rM2ss23.

Employing the amino acid sequence of the rM2ss23 variable region, Okuya et al. con-
structed mouse-human chimeric rMss23 (ch-rM2ss23) IgA and IgG, which were presumed
to identify the same epitope, and compared their inhibitory activities in vitro [163]. The
results indicated that IgA restricts virus budding more proficiently than IgG and sug-
gested a contribution of IgA in cross-protective immunity. More so, it has been discovered
that M2e-specific IgGs mouse monoclonal antibodies inhibit the plaque growth and infec-
tivity of A/Udorn/72 in vitro [164]. Filament formation was repressed by treatment of
A/Udorn/72 infected cells with M2e-specific IgG2a and IgG1 monoclonal antibodies and
resulted in the fragmentation of pre-existing filaments.

Peptides have also been studied for at least 40 decades, and a broad spectrum of
biological activities has been described so far. The development of antiviral peptides
has been attracting much attention in recent years due to their relative safety and lower
development costs in comparison with those associated with small-molecule- or antibody-
based antiviral drugs [165]. The derivative (M2 MH) of M2 AH has been established to
instigate viral membrane distortion and it effectively eliminated the infectivity of influenza
viruses, demonstrating its potential as an antiviral peptide [166]. Membrane distortion was
caused by the deep introduction of the peptide into the membrane.

4. Neuraminidase (NA)

The activity of NA to remove influenza virus receptors adhered to erythrocytes was
discovered by Hirst [153] in studies on hemagglutination. Influenza virus receptor studies
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by Gottschalk [28] identified this enzyme as NA, which was eventually revealed to be
involved in the spread of infection from cell to cell [167,168]. The receptor-destroying
enzyme (RDE) from Vibrio cholerae culture fluid was found to be a source of NA [169].

Influenza virus NA (EC 3.2.1.18) catalyzes the cleavage of x-(2-3 or 2-6)-ketosidic
linkage between terminal sialic acid (N-acetyl-neuraminic acid) and adjacent surface glyco-
protein [28,168]. Cleavage facilitates the budding of the newly formed viral particles from
the surface of the infected cell and prevents their aggregation on the host cell surface. The
cleavage promotes the release of progeny virus to infect new host cells and spread infection
in the respiratory tract mucins [154,170].

To date, 11 IAV subtypes of NA are recognized by the Centers for Diseases Control and
Prevention. Of these, nine subtypes (N1-N9) are circulating in wild aquatic birds, and two
more (N10 and N11) were recently found in bats [37]. N1-N9 subtypes are further divided
into two phylogenic groups on the basis of their sequences and the sialic acid-binding
pocket (150-loop) conformational differences. Group 1 NA apo-structures are in an open
conformation, with a 150-cavity (residues 147 to 150) formed by the opening of the 150-loop
(excluding N1 of the 2009 HIN1 pandemic), while all group 2 NA apo-structures lack this
cavity. Group 1 comprises the N1, N4, N5, and N8 subtypes, while group 2 consists of
the N2, N3, N6, N7, and N9 subtypes [171-173]. NA-like (N10 and N11) genes from bats
are genetically distinct from NA molecules ascertained on established influenza A viruses
(N1-N9), thereby creating a distinctive cluster, which is termed group 3.

4.1. Structure and Function of NA

High-resolution structures of NA have led to the successful design and worldwide
approval of NAs. Crystal structures of all group 1 NAs (N1 [174,175], N4 [174], N5 [176],
and N8 [174] and group 2 NAs (N2 [171] and N9 [177]) have been ascertained, except for
N3 and N7, where attempts for crystallization have been unsuccessful. Influenza B NA
crystal structures have also been established [71]. The structures of the nine N subtypes
have a similar topology and share 50-70% amino acid sequence similarities [174].

NA is a type Il integral membrane glycoprotein, assembling as a tetramer comprised
of four identical disulfide-linked polypeptide chains. Each monomer has a molecular
weight of 60 kDa and is made up of 470 amino acid residues [171,178]. NA exists as a
mushroom-shaped homotetramer (240 kDa) on the virion surface, with the head atop a
rod hydrophobic stalk anchoring it onto the viral surface (Figure 6). The head domain is
box-shaped. Each monomer has a topologically identical six-bladed propeller-like structure.
Each blade comprises four antiparallel strands of $-sheets [179,180]. The viral particle
bears around 50 copies of tetramers that can form bundles on the viral surface [181].

The three-dimensional structure of NA shows that each monomer is folded into
four unique structural domains. The cytoplasmic tail is critical for NA transport and
incorporation into virions, while the transmembrane domain is responsible for attaching
the NA to the viral envelope. The stalk domain is accountable for connecting the head
to the transmembrane domain. Lastly, the catalytic head ectodomain attached to the
C-terminus of the stalk carries the enzyme active site for sialic acid cleavage and other
essential antigenic amino acids.

The structure of the tetrameric head domain has been determined for all nine NA
subtypes by X-ray crystallography. The active site forms a shallow cavity at the surface
and center of each monomer. It is positioned in a sideways conformation, which allows it
to cleave sialic acids from adjacent membrane glycoproteins. This sialic acid binding site
is well-formed, large and rigid, with an unusually large number of charged amino acid
residues which cluster in the cavity and around its rim [34].
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Figure 6. (A) The structure of NA as a tetramer of 4 identical monomers. Each monomer consists of 4 different structural
domains called catalytic head, stalk, transmembrane and the cytoplasmic tail. The head domain structure was generated
in Pymol using structural information from protein data bank code 4GZX [182]. (B) Top-down view of the NA tetramer.
(C) The active site of NA in complex with Zanamivir is represented. Residues involved in catalysis are shown as green
sticks (adapted with permission from ref. [183]). (D) Tree of known influenza virus NAs and NA-like proteins (N10 and
N11). Influenza NAs cluster into group 1 (N1, N4, N5, N8) and group 2 NAs (N2, N3, N6, N7, N9). Influenza B NAs as well
as the NA-like proteins (from sequences found in bats) form their own clusters (adapted with permission from ref. [184]).

The inner cavity is comprised of eight highly conserved catalytic residues that inter-
act directly with sialic acids responsible for the catalytic activity of the enzyme (Argl118,
Aspl51, Argl52, Arg224, Glu276, Arg292, Arg371, and Tyr406) (N2 numbering) [170,181].
Additionally, the rim consists of 10 highly conserved structural residues (Glu119, Arg156,
Trp178, Serl79, Asp (or Asn in N7 and N9) 198, 1le222, Glu227, Glu277, Asp293, and
Glu425) responsible for the stabilization of the structure. Two calcium-binding sites lo-
cated near the active site are responsible for the stabilization of the tetramer at low pH
conditions [185-187].

The eight conserved catalytic residues are organized in a sequence of interlinked
pockets that determine the mode in which the enzyme interacts with sialic acid. The
active site is divided into five regions, termed subsites (S1 to S5), derived from the crystal
structure of the substrate-based inhibitor DANA (dehydrodeoxy-N-acetylneuraminic acid)
bound to the active site (Figure 7). Subsites S1, 52, S3, and S5 are occupied, while any
portion of the DANA-based inhibitors does not occupy subsite S4.

Site S1 comprises a cluster of positively charged arginine triad residues: Argl18,
Arg292, and Arg371. Site S2 forms a negatively charged region derived from Glul19 and
Glu227 residues. Site S3 is a small hydrophobic region derived from Trp178 and le222 sidechains
and a hydrophilic region provided by the Arg152 sidechain and a bound water molecule.
Site 54 is primarily a hydrophobic region formed from the sidechains of Ile222, Ala246,
and the hydrophobic face of Arg224. Site S5 creates an area of mixed polarity, derived from
Glu276 and Ala246 residues.
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Figure 7. Diagram of NA active site with dehydrodeoxy-N-acetylneuraminic acid (DANA) inhibitor
showing the five inhibitor binding sub-sites and nearby critical residues [188].

4.2. Catalytic Mechanism of NA

The catalytic mechanism of NA has been studied in some detail but is still not com-
pletely elucidated. Still, based on structural information and biochemical studies, it has
been suggested that the catalytic mechanism for the cleavage of sialic acid from glyco-
conjugate has four major steps (Figure 8). The first step is the binding incidence. The
substrate binds to the active site, resulting in salt-bridge formation between the carboxylate
of the substrate and the triarginyl cluster of the active site. The binding of sialic acid to
the catalytic site distorts the pyranose ring from the preferred chair conformation to a
pseudoboat conformation. This is a result of a strong ionic, hydrogen bond and steric
interactions [34,189]. The carboxylate group of the bound sialic acid adjusts from the axial
into the pseudoequatorial position due to strong ionic interactions with the three arginine
residues, 118, 292, and 371, resulting in the formation of a sialosyl cation (oxocarbenium
ion) at the C2 atom of sialic acid.
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Figure 8. Catalytic Mechanism of NA showing four major steps of NA Inhibitors [190].
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The second step of the catalytic reaction is the formation of the endocyclic sialosyl
cation transition state intermediate. It requires proton donation from solvent aided by
negatively charged amino acid residues. It is believed that the hydrogen-bonding network
of water molecules and protein residues leading from a charged group on the protein
surface to water molecules could facilitate proton donation [191]. Asp151, Argl52, and
Glu277 residues are thought to stabilize the positive charge of the sialosyl cation. Covalent
interaction of the sialosyl cation with the hydroxyl group of Tyr406 at the base of catalytic
site is also believed to contribute to the stability of the cationic intermediate.

The final two steps of the enzymatic mechanism encompass the formation and release
of sialic acid. Stable sialosyl cation intermediate favors the cleavage of the glycosidic bond,
yielding sialic acid and the aglycon molecule. The release of sialic acid from the active site
is favored by the mutarotation of 3-anomer conformation to a thermodynamically more
stable x-anomer conformation for sialic acid in solution. The aglycon molecule leaves the
enzyme active site with the glycosidic oxygen [192,193].

The optimum NA activity was observed to occur at a pH range of 5.5-6.6 and a
temperature of 37 °C. It has also been suggested that the presence of calcium ions adjacent
to the active site is essential for both the activation and thermostability of NA [185].
Moreover, the existence of highly conserved amino acid residues in the active site makes
it an attractive target for drug design as it accords the development of transition-state
analogues that inhibit NA.

NA inhibitors are effective against both IAV and IBV. They prevent NA from cleaving
the sialic acid, thus budding viral particles remain attached to the surface of the infected cell
and each other. This results in the suppression of infection to one round of replication [168].
There are three classes of globally approved NA inhibitors (zanamivir, oseltamivir, and
peramivir) for the treatment and prophylaxis of influenza infection (Figure 9). Their
design is based on the transition state analogue of sialic acid (2-deoxy-2,3-dihydro-N-
acetylneuraminic acid or DANA) developed in the 1970s, which displayed low binding

affinity into the active site [179,194].
0.,
/j o, OH
HN .

(f)

Figure 9. Chemical structure of sialic acid for treatment and prophylaxis of influenza infection (a), DANA (b), zanamivir (c),

oseltamivir (d), peramivir (e), and laninamivir (f) (prepared by authors).

This critical finding paved the way for the design and development of drugs that
closely mimic DANA and fit in the active site pocket to hinder NA activity. Further
advances in technology and different techniques led to the discovery of high-resolution
crystal structures of both NA and sialic acid [178,195]. Protein X-ray crystallographic study
of the complex NA with DANA has aided the identification and characterization of the site
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of enzyme catalysis. It displayed the presence of an empty positively charged cavity in the
active site, which aligned with C4 of the bound sialic acid. The findings led to suggestions
that the introduction of a positively charged group to the C4 of DANA might enhance
binding affinity to the catalytic site [170,196-198].

Zanamivir (Relenza) was the first potent NA inhibitor to be approved by the FDA
in 1999. DANA-based zanamivir synthesis involved the substitution of C4-OH with the
4-guanidino group, which showed a 1000-fold better binding affinity into the active site
pocket over DANA. Zanamivir (4-guanidino-DANA) is administered via oral inhalation
directly into the respiratory tract. However, it has low bioavailability due to the presence
of the guanidino group [197].

The FDA subsequently approved oseltamivir (Tamiflu) in the year 1999 to address
the low bioavailability limitation of zanamivir. The development of orally bioavailable
oseltamivir involved two substitution mechanisms of the DANA cyclohexene ring: the
substitution of the C6 glycerol sidechain of DANA with a bulky hydrophobic pentyl
ether sidechain, and the C4-OH substitution with an amino group rather than guanidino.
Oseltamivir is orally administered as a prodrug of oseltamivir phosphate and converted to
an active metabolite, oseltamivir carboxylic acid, by endogenous esterase [199-201].

The FDA globally approved Peramivir (Rapivab/Rapiacta/Peramiflu) in the year
2010. Peramivir is also derived from DANA and contains a cyclopentane ring with features
of both zanamivir and oseltamivir, the C4-guanidino group, and the bulky hydrophobic
pentyl ether sidechain, respectively. Such features lead to multiple interactions (higher
binding affinity) with the NA catalytic site. This drug is administered intravenously due to
low oral bioavailability [202-205].

Laninamivir (Inavir) is currently licensed for use in Japan since the year 2014 and is
undergoing Phase III clinical trials in other countries. It is a derivative of zanamivir, and
it contains the C4-guanidino group and an additional 7-methoxy group. Laninamivir is
administered as a prodrug (laninamivir octanoate) via nasal inhalation and converted to
an active metabolite (laninamivir) by endogenous esterase. It has long-lasting anti-viral
inhibition with activity against oseltamivir-resistant viruses [206-208].

With regards to new antivirals for targeting NA, acylhydrazone has been considered
a fortunate structure capable of offering ligand points for more than one type of bio-
receptor. Zhao et al. [209] discovered that some acylhydrazone derivatives exhibit better
inhibition than oseltamivir carboxylate against NA. Furthermore, Yu et al. [210] also
designed and synthesized benzoylhydrazone NA inhibitors with higher NA inhibitory
activity to the positive control oseltamivir carboxylic acid. Li et al. [211] likewise designed
and synthesized novel acylhydrazone NA inhibitors, with most of them exhibiting good
inhibition activity with a significantly lower activity than that of the positive control
oseltamivir carboxylic acid.

Modifications of oseltamivir that enable higher affinity binding at the amino acids
forming the 150- or 430-cavity could yield novel NA inhibitors that are not sensitive
to common mutations of NA [212]. Moreover, Ju et al. [213] designed and synthesized
27 oseltamivir analogues by modification at the C-1 position to research the chemical space
around the 430-cavity. Compound 8b indicted the best inhibitory activity against H5N1 and
H5N6 NAs. Xie et al. [214] also discovered group-1-specific NA inhibitors that are involved
in fighting the H5N1 virus. Derivatives of oseltamivir were designed and synthesized by
targeting the 150-cavity. Among the synthesized derivatives, compound 201 showed higher
inhibitory efficacy against NAs from three H5N1 viruses. The inhibitory activity was better
than that of oseltamivir carboxylate.

In 2019, Ji et al. [212] designed and synthesized oseltamivir derivatives by exploiting
the 150-cavity in NAs. The compounds exhibited antiviral activities with higher potency (5-
to 85-fold) than those of oseltamivir carboxylate against N1, N8, and N1-H274Y mutations.
Jia and colleagues [212] also explored the chemical space of both 150-cavities in NAs,
and oseltamivir derivatives were designed, synthesized and evaluated by modifying the
C1 and C5 amino group of oseltamivir carboxylate. The most effective N1-selective inhibitor
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exhibited 1.5- and 1.8-times greater activity than oseltamivir carboxylate against HSN1 and
H5N1-H274Y.

5. Conclusions and Future Perspectives

The transmission of human influenza through inter-continental circulation makes
surveillance a vital member in the global management of influenza. The broad host range
of influenza virus and interspecies transmission are essential factors for its continual spread
and genetic variation. The transitional reservoirs such as pigs, birds, ducks and horses play
a critical function in keeping the influenza virus in nature and facilitating its transmission
to humans. Thus, other than constant surveillance and developing a universal vaccine and
potent antivirals, prolific global management of such reservoirs to limit the circulation and
formation of new infectious influenza virus variants is necessary.

Although a considerable amount of biochemical and lower-resolution structural infor-
mation has been attained for the AM2 proton channel, many rhetorical questions persist
about this versatile protein. The present high-resolution structure offers a foundation for
elucidating the mechanism of proton conduction through the AM2 channel. However,
advancement in the discovery of new inhibitors targeting mutants of the AM2 channels
has been sluggish. Recent developments in understating the structure and vital properties
of the AM2 channel in a lipid bilayer, as well as the interaction of amantadine with the
channel, have stimulated structure-based drug design and computer-aided drug design.

The resistance to NA inhibitors by influenza viruses is an emerging problem of high
epidemiological and clinical impact. The emergence of drug resistance to inhibitors of NA,
such as oseltamivir and zanamivir, qualifies a necessity for an alternative strategy. The
alternative strategies are predominantly essential to recognize viable NA inhibitors which
may not only have improved antiviral activity, but can also endure the threat of resistance.

There is advancement in the development of new NA inhibitors, but there has been
slow progress with AM2 proton channel inhibitors. Modifications of the subunits bonded
to its acyl and imine functions of acylhydrazone result in several derivatives, which confers
diversity of molecular targets and provides more therapeutic properties. The 430-cavity
widely exists in a variety of subtypes, including group-1 and group-2, and could provide
greater chemical space for further modification. Approaches to broaden the availability of
novel antiviral compounds include the development of synthetic peptides that disrupt the
entry of viruses into cells. Although antibodies specific for M2 are unable to bind efficiently
to free virus particles and thus do not neutralize virus infectivity, they can bind to M2e
expressed on the surface of virus-infected cells and thus are a potential antiviral tool for
preventing new virion release. Further studies on humans are needed to understand the
protective role played by anti-influenza protein antibodies during infection or vaccination.
That information will greatly enhance our understanding of how current influenza vaccines
could be improved to provide cross-protective immunity in humans.
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3. COMPUTATIONAL METHODS
3.1 INTRODUCTION

Recent years have seen wonderful growth in the use of computers to calculate chemical
properties, such as molecular geometry, discrete spectra, mechanisms behind reactivity, and
electronics to name a few [1]. As a result, computational techniques such as molecular
dynamics (MD) since become more beneficial in drug discovery and development [2]. A
method of solving chemical problems, MD was discovered in the late 1970s [3,4]. It employs
tools such as molecular mechanics (MM), quantum mechanics (QM), statistical mechanics,
semi-empirical methods, and hybrid techniques [5]. By combining features from a number of
approximations, hybrid techniques can deliver cost-effective solutions with good accuracy [6].
This chapter provides an outline of computational methods used in this study.

3.2 MOLECULAR MECHANICS

Conventional physics approximations are used to simulate molecular systems in molecular
mechanics [7-9]. These techniques rely on mathematical models that define atoms and bonds
as particles that are connected by springs. MM defines a molecule as a group of massed
particles interacting by means of harmonic forces, similar to Hooke's ball and spring model
[10]. In MM, the bond length and angle of each molecule are assumed to have ideal values at
equilibrium [11,12]. According to equation 3.1, the sum potential energy of a molecular system
is therefore directly related to the deviation of a molecule from its ideal geometry caused by
the bonding and non-bonding interactions [13].

v = z Vstretch + Z Vbend + z Vtorsion + Z Vnon—bonded (31)

bonds angles dihedrals non—bonded pairs

Interactions between bonded systems include stretching, torsion and angle bending, while non-
bonded interactions (Equation (3.2)) cover van der Waal's and electrostatic forces, dependent
upon distance r.

Vnon—bonded (T) = VVan der Waals (T) + VCoulombic (T) (3'2)

Due to the large mass difference between the nucleus and electrons, the Born-Oppenheimer
approximation reveals that motions of nuclei and electrons can be separated. Since the mass of
anucleus is larger than that of electrons, the movement of each nucleus causes an instantaneous
motion of its electrons. An atom's energy can thus be calculated solely based on its nuclear
coordinates without taking into consideration its electrons. A set of parameterized functions
(FFs) [14,15] of the type outlined in equation (3.3) is then used to calculate the potential energy
of a system.
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As a function of bonding relations such as stretching, bending and twisting, the first three terms
of the equation are models of harmonic potentials to show the variations in potential energy of
atoms. The first term represents the deviation of bond lengths where k; defines the force
constant, /; and /y; denote the normal and optimal bond length amongst two atoms, respectively.
In the second term, k& is the force potential. It measures the deviation of bond angles a.,1 from
its equilibrium value a:. In the third term, for each dihedral angle, the torsional rotations are
determined by a cosine series of M terms due to their inherent periodicity. A parameter n;x is
used to define the Ath term of the series, while the phase angle is given by 6y,ix and the energy
barrier is defined by Vi [5].

The last two terms in the FF correspond to the nonbonded van der Waal's interaction and
Coulomb's interaction, respectively. The van der Waal’s contributions to the energy between
atoms 7 and j have been treated with a 12-6 Lennard-Jones (L-J) potential [16], with &j; being
L-J well depth; rjj refers to the distance between the two atoms i and j and roj refers to the
interatomic distance at the L-J energy minima. Last but not least is the Coulombic potential,
which describes electrostatic interactions. In this case, gi and qj represent the partial charges of
interacting atoms, &, and &:denote the inductive capacity of free space and the relative dielectric
constant, respectively [17].

The unique advantage of MM methods is that they are fast, allowing them to compute
molecules made up of thousands of atoms. In computational chemistry, MM tools are
extensively explored for studying conformational analysis and energy minimization [5]. The
standard parameterization of MM FF energy calculations are not suitable for modeling
chemical reactions, even though they are fast and inexpensive. The reason for this is that FFs
do not take into account the electronic structure. As the years have gone by, many general FFs
have been developed and those that are specific to particular functional groups and compounds
have also been developed. These comprise of CHARMM [18], GROMOS [19], OPLS [20—
22], and AMBER [23] among the widely used FFs for the simulation of biomolecules. In this
thesis, ligands were parameterized using General AMBER Force Field (GAFF), and water was
modelled using 3-point transferable intermolecular potential (TIP3P) due to its computational
efficiency [24].

3.3 QUANTUM MECHANICS

The Born Oppenheimer approximation in MM models separates the motion of the electrons in
an atom from that of its nuclei, but in quantum mechanics molecules are treated as nuclei and
electrons as their electrons [11,25]. QM's fundamental principles are Heisenberg theories or
non-relativistic time-dependent Schrodinger equations. Equation 3.4 summarizes those
principles that are discussed in this thesis [2,10].
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Hy = EY (3.4)

Schrédinger wave equation is given by equation 3.4, where H denotes the Hamiltonian operator
[26], E describes the energy of state, and the wavefunction ¥ mathematically denotes the state
of the system. Schrodinger's wave equation describes the relationship between space and time
by using the function ¥. QM can be used to model energy and associated properties of some
molecule, however, in practice it is only possible to model electron dynamics for a single
electron species [5,26].

3.3.1 Electronic structure methods

Electronic structure methods employ quantum mechanics laws, based on the Schrodinger wave
equation [1,10,13]. Among these are ab-initio methods, semi-empirical and the density
functional methods. Using theoretical approaches founded on physical constants and the
Schraodinger wave equation, ab-initio methods use a wavefunction to calculate the electronic
structure [25]. It is not practical to solve the Schrddinger wave equation for multi-electron
systems directly. Therefore, numerous approximations are employed in ab initio methods. By
extension, these approximations determine a system's cost and reliability. Semi-empirical
methods use simplified Hamiltonians and parameters derived from experimental data [10].
Semi-empirical methods are faster than ab-initio techniques and do remarkably well for the
systems they are parameterized for. Semi-empirical methods have the disadvantage of being
less accurate than ab-initio methods [25,26]. In contrast to ab-initio methods, density functional
methods use electron density rather than wavefunctions to discover electronic structure. The
speed of density functional methods is dependent on the approximation used for ab-initio
methods. Here, as a preface to the discussion of the chosen methods, several concepts of interest
are briefly outlined.

3.3.1.1 The Hamiltonian operator

The Schrodinger wave equation contains Hamiltonian operator terms that combine electron
and nuclear kinetic and potential energy [25,26].

H=T,+ T, + Vo + Voo + Ve @3.5)

Here T, and T, are the operators for electrons and nuclei kinetic energy respectively; V., denotes
the electron-nuclei Coulombic attraction; V.. defines the electron-electron Coulombic
repulsion; and V., represents the nucleus-nucleus repulsion. For N electrons (i,j) and M nuclei
(A,B) the Hamiltonian is denoted by:
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In this case, R4 and r;; are the distance vectors between the nuclei and electrons respectively,
Z4 represents the atomic number of nucleus A and M4 defines the mass ratio of nucleus A and
an electron [13,25,26].

3.3.1.2 Born-Oppenheimer approximation

Due to the weight of nuclei being much greater than that of electrons, their relative speeds are

much slower than those of electrons surrounding them. Assuming that nuclei have a fixed

position, it is possible to solve the Schrédinger wave equation solely for electrons at a given

nuclear position [27]. With the Born-Oppenheimer approximation, nuclei and electron

movements are separated, yielding an electronic Hamiltonian that is dependent only on nuclei
positions [25,28].

N N

12
R
. —

N
=1 i -1

N
Z % 3.7)
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e
Tia c
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3.4  HYBRID QUANTUM MECHANICS/MOLECULAR MECHANICS (QM/MM)

In addition to the objective of gathering accurate electronic and dynamic structural information
of large biological systems, like enzymes, simulations are meant to do so in a rapid, cost-
effective manner. MM approaches with a large computation capacity are preferred [13]. QM
gives electronic structure information of these systems, but it is computationally expensive and
especially suited to small molecular systems. MM however does not offer this information, and
on that basis, QM is preferred. Hybrid QM/MM approaches have been extensively used in large
biological systems in order to combine the speed and accuracy of MM and QM methods [29].
QM analyses the tiny reactive and electronically significant part of the system and Force Field
defines the smaller nonreactive part of the system [11]. In a MD simulation, the whole system
is simulated. The energy of the hybrid QM/MM system is expressed as follows:

Etor = Equ + Eum + Eqm 3.8)
MM
an inner system plus link atom energy is EQM, EMM is the energy treated with a Force Field
and Eom defines the energy of the MD area coupling between inner QM and outer FF [26].

MM
QM/MM's MD area consists of both bonded and non-bonded terms, so it is of the utmost

importance. The coupling energy is expressed as follows:

Eﬂ — Eg_M_I_ ngﬂl der Waals_l_ Egg/};lomblc

MM MM MM MM

(3.9)

To treat the electrostatic coupling amongst QM charge density and FF point charge field,
mechanical, electrostatic, or electronic strategies are used. The mechanical embedding scheme
can be evaluated at FF level and does not polarize the reactive region. As QM simulation is
performed in the presence of a Force Field point charge field [29], electrostatic embedding
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improves this by adding one electron terms to the Hamiltonian incorporating the Force Field
point charge. Adding electronic embedding to electrostatic coupling increases simulation cost
dramatically [30]. Hamiltonian with electrostatic coupling electronic embedding is as follows:

Ncoulombic NMM NQM Nmm (3 10)

H%{ﬁlombic - _ Z Z ds + Z Z qBZA
MM ; = | — Rgl — = |Rs — Rgl

where I, B and A indices cover the number of electrons (Ncowomsic), the number of QM nuclei
(Nowm), and the Force Field point charges (Nuay). The first term denotes the interaction of the
QM electrons and FF point charges, and the second represents the interaction of the QM nuclei
A of charge Za with FF point charges qs. For hybrid QM/MM techniques, good descriptions
of the QM zone are key, and the interaction between QM and FF parts needs to be calibrated.
[10,30]. MD simulations produce dynamic and structural results for the two parts. An overview
of MD simulation techniques can be found below.

3.5 MOLECULAR DYNAMICS

Predictive molecular dynamics is a technique of molecular dynamics wherein present
conditions of the system are used to forecast future conditions [32]. The potential energy of the
system is employed to calculate the forces acting on each atom in order to compute a profile of
the subsequent states using molecular mechanics [8]. Using Newton's second law of motion
(Equation 3.11), forces derived from molecular mechanical computations are translated into
accelerations of atoms in accordance with classical physics:

d*7(t) o 3Ee® (3.11)
dez dn,

F(t) =

where 7, and E, are the i’ atom position and the total energy. Because force is directly
proportional to acceleration, MD simulations calculate future positions of atoms by
incorporating acceleration with their current positions along with their velocities. The motion
profile of all atoms is generated by repeating this process in minute time steps [5,13,33].
Numerous structural and dynamic attributes of proteins may be determined from the MD
trajectory data output. These post-dynamics methods and calculations were used in this thesis
to describe the protein features.

3.5.1 Root Mean Square Deviation (RMSD)

Calculating Root Mean Square Deviation allows measurement of the atoms or atom groups
displacement [34]. For a set of N atoms, the time averaged RMSD is calculated as follows:

RMsp = | 2= 12
’ N

38



Chapter 3 Computational Methods

where di is the distance from atom i to the arithmetic mean location of the N corresponding
atoms [13,35].

3.5.2 Root mean square fluctuations (RMSF)

Root Mean Square Fluctuation is a calculation that approximates the fluctuation of an atom or
group of atoms based on [34]:

(RSMSF; — RMSF) (3.13)
o(RMSF)

SRMSF, =

where RMSF,; denotes the RMSF of the i/ amino acid residue, which is deducted from the
average RMSF. The standardized RMSF (sRMSFji) is computed by dividing standard deviation
of the RMSF [¢(RMSF)] by RMSF [13,35].

3.5.3 Radius of gyration (RoG)

The equilibrium conformation of a protein in each trajectory in MD simulation is called RoG.
The RoG describes the RMSD of atom or atom groups from the mutual centre of gravity of a
given protein structure [36]. The RoG is calculated using the following equation:

r2g = imo Wiy —17)? (.14)
?:1 Wi

where 7; denotes the location of the i atom whereas r represents the central mass atom of i.
RoG values are divided by the number of frames in each trajectory to determine the mean.

3.5.4 Binding Energy Calculations

A Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) approach was employed
to approximate the binding free energy profiles [37—40]. Binding free energy calculations
provide a worthful understanding into the interactions of the protein-ligand complex. The
following equations provide a detailed explanation of binding free energy calculations:

AGvind = Geomplex - Greceptor — Gligand 3.15)
AGbind = Egas + Gsot— TAS (3.16)
Egas = Eint + Evaw + Eele (3.17)

Gsol = Gga + Gsa (3.18)

Gsa =7SASA 3.19)

where Geomplex represent the total binding free energy of the protein-ligand compleX, Greceptor
denotes the total binding free energies of the protein while AGiigana represent the total binding
free energies of the ligand [40]. Egas signifies gas-phase energy and denotes evaluated directly
from the Amber ff99SB force field terms. Gsor is solvation-free energy that could be
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disintegrated into polar and nonpolar contribution conditions. TAS defines the temperature and
entropy contribution to the free energy. Ein denotes the internal energy, Ecie represent the
intramolecular electrostatic energies and Evaw is the van der Waals energies. The solvation-free
energy, Gsol, is the energy needed to channel a solute from vacuum into a solvent. The
electrostatic contribution to the solvation binding free energy is Gga, while the non-electrical
contribution is Gsa. Ggs was calculated by the Poisson-Boltzmann (PB) equation whereas Gsa
was estimated using the solvent accessible surface area (SASA) equation.

3.5.5 Principal components analysis (PCA)

PCA was used visualize and analyze atomic dynamic movements of MD simulations’
trajectories [41]. Each trajectory of MD simulation was calculated for the covariance matrix
between residues 1 and j [42]. In-house scripts were used to calculate the first two principal
components (PC1 and PC2) and generate the covariance matrix. The first two principal
components equate to the first two Eigenvectors of the covariance matrix. The equations 3.20
and 3.21 below provide a technique for determining the flexibility of a system.

cov (X,Y) = ﬁ(Z(X" —X) (Y, - 7)> (3.20)

1 (v __ (3.21)
cov (X,Y) = ——] ZXin- —nXY
i

The covariance function is represented as, cov (X, Y). It is defined by the size of the data set
(n), the mean of X and Y values (X Y), and the sum product of data values X and Y (X' X;Y).
Additionally, correlation is another way to identify and compare proteins during a trajectory.

_ cov (X, Y) (3.22)
JVar(X)Var(Y)

Txy

A correlation coefficient (equation 3.22) indicates the strength of linear association between
two variables which are quantified as being independent of one another. A correlation
coefficient (ryy), on the other hand, is not ruled by any measures or units imposed by the
system. This is accomplished by relating the covariance (Cov (X, Y)) and variance of X and Y
Var(X)Var(Y)) [43.,44].
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Abstract: In March 2013, a novel avian influenza A (H7N9) virus emerged in China. By March
2021, it had infected more than 1500 people, raising concerns regarding its epidemic potential.
Similar to the highly pathogenic H5N1 virus, the H7N9 virus causes severe pneumonia and acute
respiratory distress syndrome in most patients. Moreover, genetic analysis showed that this avian
H7NO9 virus carries human adaptation markers in the hemagglutinin and polymerase basic 2 (PB2)
genes associated with cross-species transmissibility. Clinical studies showed that a single mutation,
neuraminidase (NA) R292K (N2 numbering), induces resistance to peramivir in the highly pathogenic
H7N9 influenza A viruses. Therefore, to evaluate the risk for human public health and understand the
possible source of drug resistance, we assessed the impact of the NA-R292K mutation on avian H7N9
virus resistance towards peramivir using various molecular dynamics approaches. We observed that
the single point mutation led to a distorted peramivir orientation in the enzyme active site which, in
turn, perturbed the inhibitor’s binding. The R292K mutation induced a decrease in the interaction
among neighboring amino acid residues when compared to its wild-type counterpart, as shown by
the high degree of fluctuations in the radius of gyration. MM /GBSA calculations revealed that the
mutation caused a decrease in the drug binding affinity by 17.28 kcal/mol when compared to the that
for the wild-type enzyme. The mutation caused a distortion of hydrogen bond-mediated interactions
with peramivir and increased the accessibility of water molecules around the K292 mutated residue.

Keywords: influenza A; H7N9; neuraminidase; peramivir; principal components analysis

1. Introduction

The seasonal upsurge of infections and pandemics from influenza viruses continues to
cause death and morbidity. This also poses great economic stress and decreases productivity,
especially in countries with temperate and tropical weather conditions [1,2]. The influenza
virus is classified as Orthomyxoviridae, with classes A and B responsible for pandemic
upsurges in humans [3,4]. The influenza virus contains three membrane proteins, i.e.,
matrix protein (M2), hemagglutinin (HA), and neuraminidase (NA) [5]. Hitherto, there are
9 NA and 16 HA of influenza A virus (IAV) subtypes, found especially in birds (aquatic),
which have been responsible for major pandemic upsurges in humans [2]. Furthermore,
there are other potentially pandemic IAV subtypes such as H5N1, H7N9, and H9N,2
which are transmitted to humans through aerosols [6]. IAV transmitted via aerosols are
responsible for respiratory flu-like disorders especially among children, older persons, and
persons with weakened immune system [7].

The emergence of the H7N9 subtype and its subsequent infection to humans were
reported in March 2013 in China [7]. It was further reported within four months of its
discovery, that about 130 persons were infected [8]. In January 2017, the World Health
Organization recorded about 106 H7N9 human infections in China [8]. The World Health
Organization had earlier postulated that there are about 250,000-500,000 global annual
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deaths due to influenza viruses; however, a recent study estimated higher figures of
290,000-650,000 global annual deaths from influenza, approximated to one billion people
annually [9,10]. In 2019, it was reported that about 99,000-200,000 deaths resulted from
respiratory tract influenza-related illnesses in populations less than 65 years old [10].

Recently, antiviral medications and vaccinations have been effectively employed
in the fight against the influenza virus [11]. There are two major classes of anti-IAV
drugs approved for the treatment of IAV diseases, i.e., neuraminidase (NA) inhibitors and
adamantanes [1]. The ready availability of anti-IAV drugs gives them an edge over vaccines,
which require a longer time to be developed [12]. Following the emergence of mutations
and subsequent resistance of IAV to adamantane drugs, NA drugs such as laninamivir,
zanamivir, oseltamivir, and peramivir have been widely employed for the treatment of [AV
infections. Scientists are worried about the growing resistance of IAVs, nevertheless, NA
appear to be the only type of IAV inhibitors currently in circulation [1]. Neuraminidases
remain the preferred drugs for treating IAV, therefore resistance to the drug constitutes
a setback in the fight against influenza pandemics [13]. The influenza A virus is known
to produce diverse antigens through two processes. First, antigenic shifting due to the
reassortment of the genetic compartments of two different IAVs in the same person, which
results in a new strain of the virus; secondly, antigenic drifting in neuraminidase and
hemagglutinin, which results in novel antigenic species. This is significantly facilitated by
the imperfect nature of the viral polymerase [9]. Presently, the resistance to NA inhibitors is
not very common, but might surface due to frequent use and administration of these drugs
to the vulnerable groups [13]. Therefore, increased observation and additional studies on
the mode of mutation/transmission are imperative.

The Food and Drug Administration lately approved an alternative intravenous NA
drug called peramivir in addition to zanamivir and oseltamivir (Figure 1). Peramivir is a
cyclopentane molecule that exhibited high selectivity and potency for influenza virus NA.
In a recent study by Hseir et al. [14] the efficacy of intravenous peramivir over oseltamivir
was investigated in the emergency department, and the results showed that influenza
patients administered a single dose of peramivir showed a quick recovery [14]. In a
laboratory study by Aoki et al., an in vitro influenza virus resistant to peramivir was also
investigated [1]. It was observed that resistance to peramivir is due to changes in the gene
for hemagglutinin, related to dual resistance to zanamivir and oseltamivir [1].
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Figure 1. Structure of neuraminidase inhibitors.

Neuraminidase inhibitors function by inactivating the viral NA enzyme [15]. NA is
inactivated by blocking its ability to cleave sialic acid residues, thereby preventing the
unleashing of the virus and stopping the infection of the host cells [15]. Neuraminidase
inhibitors prevent the cleaving of sialic acid by the enzyme, and thereby virus spreading [16].
Several avian influenza subtypes (e.g., H5N1, H7N7, and HIN2) have caused human
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infections before. Their transmission has been controlled, possibly because avian viruses
binding to the sialic acid receptors located in the human upper airways is inefficient [17].
NA inhibitors are sialic acid analogues that block the enzymatic active site and prevent
its sialidase activity [18,19]. A single nucleotide change in the NA gene can generate
resistance to NA inhibitors, as shown by the arginine-to-lysine amino acid mutation (R292K
in N2 numbering, and R294K in N9 numbering) in the enzymatic active site. This R292K
neuraminidase mutation has been reported in patients infected with H7N9 influenza A
viruses and treated with NA inhibitors [20,21].

H7N9 normally circulates amongst avian virus populations with some variants known
to occasionally infect humans [21,22]. Novel H7N9 viruses cause a severe respiratory
disease in humans and have infected 1565 humans; about 39% of the people confirmed
to be infected with Asian H7N9 virus have died since its emergence in 2013 [23]. Because
of the lack of immunity against H7 subtype influenza viruses in the human population,
the H7N9 virus is of concern as a potential cause of a pandemic [7]. The novel R292K
variant virus has mammalian adaptation mutations in the receptor-binding site of the
hemagglutinin gene and the polymerase basic 2 (PB2) gene (E627K) of the virus and can
spread from poultry to man more easily [24].

Because of H7NDO resistance to the M2-ion channel blockers such as amantadine
and rimantadine, neuraminidase inhibitors have been widely used for the antiviral treat-
ment of patients with H7N9 [25,26]. Influenza virus H7NO isolates (A/Anhui/1/2013,
A/Shanghai/1/2013, and A/Shanghai/2/2013) were found to carry the NA-R292K muta-
tion. This R292K mutation was determined to confer resistance to the inhibitory action of
peramivir, which significantly impairs NA catalytic activity and virus replication in vitro
and in vivo [26].

R292 is one of three key conserved arginine residues in the active site that surrounds
the carboxylate group of sialic acid [27]. Neuraminidase inhibitors such as oseltamivir,
peramivir, and zanamivir often interact with sialic acid at the enzyme’s active sites. This
three-arginine cluster is a major factor for distorting the sialic acid pyranose ring from a
chair to a boat conformation, a critical step for the hydrolytic cleavage of terminal sialic
acid from adjacent membrane glycoproteins by influenza virus NA [4]. Peramivir contains
a C4-guanidino group and a bulky hydrophobic pentyl ether side chain, like zanamivir
and oseltamivir, respectively. These features lead to multiple interactions (higher binding
affinity) with the NA catalytic site [28,29]. Features of the R292K mutant (Figure 2) and its
contribution to peramivir resistance have not been deeply examined.

This present study was aimed at investigating the impact of the R292K mutation on
H7NO resistance towards peramivir at the interatomic level, as this promises to further
elucidate other experimental studies previously conducted [27]. To achieve this, we em-
ployed the computational instruments of advanced molecular dynamic simulations [30].
We further investigated the intermolecular interactions between enzyme and ligand. The
binding free energies of the peramivir-free neuraminidase and of the peramivir-wild-type
neuraminidase and peramivir-R292K neuraminidase complexes were analyzed to unravel
the molecular dynamics affecting the binding of peramivir. Understanding the molecular
basis of resistance caused by such deleterious mutations is critical for the development of
more effective anti-influenza virus compounds.
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Figure 2. Representation of the R292K point mutation displaying the atomic Arginine and Lysine at
residue number 292.

2. Results and Discussion
2.1. Root-Mean-Square Deviations (RMSD)

The RMSD of backbone C-ox atoms was calculated to analyze the conformational
stability of peramivir-free neuraminidase and peramivir-bound (wild-type and R292K)
neuraminidase complexes and to observe the alignment of all the protein frames with
that of the reference frame backbone. This type of analysis can yield information on the
RMSD evolution of a protein and offer insights into its structural conformation through-
out the simulation [31]. Figure 3 shows the RMSD values computed for peramivir-free
neuraminidase and peramivir-bound wild-type and R292K neuraminidase complexes as a
function of time. RMSD remained stable over most of the 200 ns simulation, thus provid-
ing a suitable basis for further analyses. The peramivir-free simulation showed relatively
higher mean RMSD values, followed by peramivir-R292K variant complex and lastly by the
peramivir-wild-type neuraminidase complex. A higher average RMSD for peramivir-free
neuraminidase indicated higher flexibility of the molecule due to the absence of peramivir,
resulting in an increased freedom for protein movement [31]. The higher average RMSD for
the peramivir-R292K variant complex, when compared to that of the peramivir-wild-type
neuraminidase complex demonstrated the flexibility of peramivir interaction with the
protein and consequent interference with the active site structural framework, causing
protein instability.
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Figure 3. RMSD plot of C-« atoms of peramivir-free neuraminidase and peramivir-wild-type and
peramivir-R292K neuraminidase complexes over simulation time (ps).

2.2. Root-Mean-Square Fluctuation (RMSF) and B Factors

Figure 4 shows the per-residue C-« root-mean-square fluctuations (RMSF) and the
atomic temperature factor (B-factor) of the simulations of peramivir-free neuraminidase
and peramivir-bound (wild-type and R292K) neuraminidase complexes, calculated to
gain an insight into the conformational flexibility of the overall residues in peramivir-free
neuraminidase and peramivir-bound neuraminidase (wild-type and R292K) complexes.
Fluctuations can indirectly lead to significant conformational changes in the active site and
affect the dynamics of the protein, ultimately resulting in reduced functionality [32-34].

The average RMSF for all the amino acid residues was found to be 0.63 A for the
peramivir complex wild-type virus, 0.71 A for the complex with the R292K variant, and
0.76 A for the peramivir-free H7N9. A higher average RMSF for the peramivir-free virus
indicated conformational instability because of the absence of peramivir (Figure 4). The
R292K mutation was also found to impact the dynamics of some amino acid regions,
ie., 160-170, 190-200, 210-230, 260-270, and 350-370, when compared to the wild-type
molecule, with the R292K variant having more fluctuations. Amino acid residues in the
region 280-320 which contains the mutation site at position 292 showed higher fluctuation
in the variant compared with the wild-type molecule. These fluctuations are suggested
to be due to differences between the interactions of Arg or Lys side-chain atoms with
surrounding molecules, and these differences may lead to a conformational disproportion
between the wild-type and the R292K protein.

The atomic temperature factor (B-factor) measures the dynamic disorder caused by
the temperature-dependent vibration of an atom, as well as the static disorder resulting
from subtle structural differences in different unit cells throughout the crystal. It is very
important to inspect the B-factors during a structural analysis. The identified flexible
regions with a high average B-factor were found in peramivir-free neuraminidase (19.2 A2),
followed by the peramivir complex with the R292K variant (18.8 A2) and lastly with wild-
type neuraminidase (14.0 A2). These results are in overall agreement with the RMSF-based
flexibility analysis, suggesting that the absence of peramivir affects the overall conforma-
tional dynamics of the enzyme and that the R292K variant has significant conformational
instability in the active site which results in reduced functionality.

48



Molecules 2022, 27, 1645

6 of 16

B-factor (42)

8
©

N
(=}
(=}

=
(=]
o

— free
—— R292K
— wild-type

100 150 200 250 300 350 400

—— R292K

— wild-type

50

100 150 200 250 300 350 400
Residue Index

Figure 4. RMSF (top) and B-factors (bottom) plots of C-x atoms of peramivir-free neuraminidase,
peramivir-wild-type, and peramivir-R292K neuraminidase complexes over simulation time (ps).

2.3. Radius of Gyration (RoG)

The radius of gyration yields quantitative measures such as folding, compactness,
and shape of the protein in a biological system along with the MD simulation [35]. The
assessment of protein collapse dynamics for the peramivir-free neuraminidase and the
peramivir—(wild-type and R292K) neuraminidase complexes was performed as a func-
tion of time, as shown in Figure 5. The radius of gyration of the wild-type complex was
significantly higher in comparison to that of the R292K complex and of peramivir-free
neuraminidase throughout the simulation period. This indicates that the wild-type com-
plex exhibits an overall more stable conformation than both the R292K complex and the
peramivir-free enzyme. However, when comparing the stability of peramivir-free neu-
raminidase and the R292K complex, it was observed that the R292K complex was less
compact than the peramivir-free enzyme. This indicates that the mutation of Arg292 to
Lys292 decreased the compactness, negatively affecting the folding of the protein relative
to the wild-type molecule. As the mutant structure became less compact, the interaction
among neighboring amino acids decreased, which led to an unstable moment of inertia
of the group of atoms from their center of mass. Such evidence implies that the mutant
exhibits high conformational flexibility which decreases the receptor-ligand stability. The
fluctuation of the radius of gyration is in agreement with the RMSF and the B-factor
determined in the flexibility studies.

49



Molecules 2022, 27, 1645

7 of 16

20.1{ — free
—— R292K
— wild-type

20.0
<
c 19.9
)
L
©
-
>
O 19.8
N
°
0
=
T 19.7
©
o

19.6

19.5

0 25,000 50,000 75,000 100,000 125,000 150,000 175,000 200,000
Time (ps)

Figure 5. Radius of gyration plot of C-« atoms of the peramivir-free enzyme and peramivir-wild-type,
and peramivir-R292K neuraminidase complexes over the simulation time (ps).

2.4. MM/GBSA Binding Free Energy Calculation

All molecular mechanics and solvation energy components were calculated using the
MM /GBSA approach over a 200 ns MD trajectory, as listed in Table 1.

Table 1. MM/GBSA binding free energies profile of peramivir bound to H7N9 wild-type neu-
raminidase and R292K mutant neuraminidase.

Complexes AGpind AEge AE qw AEgas AGg
Wild-type —38.95 £ 5.66 —104.55 £ 15.85 —38.28 £2.33 —130.93 £ 13.66 105.12 £ 145
R292K —21.67 £2.10 —81.29 £ 8.85 —28.43 £3.49 —112.02 £10.9 9257 +7.22

AGping—binding free energy; AE..—electrostatic interaction; AE,qw—van der Waals forces; AGgas—gas—phase
interaction; AGgoj—solvation energy.

The calculated binding free energy (AGy,nq) for the wild-type neuraminidase complex
was —38.95 £ 5.66 kcal/mol, while that of the R292K mutant was —21.67 &+ 2.10 kcal/mol.
Such a large reduction in binding affinity (—17.28 kcal/mol) due to thermodynamic in-
stability of the protein-ligand complex could impair drug binding and thus reduce the
effectiveness of peramivir against the mutant. These calculations agree with experimental
data that indicated that the R292K mutation leads to a 563-fold increased relative resistance
towards peramivir [26]. Peramivir comprises a C4-guanidino group and a bulky hydropho-
bic pentyl ether side chain. These features lead to higher binding affinity with the NA
binding site [27]. Thus, the R292K mutation in the binding site might reduce peramivir
binding affinity.

The calculated van der Waals contributions (AEy4qw) to the binding free energy in
the wild-type neuraminidase complex (—38.28 + 2.33 kcal/mol) were lower than those
in the R292K mutant neuraminidase complex (—28.43 £ 3.49 kcal/mol). On the other
hand, the calculated electrostatic contributions (AE,) to the binding free energy for the
R292K mutant neuraminidase complex (—81.29 £ 8.85 kcal/mol) were higher compared
to those for the wild-type neuraminidase complex (—104.55 =+ 15.85 kcal/mol). The free
energy components presented in Table 1 suggest that AE, 4w and AE,, are the major energy
contributors to peramivir binding. This is due to the amino acid residues present in the
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binding site of the wild-type molecule, exhibiting strong hydrophobic interactions and thus
stabilizing the conformation of the protein-ligand complex.

The calculated solvation energy (AGq) of the wild-type neuraminidase complex
(105.12 £ 14.5 kcal /mol) was higher than that of the R292K mutant neuraminidase complex
(92.57 £ 7.22 kcal/mol). The significant difference in the AGg. (12.55 kcal/mol) resulting in
weak intermolecular interactions between the neuraminidase complex and water molecules
also confirmed that the R292K mutation has the potential to significantly affect the efficacy
of peramivir against H7N9 avian influenza virus. Due to limitations associated with
approximations in the binding free energy calculations, the binding free energy values
represent a trend for the wild-type and the mutant binding free energies.

2.5. Hydrogen Bond Formation

One of the most important analyses is that of the number of hydrogen bonds between
residues to evaluate the stability of a protein. A high number of intermolecular hydrogen
bonds in a protein might help to maintain its rigidity, while a low number of hydrogen
bonds with a solvent makes the protein more flexible. The introduction of a single mutation
in a protein is expected to cause changes in hydrogen bonds around the site of mutation.
Therefore, we examined hydrogen bond formation during the simulation for peramivir-free
neuraminidase and the peramivir—(wild-type and R292K) neuraminidase complexes.

To further examine the effect of the R292K mutation on peramivir binding, we mon-
itored hydrogen bond distances (A) and hydrogen bond occupancy (%) between amino
acid residues interacting with peramivir in the active site of the wild-type and R292K
mutant neuraminidase complexes. A summary of the average hydrogen bond distances
and occupancy attained during simulation is presented in Table 2. Hydrogen bonds were
recorded throughout the 200 ns trajectory. Hydrogen bonds of the mutant complex ex-
hibited an increase in average distance when compared to the wild-type complex. The
wild-type complex showed a higher occupancy of hydrogen bonds when compared to the
mutant complex throughout the simulation. This indicated a strong attraction interaction
between active site residue atoms and peramivir. It also showed that the mutation affects
the hydrogen bond network of the complex. The long-distance hydrogen bond network
causes a loss of hydrogen bond interactions between the active site residues and peramivir,
which in turn leads to structural instability and eventually affects peramivir binding.

Table 2. Average hydrogen bond distances and percentage occupancy between amino acid residues
interacting with peramivir calculated over the simulation time.

Hobond Average Distance A) Percentage Occupancy (%)
-bon
Wild-Type Mutant Wild-Type Mutant

Glul20 (OEy) ... (O3) Peramivir 2.84 - 7.1 -
Aspl52 (ODy) ... (N3) Peramivir 2.68 2.83 92.3 87.3
Asp152 (ODy) ... (Ny) Peramivir 2.89 2.93 72.4 67.2
Glu278 (OE;) ... (Oq) Peramivir 2.90 - 12.6 -
Glu279 (OEy) ... (O,) Peramivir 2.79 294 68.7 60.8
Glu279 (OE) ... (N7) Peramivir 2.64 2.84 75.0 67.7
Tyr406 (OH) ... (N3) Peramivir 2.81 2.95 89.5 80.2

LigPlot software was used to analyze the interaction between peramivir bound to wild-
type and R292K mutant neuraminidase (Figure 6) [36]. Certain amino acid residues elicited
strong hydrogen interactions with peramivir, which accounted for the enzyme stability
and high affinity towards peramivir. As illustrated in Figure 6A, among all interactions
between peramivir and wild-type NA, certain amino acid residues consistently established
interactions with peramivir throughout the simulation. Notable amongst these residues
are Glu 120 and Glu 278, which consistently maintained a hydrogen bond interaction with
peramivir at 10 ns, 100 ns, and 200 ns. These hydrogen bond interactions, in addition to the
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many hydrophobic interactions with other active site residues, could jointly contribute to
the favorable binding free energies that we calculated. The binding of peramivir to R292K
mutant NA was also characterized by consistent hydrogen bond interactions with some
specific residues throughout the simulation, but Glu 120 and Glu 278 were not involved
in these hydrogen bond interactions (Figure 6B). This suggests that the R292K mutation
induced a loss of hydrogen bond interactions between peramivir and Glu 120 as well as
Glu 278, thus resulting in a reduction of the binding affinity of peramivir to the active site.
This could imply that interactions of these amino acids with peramivir could be significant
for the high-affinity binding and stability of the peramivir-NA complex.

The analysis of hydrogen bond formation between amino acid residues indicated
that the wild-type complex displayed a relatively higher hydrogen bond participation
with other amino acids and comparatively less flexibility over the simulation time when
compared to the R292K complex and peramivir-free neuraminidase (Figure 7). Based on the
observed RMSF values and number of hydrogen bonds, it was confirmed that the mutation
led to a more flexible conformation due to the formation of a smaller number of hydrogen
bonds. The lower number of hydrogen bond interactions between amino acid residues
in the R292K variant led to a distinct reduction in the peramivir binding affinity due to
conformational distortion and, as such, to a decrease in receptor-ligand interaction.
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Figure 6. Amino acid residue interactions with peramivir in the active site of the wild-type (A) and
R292K mutant (B) at 20 ns, 100 ns, and 200 ns simulation time.
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Figure 7. Number of H-bond formation in peramivir-free neuraminidase and the peramivir-wild-
type and peramivir-R292K neuraminidase complexes over the simulation time (ps).

2.6. Solvent-Accessible Surface Area (SASA)

The interactions of a protein with various solvents and ligands depend primarily
on its surface properties. Thus, understanding the changes in solvent-accessible surface
area (SASA) due to structural deviations can be important. SASA is the total amount
of surface area available for interacting with other ligands, proteins, or solvents and is
used to characterize the compactness of protein structures. The plot of solvent-accessible
surface area (SASA) of peramivir-free neuraminidase and peramivir-bound (wild-type
and R292K) neuraminidase complexes against time at 300 K is shown in Figure 8. Major
fluctuations were observed throughout the simulation time. It was evident that SASA
for the peramivir-free neuraminidase was higher compared to those of the R292K variant
and the wild-type complexes. Also, when comparing SASA between the wild-type and
R292K variant complexes, the latter had higher SASA. The higher values of SASA for
the peramivir—-R292K complex indicated that the variant structure is thermodynamically
unstable. This is due to the Arg292 mutation causing the protein structure to become
less compact and thus exposing more protein to water molecules. Therefore, the SASA
induced by the R292K mutation markedly influences the structure as well as the activity
of neuraminidase.

2.7. Principal Components Analysis (PCA)

The assessment of the functionally relevant global aggregate motion of a protein is
a very demanding task. However, PCA helps in reducing the complexity of classifying
collective motions of a protein, since it segregates global aggregate motions from local fast
motions. These essential movements in a protein are directly interconnected to protein
stability and therefore associated with protein function. The 2D projection of the trajectory
plot elucidates the overall collective motion of a protein in the essential subspace of the
system. The flexibility of peramivir-free neuraminidase, peramivir-bound wild-type, and
peramivir-bound R292K neuraminidase complexes was assessed using the PCA method,
showing a significant difference between the systems and indicating a difference in protein
motion (Figure 9). In the PCA plot, we observed that the wild-type complex occupies a
lower subspace in comparison to peramivir-free neuraminidase and the R292K complex.
The highly compact and stable structure of the wild-type complex makes the residue side-
chain atoms fluctuate in a smaller subspace when compared to the variant complex and
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peramivir-free neuraminidase. Such evidence suggests that the mutant structure has a high
degree of flexibility which disturbs the binding interaction with peramivir.

15,000

14,500

14,000

13,500

13,000

SASA (4?)

12,500

12,000

— free
—— R292K
— wild-type

11,500

25,000 50,000 75,000 100,000 125,000 150,000 175,000 200,000
Time (ps)

Figure 8. SASA (A2?) plot of peramivir-free neuraminidase and the peramivir-wild-type and peramivir-
R292K neuraminidase complexes over the simulation time (ps).

10

-15 -10 -5 0 5 10 15
PC1
Figure 9. PCA scatter plot projection of C-x atoms motion of the first two principal components,
PC1 and PC2, for peramivir-free neuraminidase and peramivir-wild-type and peramivir—-R292K
neuraminidase complexes conformations.
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3. Materials and Methods
3.1. System Preperation

The X-ray crystal structure of the Anhui N9—peramivir (PDB code: 4AMWYV) complex
was retrieved from the Protein Data Bank (http://www.rcsb.org, accessed on 6 September
2021). The crystal structure of neuraminidase established by X-ray showed that it exists
as a homo-tetramer. However, only one chain (chain A) was used for simulations in this
study to reduce the computational cost. The Arginine to Lysine point mutation 292 (R292K)
was introduced using PyMol (Version 2.5) [37]. Ligand and receptor were modified and
visualized by PyMol and Avogadro software (Version 1.2) [38], respectively.

3.2. Molecular Dynamic Simulations

Molecular dynamic simulations of peramivir-free neuraminidase and peramivir—
neuraminidase complexes (wild-type and R292K) were performed using Amber 14 software
package [39-41]. Gaussian 09 at the HF/6-31G* level was utilized to optimize the geometry
for the ligand. The antechamber module was used for the generation of atomic partial
charges for the ligand using Restrained Electrostatic Potential (RESP) and the General
Amber Force Field (GAFF) procedures [42]. The ff99SB force field in the Amber 14 suite
was used to define the parameters of the protein system [43]. Missing hydrogen and heavy
atoms were added using the LEAP module of AMBER 14. The system was neutralized by
the addition of sodium ions. The entire system was solvated within a box of TIP3P [44]
water molecules such that any solute atoms were within 10 A of any box edge during the
MD simulations. The periodic boundary conditions were adopted, and the long-range
electrostatic interactions were treated with the Particle mesh Ewald (PME) method [45] with
a direct space and van der Waals cut-off of 12 A. Initial energy minimization of 2000 steps
was carried out with a restraint potential of 500 kcal/mol A applied to the solute, for
1000 steps using the steepest descent method followed by conjugate gradient minimization
of 1000 steps. An additional full minimization of 1000 steps was carried out by unrestrained
conjugate gradient. Gradual heating of the systems from 0 to 300 K with a 5 kcal /mol A
harmonic restraint potential and a Langevin thermostat of collision frequency of 1/ps using
a canonical ensemble (NVT) molecular dynamics simulation were then carried out [46].
The systems were equilibrated at 300 K in an NPT ensemble for 500 ps without restraint. A
Berendsen barostat was used to maintain the pressure of the systems at 1 bar. All hydrogen
bonds were constrained using the SHAKE algorithm [47], and a time scale of 2 fs for all
MD runs using the SPFP precision model [48] was applied. A 200 ns production run was
performed without any restrain on the systems in an NPT ensemble at a temperature of
300 K with a target coupling constant of 2 ps and pressure at 1 bar. The coordinates were
saved every lps time interval, and the trajectories were analyzed every 1 ps. The PTRAJ
and CPPTRA]J modules [49] of Amber14 suite were utilized for post-dynamic analyses,
such as root-mean-square deviation (RMSD) and root-mean-square fluctuations (RMSF),
radius of gyration (RoG), solvent-accessible surface area (SASA), B-factor, hydrogen bond
occupancy over time, and principal component analysis (PCA). All molecular visualization
and plots were carried out using the PyMol system and Matplotlib data analysis tools,
respectively [50].

3.3. Thermodynamic Calculations

The binding free energy profiles of the peramivir-bound neuraminidase (wild-type
and R292K) complexes were computed using the Molecular Mechanics/Generalized Born
Surface Area (MM/GBSA) approach [51-54]. The free energies of binding were calculated
considering 1000 snapshots from the 200 ns trajectory. Binding free energy calculation
is an endpoint energy calculation that offers a valuable insight into the formation of the
protein-ligand complex. The following set of equations procide a detailed explanation of
the calculation of binding free energy:

AGping = Gcomplex - Greceptor - Gligand (1)
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AGping = Egas + Ggo1 — TAS (2)
Egas = Eint + Evaw + Eele 3)
Gsol = Ggp + Gsa (4)

Gsa = YSASA @)

where Gcomplex is the total free energy of the protein-ligand complex, Greceptor and Athand
are total free energies of the isolated protein and ligand in the solvent, respectively [54].
Egas signifies the gas-phase energy and is evaluated directly from the Amber ff99SB force
field terms. G4 denotes the solvation-free energy that can be decomposed into polar and
nonpolar contribution states. TAS refers to the entropic contribution to the free energy in
a vacuum where T and S denote the temperature and entropy, respectively. E;,; signifies
the internal energy, Eqje is the intramolecular electrostatic energy, and E 4w is the van der
Waals energy. The solvation-free energy G, is the energy required to transfer a solute
from the vacuum into a solvent. Ggg and Ggp are the electrostatic and non-electrostatic
contributions to the solvation free energy, respectively. Ggg was computed using the
Poisson-Boltzmann (PB) equation, and Ggp was estimated from the solvent-accessible
surface area (SASA) equation estimated by using a water probe radius of 1.4 A. T and S are
the temperature and the total solute entropy, respectively; v is a coefficient related to the
surface tension of the solvent [55,56]. A constant y = 0.0072 kcal/mol/ A2 was used with
Amber PB polar solvation energies. The external and internal dielectric constants were set
at 80 and 1, respectively.

3.4. Principal Components Analysis (PCA)

Before processing the MD trajectories for PCA, the 200 ns MD trajectories of peramivir-
free neuraminidase and peramivir-bound neuraminidase (wild-type and R292K) complexes
were stripped of solvent and ions using the PTRAJ module [50] of AMBER 14. The covari-
ance matrix (C-o atoms) between residues i and j were calculated for each of the 200 ns
MD simulation trajectories. PCA was performed on C-oc atoms over 10 snapshots taken
from trajectories at a time interval of 20 ps, overall translation and rotation trajectories were
removed, and only C-a was kept for the analysis. To obtain collective motion coordinates
that represented the overall dynamics of each trajectory, PCA was performed, in which the
covariance matrix was diagonalized to yield a set of eigenvectors and eigenvalues. Using
in-house scripts, the first two principal components (PC1 and PC2) were calculated, and
covariance matrices were generated. The first two principal components correspond to the
first two Eigenvectors of the covariance matrix. PCA scatter plots were then constructed
using Matplotlib [57,58].

4. Conclusions

In this study, the impact of the single point mutation R292K on pathogenic H7N9
in influenza neuraminidase on peramivir binding to the enzyme was investigated using
various computational approaches. These approaches, including MD simulations, principal
component analysis, root-mean-square deviation, radius of gyration, and solvent-accessible
surface area, aided us to understand the impact of the R292K mutation on resistance
to peramivir. Our findings showed that the R292K mutation in H7N9 neuraminidase
decreased the binding with peramivir, as shown by the high flexibility of peramivir RMSD
and RMSF in the mutant pocket; a large radius of gyration of the mutant complex decreased
the interaction among neighboring amino acid residues such that it reduced receptor-ligand
clutching and increased the accessibility for water molecules around the K292 mutated
residue and the carboxylate group of peramivir, thus disturbing the drug binding process.

The results of this work suggest that the bulky hydrophobic pentyl ether side chain of
peramivir weakly binds to K292; thus, zanamivir and laninamivir with their hydrophilic
bulky groups promise to be potent neuraminidase inhibitors. This study verified that the
R292K mutation decreases peramivir binding affinity by 17.28 kcal/mol, distorts the ligand
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optimum orientation in the neuraminidase active site, affects the overall peramivir confor-
mational shape, and distorts the hydrogen bond interaction network between enzyme and
ligand. The findings of this study can be useful for the investigation of other mutations
that can affect the effect of peramivir on H7N9 influenza A virus.
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Abstract: The H7NO virus attaches itself to the human cell receptor protein containing the polysac-
charide that terminates with sialic acid. The mutation of neuraminidase at residue E119 has been
explored experimentally. However, there is no adequate information on the substitution with E119V
in peramivir at the intermolecular level. Therefore, a good knowledge of the interatomic interactions
is a prerequisite in understanding its transmission mode and subsequent effective inhibitions of
the sialic acid receptor cleavage by neuraminidase. Herein, we investigated the mechanism and
dynamism on the susceptibility of the E119V mutation on the peramivir-neuraminidase complex
relative to the wildtype complex at the intermolecular level. This study aims to investigate the
impact of the 119V substitution on the neuraminidase—peramivir complex and unveil the residues
responsible for the complex conformations. We employed molecular dynamic (MD) simulations and
extensive post-MD analyses in the study. These extensive computational investigations were carried
out on the wildtype and the E119V mutant complex of the protein for holistic insights in unveiling
the effects of this mutation on the binding affinity and the conformational terrain of peramivir—
neuraminidase E119V mutation. The calculated total binding energy (AGp;nq) for the peramivir
wildtype is —49.09 % 0.13 kcal/mol, while the E119V mutant is —58.55 &+ 0.15 kcal/mol. The increase
in binding energy (9.46 kcal/mol) is consistent with other post-MD analyses results, confirming that
E119V substitution confers a higher degree of stability on the protein complex. This study promises
to proffer contributory insight and additional knowledge that would enhance future drug designs
and help in the fight targeted at controlling the avian influenza H7N9 virus. Therefore, we suggest
that experimentalists collaborate with computational chemists for all investigations of this topic, as
we have done in our previous studies.

Keywords: peramivir; neuraminidase; H7N9; influenza; virus; hemagglutinin; mutation; E119V

1. Introduction

The influenza virus has been considered one of the most common respiratory diseases.
The avian influenza virus has three popular types: A, B and C viruses. The presence
of hemagglutinin (HA) and neuraminidase (NA) proteins in A and B types makes them
treatment targets for drug inhibition [1,2]. These viruses spread from human to human
through droplets and aerosol contents of the coughs and sneezes of an infected human. They
enter the body’s cells through the upper respiratory tract in a process called endocytosis [3].
The common symptoms of influenza virus infection include headache, sore throat, fever,
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cough, muscle aches, catarrh and general weakness. The infection can lead to diseases in
other parts of the body, such as the heart, lungs, and central nervous system [4]. Influenza
A and B viruses are made up of single genomic strands of ribonucleic acid (RNA), which
is needed for the viral polymerase to replicate within the cell of the infected person. In
addition, they comprise viral glycoproteins, such as hemagglutinin and neuraminidase,
which regulate the entrance and exit of the virus to and from the cell. Other components
include matrix protein M1, membrane protein M2, nuclear export protein (NEP), non-
structural protein (NS1) and viral nucleoprotein (NP) [5,6].

According to the World Health Organization, the first human case of avian influenza
A H7N9 was reported in China on the 31st of March, 2013. Good knowledge of its mode
of transmission is a prerequisite for effective management of the situation. The H7N9
virus attaches itself to the human cell receptor protein containing the polysaccharide which
terminates with sialic acid. The upper respiratory tract predominantly consists of «-2,6-link
receptors where the H7N9 virus attaches [7,8]. The HA has trimeric subunits; each has one
domain that goes through the viral envelop domain while the other attaches through the
sialic acid receptor on the human cell. For the H7NO to effectively enter the host cell, the
hemagglutinin HA must be cleaved; this cleaving is facilitated by an enzyme released from
the epithelial lining of the human respiratory tract. This cleaving of the HA produces a
hydrophobically hidden fusion peptide in the HA trimeric complex [6]. The host cell takes
up the virus through endocytosis, and the endocytic vesicles combine with the lysosomes
and result in its internal acidification (lowers its pH). This lowering of pH causes backwards
shifting in the receptor binding conformation, thereby activating the forward shifting of the
fusion peptide to enter the vesicular membrane. This fusion process discharges the contents
of the virus into the cytoplasm, making the H7N9 virus fit for the replication cycle [9].

Neuraminidase’s significant role in releasing the H7N9 virus that has already entered
the human host cell through endocytosis makes them the most common human avian H7N9
virus therapeutic target known to date. Neuraminidase splits sialic acid, thereby allowing
the trapped virus to exit the cell. The neuraminidase inhibition target aims to halt the
splitting of sialic acid and subsequent prevention of the exit of the virus from the human cell.
This prevention of the H7N9 virus from exiting the cell deprives it of accessing the required
resources for replication, thereby directly stopping its activities [10,11]. Neuraminidase
inhibitor (NAI) binds to NA, preventing the virus from leaving the cell [12]. The NAI
can only inhibit influenza type A and B and not C because type C does not possess the
neuraminidase protein [13]. Therefore, the World Health Organization approved NAls as
the most effective drugs for treating influenza viral infections since 2010. The approved
neuraminidase drugs (Figure 1) include oseltamivir, zanamivir and laninamivir [14,15].
Donald et al. (2010) carried out combinatory research on peramivir and oseltamivir. The
conducted experimental research studied the chemotherapeutic effects of the combined
treatment on mice infected with the influenza virus. The treatment was carried out with
peramivir and oseltamivir for three days. The result showed that such combination yielded
an improved outcome, better than treatment with suboptimal doses of peramivir and
oseltamivir, in the treatment of influenza virus in mice [16].

The later approval of an intravenous highly selective potent peramivir (Figure 1) by the
Food and Drug Administration has positively contributed to the fight against the influenza
H7NO9 virus. Hseir et al. (2021) investigated the efficacy of peramivir over oseltamivir in an
emergency unit. They found that patients administered with a single dose of peramivir
exhibited a quicker and better recovery than those administered with oseltamivir. The
structure of peramivir consists of carboxylic and guanidino moieties in addition to the
lipophilic side chain of the cyclopentane backbone. These structural moieties enable
peramivir to establish a stronger bond with the N9 of the neuraminidase enzyme with a low
dissociation rate. Zhang et al. investigated the pharmacokinetic properties of peramivir in
selected healthy Chinese volunteers. Three hundred to four hundred milligram doses of
peramivir were intravenously administered to them. When blood samples were collected
at intervals after administering the doses, it was discovered that peramivir exhibited linear
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pharmacokinetics with an observed increase in maximum concentration. In another study
by Sato et al., aimed at determining and predicting the peramivir concentration-time curve
of the H7N9 virus, a reduced susceptibility to neuraminidase inhibitors was observed.
Ten milligram per kilogram of peramivir was intravenously administered to paediatric
patients; peramivir resulted in reduced maximal concentration of about 0.1 percent within
24 h of the drug administration. The study suggested re-administering peramivir in cases
of delayed improvement in patients with normal susceptibility to influenza A and B,
and that better viral inhibition and lower frequency of adverse effects may be expected
with divided administration [17-23]. This further informed our aim to investigate the
interatomic and intermolecular interactions of peramivir to ascertain the reasons for this
observation [24]. Generally, in both A and B influenza virus types, neuraminidase proteins
have characteristic conserved active site residues. The conserved catalytic residues in direct
contact with sialic acid are Arg118 (R118), Asp 151 (D151), Arg152 (R152), Arg224 (R224),
Glu276 (E276), Arg292 (R292), Arg371 (R371) and Tyr406 (Y406). In addition, other enzymes
are supporting binding domain framework residues, which include Glu119 (E119), Argl56
(R156), Trp178 (W178), Serl79 (5179), Asp198 (D198), [le222 (1222), Glu227 (R227), His274
(H274), Glu227 (R227), Asn294 (N294) and Glu425 (R425) [25-27].

'\ﬂfo 0 O‘R
g wOH HNT YN0
NH N
OH : 71/
[o) (o)
Peramivir Oseltamivir, R=Et
HO. (o] HO 0
0
NH. 20 OH NH; 70 m/\/\/\/
< M T N
“N)\n)if)\’/vou N,N)\Ng\/i(mo
NH OH NH O
\Ir ~
(0] (o]
Zanamivir Laninamivir Octanoate

Figure 1. 2D structures of neuraminidase inhibitors.

Transcription of DNA leads to messenger RNA, and subsequent translation of messen-
ger RNA leads to protein formation. Therefore, mutation is an alteration in gene structure
as a result of a variant form, which could be transmitted to the next generations [28]. This
results from a change in either one of the base units of the DNA or when a more significant
portion of the genes/chromosomes are rearranged or deleted [28]. The mutation of any
central region of the conserved active domain of the amino acid affects the responsiveness
of the human H7N?9 virus to NAls, thereby resulting in resistance to the treatment potencies
of the NAlIs. Previous studies have investigated the consequences of introducing or altering
amino acid residues on the responsiveness and susceptibility of the human H7N9 virus on
NAIs [29,30].

Jing et al. studied the avian influenza H7N9 virus’ replicability and susceptibility
potentials to NAIs when some amino acid residues were substituted, such as Arg292 to
Lys292 (R292K), and Glu 119 to Val119 (E119V). The result showed that the neuraminidase
inhibitor-resistant mutation in H7N9 could only reduce the susceptibility of neuraminidase
inhibitors while the replicability remained unaffected [31]. The single mutation, E119V, has
clinically been reported in oseltamivir, an analogue of peramivir. However, the molecular
dynamics and conformational alterations resulting from E119V substitution on peramivir is
yet to be investigated. Therefore, it is imperative to further study the effects of this mutation
on peramivir, an analogue of oseltamivir at the intermolecular level [14,32,33]. The focus
of this present study is to computationally investigate the intermolecular mechanisms
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of E119V-substituted NA on peramivir. We employed conventional molecular dynamic
simulations MD of 250 nanoseconds on the wildtype (WT) and the E119V mutation, and
carried out subsequent post-MD analyses, such as root mean square deviation (RMSD), root
mean square fluctuation (RMSF), hydrogen bond analysis, binding free energy calculations
and the radius of gyration and principal component analysis (PCA) [34,35]. This study
promises to offer contributory insight and additional knowledge to enhance future drug
designs and help in the fight targeted at controlling the avian influenza H7N9 virus.

2. Materials and Methods
2.1. System Preparation

The X-ray crystallographic structure of neuraminidase—peramivir (wildtype) complex
was retrieved from RCSB protein data bank with PDB ID 4MWYV. The chimera software was
applied in the mutation of arginine to valine (E119V), as well as in the ligand and protein
preparations. The ligand was separated from the receptor and hydrogen and charges were
added to it. The ligand was saved as mols. The other nonstandard residues and water were
removed from the receptor, which was saved as PDB.

2.2. Molecular Dynamic Simulations

Molecular dynamic simulations provide a resemblance of possible real time situations,
used in predicting the probability of ligand—protein or protein—protein interactions in a
time period. It involves the computation of Newton’s laws of motion and quantum physics
in predicting the way atoms behave in three-dimensional space [36]. Molecular dynamic
simulations of 250 ns were performed on both the wildtype of the peramivir-neuraminidase
complex and the E119V mutant. An Amber 18 graphic processing unit (GPU) particle
mesh Ewald molecular dynamic (PMEMD) was employed in the MD simulations. The
force-field-related parameters and protein description were handled with FF14SB [37,38].
LEAP module implementation of Amber18 was utilised in the addition of hydrogen atoms
to the neuraminidase (protein) and subsequent counter-ions additions to neutralise the
system [39]. The systems were restrained in TIP3P water box, having the protein atoms
situated at eight angstrom (8 A) distance away to the end of the water box [40]. The
system employed the periodic boundary conditions and the handling of the long-range
electrostatics, using PMEMD in Amber18 with twelve angstrom (12 A) van der Walls cut off.
The initial minimisation was conducted using a restrained potential of 500 kcal/mol/ A2
in 1000 steepest descent steps and 1000 conjugate gradient steps on the solute [41]. This
was followed by 1000 steps unrestrained conjugate gradient minimisation for the entire
system. A gradual heating (0 K to 300 K) used NVT canonical ensemble and a harmonic
restraint of 5 kcal/mol/A? for the solute atoms with a one pico-second random collision
frequency. An unrestrained equilibration of the system, using NPT ensemble at 1 bar and
300 K, was performed [42]. A molecular dynamics simulation production run of 250 ns
was conducted using an isothermal isobaric (NPT) ensemble and a Berendsen barostat [43].
The coordinates were saved at intervals after each stage and the trajectories were analysed.
The post-MD analyses were carried out with Amberl8 implemented modules, PTRAJ and
CPPTRA]J. The plots were conducted using origin software, while the visualisations were
conducted with chimera molecular modelling [44]. We measured system stability through
the root mean square deviation (RMSD) calculation.

3. Results and Discussion

The results of the post-MD analyses, such as root mean square deviation (RMSD), root
mean square fluctuation (RMSF), radius of gyration (RoG), solvent accessible surface area
(SASA), hydrogen bond analysis, binding free energy calculations and principal component
analysis (PCA), which were calculated for holistic knowledge on the effects of mutations
on binding and the conformational terrain of the complex (peramivir-neuraminidase, are
briefly discussed below).

63



Molecules 2022, 27, 1640

50f13

3.1. Root Mean Square Deviations (RMSDs)

The root mean square deviation trajectory of the protein backbone alpha carbon (C«)
was produced using the CPPTRAJ module [45]. The standard deviation of the interatomic
distance between the Cx backbone atoms of two amino acids were determined based
on Equation (1):

RMSD(v,w) =

S|

< 2
Y |loi — wil| 1
=

where 7 is the number of atoms, v; is the coordinate vector for target atom I, and w; is
the coordinate vector for reference atom i. RMSD measures how the target coordinate set
deviates from the reference coordinate sets. The root mean square deviation measures
the similarities of the structures of biomolecular compounds and their dynamism. The
root mean square deviation of backbone C-x atoms was evaluated (Figure 2), and the
conformation’s stability was analysed for peramivir wildtype and E119V mutant systems.
We also observed the alignment of all the protein frames using the wildtype complex as the
reference frame backbone. This provides insight and additional information into the root
mean square deviation evolutionary trend of the protein’s structural conformation during
the simulation run. Figure 2 depicts the evaluated root mean square deviation values
calculated for the two systems. We observed relative stability in both complexes, from
10 ns to 115 ns, with the mutant complex exhibiting higher stability. However, the mutant
complex showed unusual higher values of 2.5 A to 2.7 A (at 115-149 ns), which could be
due to the system exhibiting lower binding affinity at this time frame. Subsequently, the
two complexes maintained good stability, with the wildtype complex displaying higher
values from 150 ns to the end of the simulation time frame.

Wildtype

3.0 E119V Mutant

RMSD (A)

0-0 1 T T

T T T T T T T |
0 50 100 150 200 250
Time (ns)
Figure 2. A plot of root mean square deviation.

These results suggested an overall stable molecular dynamics trajectory, occurring
in an acceptable range during the simulation’s timeframes for the studied systems. We
hereby infer that the mutation induced a more stable conformational structure on the
neuraminidase protein.
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RMSF (A)

3.2. Root Mean Square Fluctuation (RMSF)

The root mean square fluctuation (RMSF) is calculated to predict the changes in a
protein ‘s conformations based on each residues contribution. In RMSF Equation (2) below,
x;(j) is the i-th Coc atom position in the j-th model structure, and (x;) represents the averaged
location of the i-th Co backbone atom in all models.

@

In any given protein, each amino acid residue shares a common backbone which
is made up of alpha carbon, carboxyl and amine moiety. These amino acids differ due
to the different side chains that take varied sizes and atomic conformations. When a
ligand molecule is in a complex with the protein, it restricts the movement of the side
chains within the active site region. This differs from the root mean square deviation,
averaged over time with specific values for each residue. The root mean square fluctuations
were evaluated for Cx atoms of each amino acid of the two complexes (Figure 3a). We
observed conformational flexibility with a similar trend in both the wildtype and the
mutant complexes. However, the wildtype complex showed higher fluctuations from the
beginning to the end of the simulations, while the mutant complex maintained a lower
fluctuation during the entire simulation period. This suggests that the Val119 mutation
induces higher stability to the peramivir-neuraminidase complex and further confirms the
root mean square deviation results.

e Wil dity pe
—E119V Mutant

———— Wildtype . 19.4
— E 119V Mutant 19.2

19.0
18.8
18.6
18.4
18.2
18.0
17.8
17.6
174
17.2

17.0 4 T T Y T T 1
0 50 100 150 200 250

Radius of gyration (A)

100

150 200 250
Time (ns)

Time (ns)

(a) (b)

Figure 3. (a) Plots of root mean square fluctuation and (b) radius of gyration.

3.3. Radius of Gyration (RoG)

The radius of gyration is associated with compound stability and connected with
the secondary structure of biomolecular systems [46]. It quantitatively measures the
compactness, shape and folding of biomolecular compounds during molecular dynamic
simulations. It is the moment of inertia of atoms from their centre of mass, which quantifies
the molecular rigidity [47]. The radius of gyration is the square root of the inertia moment
of atoms (Equation (3)), where 7 is the number of atoms, r; depicts the atomic position and
m represents the mean position of all atoms. Herein, we evaluated the RoG of peramivir
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wildtype and E119V mutant complexes, as depicted in Figure 4, using CPPTRA]J within the

AMBER 18 suite [48].
1 =0
RoG = HEZ(ri—rm)z (3)
n

280 Wildtype
——— E119V Mutant

260

N
f Y
o

Hydrogen Bond (A)
N
N
o

N

(=]

o
1

180

I | | ' |
0 50 100 150 200 250

Time (ns)
Figure 4. Plot of H-bond formation.

The plot (3b) depicts that the wildtype exhibited significantly higher values from the
beginning to the end of the 250 ns simulations. Conversely, the E119V mutant complex
maintained lower values and consequently good compactness throughout the simulations.
The substitution of the amino acid glutamate by valine in the E119V mutant resulted in
more compactness and good folding in the peramivir neuraminidase complex.

3.4. Hydrogen Bond Analysis

Hydrogen bonds perform essential roles in molecular recognition and the overall
stability of the protein structure. The formation of hydrogen bonds between amino acid
residues is vitally essential in maintaining the structural conformation of proteins. When
proteins undergo mutation, the hydrogen bonds are usually altered around the mutation
site. The plot (Figure 4) depicts an apparent loss in hydrogen bond formation from 80 ns to
250 ns in the E119V mutant complex, thereby resulting in a distortion in the conformation
of the wildtype complex.

To further investigate the impact of peramivir binding on the wildtype and E119V
mutant systems, the evolution of hydrogen bond distances and the percentage occupancy
of each intermolecular hydrogen bond were monitored between amino acid residues
interacting with wildtype and E119V in the active site for 250-ns simulations (Table 1). The
primary residues constituted hydrogen bonds Glu 119, Asp 151, Glu 213, Glu 278, Arg 371
and Tyr 406. Such amino acids were identified as key residues for neuraminidase-peramivir
binding. The more vital interaction between peramivir and these residues plays an essential
role in the peramivir’s potency.
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Table 1. Percentage (%) occupancy and average distance (A) between the peramivir (PERA) and

prominent active site residues were calculated over simulation time.

Complexes Acceptor DonorH Donor Frames Percentage Ayerage
Occupancy Distance
PERA@O14 Glul19@HH11 Glul19@NH1 123148 79.26 2.8135
Wildtype PERA@O7 ARG371@HH22 ARG371@NH2 122459 68.21 2.8329
GLU278@0OE2 PERA@H25 PERA@N25 81010 52.40 2.8470
TYR406@OH PERA@H25 PERA@N25 27630 41.05 2.8491
ASP151@0OD1 PERA@H272 PERA@N27 6595 12.64 2.8949
PERA@OS8 ARG371@HH12 ARG371@NH1 147426 99.06 2.7693
E119V TYR406@OH PERA@H25 PERA@N25 142609 97.13 2.8687
PERA@O14 VAL119@HH21  VAL119@NH2 117978 87.36 2.7971
GLU278@0OE2 PERA@H271 PERA@N27 121895 88.83 2.8190
GLU213@0E2 PERA@H271 PERA@N27 55786 62.35 2.8874

The findings in Table 1 agree with the ligand—protein amino acid interaction at the
active site in Figure 4, showing the atoms responsible for the hydrogen bond interactions.
The mutant Glu 119-peramivir complex (87.36%) exhibited a high hydrogen bond per-
centage occupancy when compared to the wildtype Val 119—-peramivir complex (79.26%)
throughout the simulation. The mutant Glu 278-peramivir complex (88.83%) also indicated
a high hydrogen bond percentage occupancy compared to the wildtype Glu 278-peramivir
complex (52.40%). The E119V mutant Tyr 406—peramivir complex (97.13%) showed a high
hydrogen bond percentage occupancy compared to the wildtype Tyr 406—peramivir com-
plex (41.05%). These results suggest a strong interaction between E119V mutant active site
residue atoms and peramivir compared to the wildtype. This could imply that interactions
of E119V mutant amino acids with peramivir could be significant for high-affinity binding
and relative stability of the peramivir-neuraminidase complex.

3.5. Principal Components Analysis (PCA)

The principal components analysis (PCA) makes the atomic dimensions of data from
molecular dynamic simulation’s trajectories more concise, making it possible to visualise
and analyse them while comparing the detected dynamic movements during the MD
run. It diagonalises positions of the covariance matrix while identifying the orthogonal
group of eigenvectors (modes) that describe the path of maximal variation in the detected
conformational distributions. Therefore, slow alterations in conformations are detected
when these prevalent modes are projected back to the original trajectory data [49,50].
Preceding the molecular dynamic simulation’s trajectory data analysis for PCA, solvents
and ions were removed (stripped) from the PTRAJ Amber18 module, thereafter aligning
the trajectories against a complete minimised structure. The principal component] (PC1)
and principal component2 (PC2) were analysed (Figure 5) while generating covariance
matrices for the two systems (wildtype and E119V mutant) using origin software [46].
Figure 5 depicts a scattered plot for the two complexes, showing remarkable differences
between the peramivir wildtype and E119V mutant complexes. The two systems displayed
a conformational distribution in space. However, the E119V mutant complex exhibited
slightly lower conformational changes than the wildtype.

3.6. MM/GBSA Binding Free Energy Calculation

The binding free energy analysis involves the endpoint energy calculations, which
provide useful details about the ligand—protein complex association. In spontaneous
processes, ligand—protein complexes occur when the change in Gibbs free energies (AG)
of the given systems are negative and result when the systems reach equilibrium states at
constant pressures and temperatures. Given that the ligand—protein association are subject
to the magnitude of the negative AG, it is suggested that AG controls the stability of any
given ligand—protein complex [44,46]. Therefore, the binding free energy is determined by
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the states of a system and, as thus, AG is determined by the initial and final thermodynamic
states, irrespective of the pathway linking these states. The binding free energies of
neuraminidase—peramivir wildtype and E119V mutant were computed using the molecular
mechanics/generalized Born surface area method. The following equations, therefore,
summarise the binding free energy:

AGping = Gcomplex - Greceptor - Gligand 4)
AG'bind = Egas + Gsol — TAS 5)
Egas = Eint + EvdW + Eele (6)
Gsol = Ga + Gsa 7)
Gsa = YSASA ®)
15 Wildtype
] ® E119V Mutant
10
5 -
- 04
O
o ]
-5 4
-10 S
-1 5 | . | . | . | . | . | . | b
-15 -10 -5 0 5 10 15
PC2

Figure 5. PCA scatter plot projection of C-« atoms motion of the first two principal components, PC1
and PC2.

3.7. MM/GBSA Binding Free Energy Calculation

Table 2 depicts the predicted MMGBSA binding energies for peramivir-wildtype (WT)
and E119V mutant, respectively. The calculated total binding energy (AGyping) for peramivir—
wildtype was —49.09 &+ 0.13 kcal /mol, while the E119V mutant was —58.55 & 0.15 kcal /mol.
This difference is puzzling since atomistic modelling of these complexes in the gas phase
(AGgas) show that WT is slightly energetically favoured than E119V. The decomposition
of the binding energies into van der Waals, electrostatics, nonpolar and polar compo-
nents enable us to identify the parameters driving the binding (Table 2) of the two com-
plexes. We trace the solubility (AG,) difference to the polar nature of the WT with
glutamate over the hydrophobic valine of the mutant with AG, values, 151.11 + 0.26
and 139.56 + 0.24 kcal/mol, respectively. Additionally, the van der Waals binding energy
contribution of —29.19 £ 0.08 kcal /mol slightly drives the higher calculated binding en-
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ergy in the E119V mutant. Our calculation revealed the impact of explicit solvation on
protein dynamics, energy prediction and overall remodification of the protein behaviour,
mimicking an ideal system [51].

Table 2. Calculated MMGBSA binding free energy for peramivir-wildtype and the E119V mutant.

Complexes AGygy AEge AEpind AEgas AGqq AGpol A(;nonpol
Wildtype —26.86 £ 0.08 —168.21 £ 0.35 —49.09 £0.13 —195.07 £ 0.33 145.99 £ 0.26 151.11 £ 0.26 —5.12 £ 0.00
E119V —29.19 £ 0.08 —163.77 £ 0.37 —58.55 £ 0.15 —192.96 £+ 0.35 134.41 £ 0.24 139.56 £ 0.24 —5.15 £ 0.00
AGying—binding free energy; AE..—electrostatic interaction; AE,qw—van der Waals forces; AGgas—gas—phase
interaction; sol—solvation energy; ol—polar salvation energy; nonpol—honpolar salvation energy.
i ion; AG lvati gy; AGpo—pol Ivati 8Y; AGnonp pol Ivati gy.
3.8. Per-Residue Contribution to Binding Free Energies
We further broke down the calculated binding energies for each active site residue to
ascertain their significant intermolecular interacting contributions to the peramivir wild-
type and E119V complexes. The active site residue total energies, electrostatic interactions,
and the van der Waals energy contributions in kcal/mol are given in Figure 6A,C, respec-
tively. Figure 6B,D also show the ligand interactions at the active site. In both systems,
Arg 371 displayed the highest electrostatic contributions of —29.8 kcal /mol (wildtype) and
& play 8 p
—30.6 kcal/mol (mutant), respectively. There is a significant decrease in the electrostatic
contribution in Glu 119 from —16.0 kcal/mol for the wildtype to —3.5 kcal/mol for the
mutant. However, the electrostatic and van der Waal contributions from other residues in the
mutant complex displayed significantly higher energies than in the wildtype. The overall
higher van der Waal contribution and favourable higher hydrogen bond occupancy are
suggested to be responsible for the higher compactness and stability in the mutant complex.
A B
ARG 371
ARG 293 & Charged (negative)
& Charged (positive)
GLU 278 B Total Energy ﬁlyy;::;homc
§ oz |secrosc Lo
2 GLU 218 & Unspecified residue
g Water
T ILE213 Hydration site
é ARG 152 X Hydration site (displaced)
Distance
ASP 151 * H-bond
* Halogen bond
GLU 119 — Metal coordination
.3,0 .2,5 ";o 1,5 .1,0 ,5 c,' o+ Pi-Pi stacking
Energy (
Cc
TYR 323
ARG 371
& Charged (negative)
ARG 293 & Charged (positive)
_ GLU278 ﬁlyy;;gshobnc
£ ALA247 9 el
% GLU 228 9 ;?ll;‘;;ec.v.ca residue
3 ILE223 Water
% rp 7o S ot Eneryy X iydration ke (dsplaced
ARG 156 I Van der Waal Distance
ARG 152 = Halogen bond
VAL 119 — Metal coordination
T T T T T T oo Pi-Pi stackin
-30 20 15 -10 -5 0 5 e
Interaction Energy (kcal/mol)

Figure 6. The electrostatic plots of van der Waals and the total energy per residue contributions for
the wildtype (A) and the E119V mutant (C) complexes. The residues interacting at the active sites are
also represented in (B,D).
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4. Conclusions

We investigated the intermolecular mechanism and dynamism of avian influenza
virus H7N9 susceptibility to E119V-substituted peramivir-neuraminidase complex. The
study employed the post-molecular dynamic simulation analysis in proffering multidimen-
sional insights on the effects of the substituted 119V towards peramivir. The analysed total
binding energy, PCA, RMSD, RMSF, RoG and hydrogen bond formation alludes to the fact
that the E119V mutation conferred relative stability to the peramivir-neuraminidase com-
plex. Our investigation shows that the effects of the substituted 119V amino acid residue
increased the peramivir binding energy by —9.46 4 0.02 kcal/mol. This increase in the total
binding energy of the peramivir-neuraminidase wildtype from —49.09 &+ 0.13 kcal/mol to
—58.55 £ 0.15 kcal /mol, and the significantly increased hydrogen occupancy of the E119V,
could be responsible for the consistent higher stability of the mutant complex, as shown in
the different post analyses plots and diagrams. This study promises to proffer contributory
insight and additional knowledge that would enhance future drug designs and help in the
fight targeted at controlling the avian influenza H7N9 virus. Therefore, we suggest the
need for an experimentalist to always collaborate with computational chemists, as we have
carried out in our previous studies. This promises to save time and resources.
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Abstract: Influenza virus infections continue to be a significant and recurrent public health problem.
Although vaccine efficacy varies, regular immunisation is the most effective method of suppressing
the influenza virus. Antiviral drugs are available for influenza, although two of the four FDA-ap-
proved antiviral treatments have resulted in significant drug resistance. Therefore, new treatments
are being sought to reduce the burden of flu-related illness. The time-consuming development of
treatments for new and re-emerging diseases like influenza and the high failure rate is an increasing
concern. In this context, we used an in silico-based drug repurposing method to repurpose FDA-
approved drugs as potential therapies against the H7N9 virus. To find potential inhibitors, a total
of 2,568 drugs were screened. Promacta, tucitanib and lurasidone were identified as promising hits
in the DrugBank database. According to the calculations of MM-GBSA, tucitanib (-54.11 kcal/mol)
and promacta (-56.20 kcal/mol) occupied the active site of neuraminidase with a higher binding
affinity than the standard drug peramivir (-49.09 kcal/mol). Molecular dynamics (MD) simulation
studies showed that the C-a atom backbones of the complexes of tucatinib and promacta neuram-
inidase were stable throughout the simulation period. According to ADME analysis, the hit com-
pounds have a high gastrointestinal absorption (GI) and do not exhibit properties that allow them
to cross the blood-brain barrier (BBB). According to the in silico toxicity prediction, promacta is not
cardiotoxic, while lurasidone and tucatinib show only weak inhibition. Therefore, we propose to
test these compounds experimentally against the influenza H7N9 virus. The investigation and val-
idation of these potential H7N9 inhibitors would be beneficial to bringing these compounds into
the clinical settings.

Keywords: Virtual Screening; Drug Repurposing; In Silico Method; Molecular Dynamics Simula-
tions; Influenza A Virus; H7N9; FDA Approved Drugs.

1. Introduction

In March 2013, avian influenza A (H7N9) virus infection in humans was discovered
in East China. Since then, it has infected 1,565 people and killed approximately 39% of
those who have been confirmed to have an Asian H7N9 virus infection [1,2] Some influ-
enza A (H7N9) virus-infected humans developed pneumonia and acute respiratory dis-
tress syndrome, with high case fatality rates [3,4]. The influenza A virus (IAV) has two
major surface glycoproteins that dominate the virus surface: neuraminidase (NA) and he-
magglutinin (HA). The cleavage of a-(2-3 or 2-6)-ketosidic linkage between terminal sialic
acid and adjacent surface glycoprotein is catalyzed by NA. Furthermore, this promotes
the budding of newly formed viral particles from the infected cell, allowing progeny vi-
ruses to infect uninfected host cells and infect respiratory tract mucins [5,6].

HA is responsible for the attachment of the influenza virus to the sialic acid of the
infected host cell surface glycoprotein's sialic acid. Avian virus HA proteins specifically
recognize an a-2,3-linkage found on the epithelial cells of duck intestines. On the other
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hand, human virus HA proteins prefer sialic acid linked to galactose viz an «-2,6-linkage
expressed on the surface of human respiratory epithelial cells [7-9]. The influenza A
(H7ND9) virus has a higher affinity for the human «a-2,6-linked sialic acid host cell receptor
and a lower affinity for the avian a-2,3-linked sialic acid host cell receptor [10]. Serological
studies have found no pre-existing immunity to H7 subtype influenza viruses present in
humans [8,11]. As a result, the influenza A (H7N9) virus should be closely monitored due
to its potential to cause a pandemic. Research on the development of more potent anti-
influenza drugs should be prioritized.

NA and adamantanes drugs are the two traditional classes approved for the treat-
ment of AV infection [6,12]. NA inhibitors are the only way to treat influenza infection in
most countries due to the mutation and subsequent resistance to adamantane drugs
(amantadine and rimantadine) [13]. There are three Food and Drug Administration (FDA)
approved NA inhibitors for treating influenza infection: zanamivir, oseltamivir, and per-
amivir. At present, laninamivir is only licensed in Japan. [2,14,15]. The FDA recently ap-
proved a polymerase inhibitor baloxavir marboxil in Japan and the United States as a pos-
sible antiviral option against IAV and IBV infection [16,17].

The NA from IAVs is divided into two phylogenetic groups: group 1 (N1, N4, N5,
and N8) and group 2 (N1, N4, N5, and N8) (N2, N3, N6, N7, and N9). NA is a homo-
tetramer with an active site in each subunit [6,18]. In IAV and IBV, the active site forms a
pocket composed of 19 highly conserved amino acid residues. The inner cavity contains 8
highly conserved enzymatic residues (N2 numbering) that interact directly with the sialic
acids responsible for enzymatic activity (Argll8, Aspl51, Argl52, Arg224, Glu276,
Arg292, Arg371, and Tyr406) (Figure 1). Furthermore, the rim contains 11 highly con-
served framework residues that stabilize the enzymatic binding pocket (Glul19, Argl56,
Trp178, Serl79, Asp (or Asn in N7 and N9) 198, 1le222, Glu227, His274, Glu277, Asp294,
and Glu425) [5,19].

Figure 2. Diagram of the NA binding pocket showing inhibitory five binding subsites (S1 to S5) and
conserved enzymatic residues.

While vaccination remains one of the primary prevention strategies, it may not pro-
vide adequate protection in some seasons [6]. As such, preventive and therapeutic agents,
and antiviral drugs are critical to the control of seasonal influenza epidemics as well as
the ongoing fight against a pandemic outbreak. Consequently, it is critical that more novel
medical therapies be identified as soon as possible, both for preventive and therapeutic
purposes. Developing novel therapeutic drugs, on the other hand, is a lengthy, time-con-
suming, and resource-intensive process that is plagued by more failures than successes
[20].

In silico modeling is a useful approach for reducing the cost and time required for
drug development [21]. The in silico technique has received a lot of attention as a tool for
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finding new drug leads, understanding disease mechanisms, and researching drug-target 85
interactions [22,23]. As a result, it has been recognized as a valuable tool in balanced plan- 86
ning and the discovery of potential novel drugs [24]. Virtual screening has improved drug 87
discovery and is now one of the most promising in silico approaches for drug design and 88
development [24]. 89

Existing, licensed drugs could be repurposed to produce more therapeutic drugs 90
faster. When compared to the process of generating a drug from scratch, drug repurposing 91
has the potential to significantly reduce development time and cost. This is due to the 92
availability of toxicity and safety data from previous clinical trial phases. In the current 93
study, we used molecular docking studies to perform in silico-based repurposing of FDA- 94
approved drugs against influenza A (H7N9). Peramivir was utilized as a control drugin 95
the comparative investigations. The stability of hit compounds complexed with viral NA 9
was investigated using molecular dynamics (MD) simulations. In addition, in silico ap- 97
proaches were employed to predict the pharmacokinetic and toxicological properties of 98

the hit compounds. 99
2. Results and Discussion 100
2.1. Molecular Docking Analysis 101

DockRMSD server was used to evaluate the accuracy of AutoDock Vina docking for 102
higher hit rates in our virtual screening. The RMSD (without considering hydrogen atoms) 103
value of co-crystal bound peramivir and re-docked peramivir was found to be 1.78 A, 104
indicating the great reliability of the docking process [25]. The interaction profiles of the 105
three highest-scoring docking poses were examined and compared to the peramivir bind- 106
ing profile (Table 1). The binding affinities of the hit compounds were found to be greater 107
than those of the peramivir compound (-6.8 kcal/mol), with promacta having the greatest 108
binding affinity (-9.9 kcal/mol), followed by lurasidone (-9.8 kcal/mol), and finally tucat- 109
inib (9.6 kcal/mol). 110
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Table 1. Virtual screening results of the hit compounds.
. Physicochemical .1 Binding
Bind
DrugBank ID Generic Properties Structures 1n- 115 Affinity Function
Name Residues
(kcal/mol)
Glul19, Asp151,
Mw =328.41 | Trp178, 11e222, Trentment of
DB06614 Peramivir -08P=0.08 Arg227,Glu227 6.8 r;?hl:;n ao
HBA =5 Ala246, Glu277, z
HBD =6 A Arg292, Tyr406
HH
Mw =492.68 S ; f—_::x Asp151, Ala246, Treatment of
LogP =4.22 N Glu277, Arg292, -9.9 schizophrenia
. _
DB08815 Lurasidone ~ 1BA=4 A s Ars37L Tipdls,
HBD =0 L T Tyr406, Ile427,
s Ly432
Mw = 480.53 Ile149, Asp151,
= Argl52, Arg224,
L(I)flgé’A 3.77 7 ‘ ~ A];§246 Af§292 Treatment of
. . = il 7\ '’ 7 .
DB11652  Tucitanib HED = 2 7C P 1 ‘Q‘ )= Asp294, Arg371, 9.8 ICI:::;:atlc breast
Ile427, Lys432,
Pro431
L Arglls A
_ . rgll8, Aspl5l,
wa P %432;147 O Ser179, Arg224, Treatment of
DB06210  Promacta 08" = v O Arg292, Arg371, -10.0 thrombocytopenia or
HBA =6 Hy . .
Ile427, Pro431, aplastic anemia
HBD =3

% |
@}i Lys432

logP-partition coefficient; Mw-molecular weight; HBD-hydrogen bond donors; HBA-hydrogen
bond acceptors.

2.2. Binding Pose Analysis

The NA binding site is made up of five sub-sites: 51, S2, S3, S4, and S5. The S1 site is
made up of three positively charged arginine residues: Argl118, Arg292, and Arg371. The
S2 site is a positively charged region composed of Glu119 and Glu227 residues, whereas
the S3 site is a small hydrophobic region composed of Trp178 and Ile222 residues. The 54
site is a hydrophobic area that includes the residues 1le222, Arg224, and Ala246. Site S5 is
a mixed polarity area composed of Glu276 and Ala246 residues. Our studies have demon-
strated that promacta, tucitanib, and lurasidone interact with the NA protein and share
the same binding pocket, with interaction profiles comparable to that of peramivir's bind-
ing pattern (Figure 2).
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154

Figure 2. Binding modes of NA in complex with peramivir (A), lurasidone (B), tucitanib (C), and 155
promacta (D). 156

When compared to other hit compounds, peramivir indicated the least favourable 157
binding affinity of -6.8 kcal/mol. According to our findings, peramivir occupies the bind- 158
ing site and interacts with residues through hydrogen bonds and hydrophobic interac- 159
tions. Our results suggest that peramivir accommodates in the S1, 52, S3, and 54 binding 160
sub-sites (Figure 2A). Peramivir established hydrogen bonds with Trp178, Arg292, and 161
Tyr406 in the framework amino acids Glull9, Asp151, Trpl78, 1le222, Arg227, Glu227 162
Ala246, Glu277, Arg292, and Tyr406 (Figure 3A). 163

Lurasidone appears to accommodate more in S1 and S2 sub-sites of the binding 164
pocket (Figure 2B). Lurasidone also interacted with enzymatic amino acid residues in the 165
active site, including Asp151, Arg292, Arg371, Tyr406, and framework residues like 166
Glu277. As seen in Figure 3B, the lurasidone compound formed hydrogen bonds with 167
Arg292, Arg371, and Lys342 amino acids, showing potential good inhibitory activity (Fig- 168
ure 3B). 169

Tucatinib exhibited binding energy of -9.8 kcal/mol, which is more favourable when 170
compared to peramivir (-6.8 kcal/mol). Our study showed that tucatinib interacts with 171
Ile149, Aspl51, Argl52, Arg224, Ala246, Arg292, Asp294, Arg371, lle427, Lys432, and 172
Pro431, where it formed hydrogen bonds with three of the active site residues, Asp151, 173
Argl152, and Asp294 (Figure 3C). Tucatinib also showed interactions with enzymatic 174
amino acid residues Asp151, Argl52, Arg224, Arg292, and Arg371 and a structural frame- 175
work residue Asp294. These interactions appear throughout all sub-sites (S1, S2, S3, S4, 176
and S5) located within the NA binding pocket (Figure 2C). 177
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Promacta showed the most favorable binding energy of -10.0 kcal/mol in this study.
It was found that promacta forms an interaction with conserved enzymatic residues such
as Argl18, Aspl51, Arg224, Arg292, and Arg 371 (Figure 3D). Along with these residues,
interaction with the framework residue Ser179 was also found. Additionally, promacta
formed hydrogen bonds with Arg371 and Ser179. Promacta appears to accommodate
more in the binding pocket's 51, S2, and S4 sub-sites (Figure 2D). The interaction with
these residues is the most critical determinant in the orientation and stability of the NA
complex with promacta.

I Conventional Hydrogen Bond I Fi-anion
Carbon Hydrogen Bond Alkyl
[ Attractive Charge [ Ayl
B Pi-cation [] Pi-alkyl

B conventional Hydrogen Bond

Interactions

i d Pi-4 i
[l conventional Hydrogen Bond [ Alkyt B ot eridge -
B Attractive Charge [ Ayt
I Pi-cation [ Piakyl Bl Conventional Hydrogen Bond Pi-Alkyl
Bl Pisigma M Unfavorable Positive-Positive

Interactions

Figure 3. Molecular interaction profiles of NA with peramivir (A), lurasidone (B), tucitanib (C), and
promacta (D).

2.3. Molecular Dynamics Trajectory Analysis

To further evaluate the potential ability of lurasidone, tucatinib, and promacta to act
as an efficient inhibitor of NA, MD simulations were performed. In addition, MD analyses
were performed to analyze and compare the dynamic behaviours of NA complexes with
lurasidone, tucatinib, promacta, and the reference ligand peramivir.
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2.3.1. Root Mean Square Deviation (RMSD) 198

All four systems' stability was investigated using RMSD of the C-a atoms. We ana- 199
lyzed the structural stability of the docked compounds in the binding site and their effects 200
on the overall system stability. During the simulations, the RMSD values of the entire 201
system gradually converged and finally reached equilibrium at around 50 ns (Figure 4). 202
The apo-enzyme showed an average RMSD value of 1.71 A during the entire run. 203
Lurasidone, tucatinib, and promacta as well as the reference ligand, peramivir, complexed 204
with NA exhibited average RMSD values of 1.48 A, 131 A, 153 A, and 1.17 A, respec- 205
tively, which are lower than that of apo-enzyme. This shows that the presence of a ligand 206
stabilizes the structure of the NA protein. The average RMSD for all the systems was 207
found to be 1.40 A, which is lower than the ideal 2 A RMSD value [26]. According to the 208
findings, all three systems were stable, which could be due to strong hydrogen bond in- 209

teractions between the protein-ligand complexes. 210
211
apo
lurasidone
— tucatinib
—— promacta
2.0

peramivir

oty e
r ML

W'

RMSD (A)

0.51
0.0
0 50 100 150 200 250
Time (ns) 12
Figure 4. The RMSD trajectories of NA-ligand complexes during 250 ns simulations. 213
2.3.2. Root-Mean-Square Fluctuation (RMSF) 214

RMSF was used to measure the flexibility of the protein residues in terms of the C-a 215
atom fluctuations throughout the MD simulation. As shown in Figure 5, the RMSF for 216
individual amino acids correlates with the trend observed in the RMSD of complexes. The 217
average RMSF was found to be 0.90 A in the apo-enzyme, 0.78 A in the lurasidone, 0.69 A 218
in the tucatinib, 0.67 A in the promacta, and 0.67 A in the reference peramivir NA complex. 219
According to our findings, the presence of a ligand at the binding site reduces amino acid 220
flexibility. In all systems, the pattern of residual flexibility is almost identical. Lower fluc- 221
tuations were observed in the active site residues ranging from residues 110-120, 150-151, 222
152-160, 230-230, and 370-280, corresponding to S1, S2, S3, 5S4, and S5 binding sub-sites, 223
respectively. These findings show that the target protein is stabilized by binding all three 224
compounds docked against it. 225

226
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Figure 5. The RMSF trajectories of NA-ligand complexes during 250 ns simulations. 228
2.3.3. Radius of Gyration (RoG) 229

The RoG communicates information about the complex's stable and unstable folding 230
behaviour during the interaction of a protein and a ligand. A high RoG value indicates 231
low structural compactness, whereas a low RoG value indicates high structural compact- 232
ness. RoG was therefore used to determine our system's compactness over simulation 233
time. Figure 6 demonstrates that the apo-enzyme had a higher average RoG value of 20.1 234
A across the 250 ns simulation period than the complexes. Peramivir, lurasidone, tucat- 235
inib, and promacta complexes exhibited average RoG values of 19.7 A,199A,198 A, and 236
19.8 A, respectively. Contrary to lurasidone, the presence of peramivir, tucatinib, and 237
promacta at the NA active site appears to exert conformational stability and compactness. 238
The NA-lurasidone complex's higher fluctuations between 100 and 190 ns are assumed to 239
be due to the binding and unbinding of lurasidone in the active site, thus affecting the 240
overall compactness of the complex. 241
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Figure 6. Radius of gyration trajectories of NA-ligand complexes during 250 ns simulations. 245
2.3.4. Hydrogen Bond Analysis 246

Hydrogen bonding between residues is an important metric for determining a pro- 247
tein's stability. A protein structure's stability may be increased by the presence of more 248
intermolecular hydrogen bonds. Interactions at the binding site, such as hydrogen bonds, 249
hydrophobic interactions, and ionic interactions, largely determine ligand binding affinity 250
[27]. An average of 212 hydrogen bonds were consistently formed in the NA-lurasidone 251
complex (Figure 7). In the cases of tucatinib and promacta NA-complexes, an average of 252
214 and 217 hydrogen bonds were consistently formed throughout the simulation period, 253
respectively. Throughout the simulation, an average of 225 hydrogen bonds were formed 254
with the reference ligand, peramivir. In comparison to lurasidone and tucatinib, our anal- 255
ysis revealed that promacta formed more hydrogen bonds with other amino acids over 256
simulation time. This could be attributed to the NA-promacta complex's conformational 257
stability, which could indicate a stronger binding affinity. 258

The phenomenon of hydrogen bonding was studied to determine which residues at 259
the bonding site contribute to hydrogen bonding. For this purpose, the percentage occu- 260
pancy of the hydrogen bonds was investigated. Throughout the 250 ns simulation time, 261
the percentage of hydrogen bond occupancy (%) between the ligands and the active site 262
residues was monitored (Figure 8). Based on our results, amino acid residues Argll8, 263
Aspl51, Argl52, Glu227, Glu277, Arg292, Asp344, Arg371 and Try406 were identified as 264
the primary residues for hydrogen bonding between NA and the hit compounds, with the 265
highest percentage occupancy, suggesting a significant contribution to system stabilisa- 266
tion. The interaction of the ligands with these primary residues has a significant impact 267
on the efficacy of the ligand. As shown in Figure 6, the complexes of peramivir, promacta, 268
lurasidone and tucatinib NA form hydrogen bonds with Argl18 at 78%, 40%, 30% and 269
32% occupancy throughout the simulation runs. Furthermore, Argl18 and Asp151 were 270
found in nearly all complexes. 271

272
273
274
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2.4. Binding Free Energy Analysis 282
The binding free energy contributions for NA-ligand complexes are shown in Table 283

2 over simulation time. 284

Table 2. Binding free energy contributions for NA-ligand complexes. 285
Complexes AGbind AEvdw AEele AGpol AGnonpol

NA-lurasidone -22.59 +0.14 -28.20 +£0.09 -32.20+0.51 41.27 £0.44 -3.33+0.01
NA-tucitanib  -54.11 +£0.11 -57.95 +0.09 -41.76 £ 0.25 51.50 +0.22 -5.91 +0.02
NA-promacta -56.20+0.19 -39.17 £0.12 -76.47 +0.43 65.07 +0.30 -5.66 + 0.01
NA-peramivir -49.09 +0.13 -28.86 £ 0.08 -128.21 £ 0.35 115.11£0.26  -15.12+0.00

AGpina—binding free energy; AEc.—electrostatic interaction; AEvaw—van der Waals forces; AG- 286
pol— polar salvation energy; AGnonpol— nonpolar salvation energy. 287

Non-bond interactions, such as the van der Waal energy (AEvaw) and the electrostatic 288
energy (AE.), have a major impact on the estimation of the binding free energy (Geind) in 289
energy calculations. According to the binding free energy calculations, the compounds 290
promacta and tucatinib have the highest binding affinity for NA with AGuind of -54.11 £ 291
0.11 and -56.20 + 0.19 kJ/mol, respectively, compared to the reference compound perami- 292
vir (-49.09 = 0.13 kJ/mol). Compared to peramivir, the higher AEvaw energy plays an essen- 293
tial role in the AGuind binding energies of tucatinib and promacta. This is due to the pres- 294
ence of hydrophobic interactions between amino acid residues in the binding site, which 295
contribute to stabilising the conformation of the promacta NA complex. According to our 296
findings, tucatinib and promacta NA can effectively inhibit by binding to the active site = 297
and impeding catalytic activity. Therefore, we recommend that tucatinib and promacta be 298
investigated for their potential use in the treatment of influenza virus infections. 299

2.5. Interaction Energy Decomposition Analysis 300

Interaction energy decomposition analysis was performed to gain insight into the 301
contributions of individual amino acids to the total free energy of binding of protein-lig- 302
and complexes. As shown in Figure 9, the amino acids with the highest residual energy 303
contributions were Argll8 (-3.12 kcal/mol) and Asp151 (-5.74 kcal/mol) in the NA- 304
lurasidone, Argll8 (-29.74 kcal/mol), Argl52 (-13.21 kcal/mol), and Argl56 (-18.29 305
kcal/mol) in the NA-tucatinib complex, Arg118 (-14.47 kcal/mol), Arg225 (-16.83 kcal/mol) 306
and Arg292 (-42.90 kcal/mol) in the NA-promacta complex, Argl19 (-15.91 kcal/mol), 307
Arg292 (-24.47 kcal/mol), and Arg371 (-29.85 kcal/mol) in the reference compound peram- 308
ivir. 309

The electrostatic interactions contributed much more to the total binding energy than 310
the van der Waals interactions. These residues are thought to be important components 311
of the protein-ligand binding pocket. Compared to the tucatinib and promacta complexes, 312
the NA-lurasidone complex contributed the least residue energy. The thermodynamicsta- 313
bility and protein-ligand solid interactions in the tucatinib and promacta NA complexes 314
are thought to be due to the overall higher electrostatic contribution and lower flexibility 315
of the backbone C-a atoms. Furthermore, Arg118 was found in all complexes. 316

317
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Figure 9. Interaction energy decomposition of NA complexed with peramivir (A), lurasidone (B), tucitanib (C), and promacta (D). 319
320
2.6. Pharmacokinetic analyses 321

An assessment of how an active ingredient is absorbed into the body, distributed, 322
metabolised into its many components, and excreted from the body is very important for 323
optimising the active ingredient during drug discovery. This section evaluates the absorp- 324
tion, distribution, metabolism and excretion (ADME) properties of hit compounds using 325

an in silico Swiss-ADME server to understand pharmacokinetic properties. 326
Table 3. Comparative pharmacokinetics analyses. 327
Parameters Lurasidone Tucatinib Promacta Peramivir

Gl absorption High High High Low
BBB permeant No No No No
P-gp substrate No Yes No Yes
CYP1AZ2 inhibitor No Yes No No
CYP2C19 inhibitor Yes Yes No No
CYP2C9 inhibitor Yes Yes Yes No
CYP2D6 inhibitor No Yes No No
CYP3A4 inhibitor Yes Yes No No
328

Table 3 shows that, unlike peramivir, all hit compounds have high gastrointestinal 329
absorption (GI). The ability of a drug to cross the blood-brain barrier (BBB) is a prerequisite 330
for a drug to have effects on the central nervous system. However, if the effect of the drug 331
is needed in other tissues, passage through the BBB can have unfavourable consequences 332
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[28]. In the case of hit substances, they lack properties that allow them to pass through the 333
BBB and cause adverse effects. 334

Cellular efflux pumps like P-glycoprotein (P-gp) act as a first line of protection by 335
transporting toxic xenobiotics and toxic substances out of the cell [29]. It is a substrate for 336
many structurally varied therapeutics, and it prevents drug absorption, permeability, and 337
retention, expels them out of the cells [30]. Notably, our analysis indicates that, in contrast 338
to tucatinib, lurasidone and promacta are not P-gp substrates, suggesting the possibility of 339
successful drug delivery. The drug metabolism of pharmaceuticals and other xenobiotics 340
by cytochrome (CYP) enzymes produced variable results. All compounds demonstrated 341
favourable ADME properties, indicating a high potential for use as lead compounds. 342

2.7. Toxicological analyses 343

In silico methodologies may now be used to determine the safety profiles of desired 344
substances thanks to computerized technologies. These chemicals might damage humans 345
and animals if they are not used properly. The server ProTox-I was used to analyze the 346
safety profiles of our hit compounds (Table 4). According to the findings, tucatinib is the 347

only compound with carcinogenic and immunotoxic adverse effects. 348
Table 4. Comparative toxicological analyses. 349
Parameters Lurasidone Tucatinib Promacta Peramivir
Carcinogenicity No Yes No No
Immunotoxicity No Yes No No

Mutagenicity No No No No

Cytotoxicity No No No No

LDso (mg/kg) 660 3160 5000 1430

Class 4 5 5 4
hERG inhibition Yes (weak) Yes (weak) No No
350

Furthermore, all compounds show negative results for mutagenicity and cytotoxicity 351
prediction. According to the ProTox-II server, tucatinib and promacta both belong to class 352
5, with LDso ranging from 2000 to 5000 mg/kg and may be harmful when administered 353
orally. The LDso value for lurasidone was less than 2000 mg/kg, indicating that oral inges- 354
tion could be harmful, putting it in toxicity class 4. 355

Inhibition of human ether-a-go-go-related gene (hERG) channels is a widely accepted 356
predictor of cardiotoxicity. Screening compounds in the early stages of discovery and de- 357
velopment for their ability to inhibit the hRERG channel has thus become an essential pro- 358
cedure in the pharmaceutical industry. The Pred-hERG server was used to predict the abil- 359
ity of the hit compounds to inhibit hERG, and the results show that promacta is non-car- 360

diotoxic, while lurasidone and tucatinib only show weak inhibition. 361
3. Materials and Methods 362
3.1. Receptor and Ligand Preparation 363

The Protein Data Bank was used to obtain the X-ray crystal structure of the Anhui 364
N9-peramivir (PDB code: 4MWYV) complex. AutoDock Tools (ADT) v.1.5.6 was used to 365
prepare the receptor for docking [31,32]. Water molecules, ions, and ligands were re- 366
moved from the protein, which was then followed by the construction of missing side 367
chain atoms, the addition of hydrogen atoms, and the protonation of individual residues. 368
Following that, 1000 steps of receptor minimization were done with the conjugate gradi- 369
ent algorithm using MMFF94 force field, and the PDB file was translated to PDBPT file 370
format using OpenBabel v.2.4.1[33]. 371

A total of 2,568 FDA-approved drugs available for virtual screening were obtained 372
from DrugBank database [34]. They were then filtered using Open Babel to select only 373
drugs that meet Lipinski rule of five [35], filtering only 4 descriptors: Partition coefficient, 374
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molecular weight, hydrogen bond donors and acceptors, yielding 1,597 drugs for virtual 375
screening. The co-crystal bound peramivir, was used a reference compound. The SDF files 376
were hydrogenated at pH 7.4, applied 1000 steps of a conjugate gradient algorithm using 377
a MMFF94 force field and then converted to PDBPT format using OpenBabel. 378

3.2. Molecular Docking Based Virtual Screening 379

Molecular docking was carried out using AutoDock Vina v.1.1.2 [36]. ADT was used 380
to calculate the grid, which includes the binding center and dimensions. A grid box cen- 381
tered at x = 63.17, y = 16.81, and z = -26.38 with the side lengths of X, y, and z set respec- 382
tively at 50.0, 50.0, and 50.0 was positioned in the center of the receptor's binding site. 383
Prior to conducting virtual screening with the selected compounds, AutoDock Vina was 384
validated for its ability to reproduce the crystallographic pose of co-crystallized peramivir 385
with NA. The RMSD values of docked peramivir and co-crystal bound peramivir were 386
calculated using the DockRMSD server [25]. The docking data were evaluated and the top 387
ten drug conformations with the highest scores were chosen for additional docking. Using 388
an in-house bash script, these conformations were docked in triplicate to the binding site 389
using 24 exhaustiveness. The top 3 docked compounds with the best binding affinity were = 390
visualized using Discovery Studio Visualizer version 20.1.0.19295 [37], and PyMol v.2.5 391
[38]. 392

3.3. Pharmacokinetic and Toxicological Predictions 393

The Swiss-ADME server was utilized to collect information on the physicochemical 394
and pharmacokinetic properties of the hit drugs in this study [39]. Assessment of toxicity 395
was performed using the Pro-Tox Il server [40]. The Pred-hERG server was used to predict 396
the capacity of the ligands to inhibit hERG (Kv11.1) [41]. 397

3.4. Molecular Dynamics Simulations 398

MD simulations of 250 ns were run with the best-scored poses of the screening com- 399
plexes promacta, tucitanib, and lurasidone, as well as the reference ligand peramivir. Am- 400
ber 18 graphic processing unit (GPU) Particle Mesh Ewald Molecular Dynamic (PMEMD) 401
was employed in the MD simulations. The force field related parameters and protein de- 402
scription were handled with FF14SB [42,43]. LEAP module was used in the addition of 403
hydrogen atoms to the protein and subsequent counter-ions addition [44]. The systems 404
were enclosed in TIP3P water box , with a 10 A distance between the system surface and 405
box edge [45]. The system employed the periodic boundary conditions, while long range 406
electrostatics was managed with 12 A Van der Waals cut off. The initial minimization was 407
performed using restrained potential of 500 kcal/mol/A2in 1000 steepest descent steps and 408
1000 conjugate gradient steps on the solute [46]. This was followed by 1000 steps unre- 409
strained conjugate gradient minimization for the entire system. A gradual heating from 0 410
to 300 K with 1 ps, 5 kcal/mol/A2 (collision frequency and harmonic restraints, respec- 411
tively) settings using Langevin thermostat was applied to the system. An unrestrained 412
equilibration of the system was performed using NPT ensemble at 300 K and 1 bar con- 413
stant pressure [47]. MD simulation production run of 250 ns was done using an isother- 414
mal isobaric (NPT) ensemble and a Berendsen barostat [48]. The coordinates were saved 415
at intervals after each stage and the trajectories were analysed. 416

3.5. Molecular Dynamics Trajectory Analyses 417

The Amber18 implemented modules, PTRAJ and CPPTRA], were used to perform 418
post-MD trajectory studies such as root mean square deviation (RMSD) and root mean 419
square fluctuations (RMSF), radius of gyration (RoG), number of hydrogen bonds, and 420
hydrogen bond occupancy. All plots were created with Python custom scripts and the 421
Pandas and Matplotlib libraries. 422
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3.6. Binding Free Energy Calculation 423

The binding free energy profiles of the best docking poses of promacta, tucitanib, and 424
lurasidone and also reference compound, peramivir, complexed with NA were computed 425
using the Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) approach 426
[49-52]. The following equations provide a full description of how to calculate binding 427

free energy: 428
AGbind = Geomplex - Greceptor — Gligand 1)
AGvind = Egas + Gsol — TAS ()
Egas = Eint+ Evaw + Eele 3)
Gsol = Gap + Gsa 4)

In this equation, AGpind indicates total free binding energy, whereas others reveal the 429
free energy of complex, the protein, and the ligand. The gas phase energy is denoted by 430
Egas, while internal energy is denoted by Eint. The temperature is represented by T, and the 431
total solute entropy is represented by AS. Interactions between bonded, electrostatic, and 432
van der Waals states are specified by Guind, Ecie and Evaw, respectively. Ges and Gsa, on the 433
other hand, represent the polar and non-polar interaction to free energy. The MM/GBSA 434
method was also utilized to calculate the energy contributions of individual amino acid 435
residues to the overall binding free energy. 436

4. Conclusions 437

The newly developed drugs showed binding in the active site of NA in a highly spe- 438
cific binding pattern similar to that of peramivir with this in silico approach. According 439
to our findings, some of the selected compounds occupied the active site of NA with an 440
even higher binding affinity than peramivir. The MM-GBSA calculations showed that 441
lurasidone and promacta had higher binding affinity than the standard drug peramivir (- 442
49.09 kcal/mol), with AGeind values of -54.11 kcal/mol and -56.20 kcal/mol, respectively. 443
The MD simulation studies revealed that the backbone of C-a atoms in the complexes of = 444
tucatinib and promacta NA is stable throughout the simulation period and is not subject 445
to significant fluctuations. In contrast, RoG analysis of the NA-lurasidone complex re- 446
vealed higher fluctuations between 100 and 190 ns, affecting the complex's stability. The 447
major amino acid residues with the highest energy contributions were identified, provid- 448
ing a solid basis for future research into novel and effective influenza virus inhibitors. 449
According to ADME analysis, the hit compounds have a high GI and do not possess prop- 450
erties that allow them to overcome the BBB. In silico toxicity prediction revealed that all 451
compounds tested negative for mutagenicity and cytotoxicity. In addition, promacta is 452
not cardiotoxic, while lurasidone and tucatinib have only weak inhibition. Promacta and 453
tucatinib could be used as lead compounds to combat the influenza A (H7ND9) virus. 454
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7. CONCLUSION
71 CONCLUSION AND RECOMMENDATION

Influenza causes high illness and death by means of seasonal flu and global pandemics [1].
Influenza infections are primarily prevented and treated using vaccines and anti-influenza
drugs [2—4]. New, extremely virulent influenza strains can emerge unpredictably due to
antigenic drift or shift and generate novel epidemics or pandemics. As a result, influenza
viruses mutate rapidly, making vaccinations insufficient to manage the spread of the virus [5,6].
Humans are most at risk from the subtypes H5 and H7 of avian influenza, both of which cause
serious infections when introduced into poultry [7,8]. According to serological studies, no
human population has pre-existing immunity to influenza viruses of the H7 subtype [9-12]. In
view of this, avian influenza H7N9 virus is of concern as a possible cause of a pandemic. It
should continue to be monitored, and more effective anti-viral agents should be developed.

In the current thesis, CADD approaches were used to unravel the mechanism of inhibition of
some therapeutic targets in treating human avian influenza H7NO virus infections. Moreover,
the drug-target interaction dynamics and mechanisms of actions presented in this thesis play a
vital role in the drug discovery process by influencing new drugs' overall therapeutic
effectiveness. As a result, these interactions dynamics offer valuable insights that might lead
to the development of new compounds for biological targets or to the improvement of existing
compounds for therapeutic purposes. In light of this, the domains of this research were divided
into two. The research in this thesis began with a comprehensive review of the latest research
on the bio-molecular fundaments of influenza viruses, with emphasis on the structure, function,
and mechanisms of action of the M2-ion channel and neuraminidase as possible targets for
anti-viral drug. The review outlined the progress made in the development of anti-viral
treatments that target M2-ion channel and neuraminidase as alternatives to current anti-viral
drugs. Subsequently, possible therapeutic approaches for designing new anti-viral inhibitors
that would be able to inhibit resistant strains of influenza were outlined.

Studies presented in the first domain of the research aimed to provide a comprehensive and
detailed understanding of the impact of the R292K mutation on peramivir resistance to H7NO.
In the first research domain, we analyzed how mutation affected peramivir's binding ability to
the R292K mutant in the H7N9 virus. This was done using different computational methods.
These methods, which included MD simulations, principal components analysis, radius of
gyration, and solvent-accessible surface area helped improve our understanding of the
peramivir resistance effect of R292K mutation. The highly flexible RMSD and RMSF of
peramivir in the mutant complex indicated decreased peramivir binding affinity due R292K
mutation when compared to the wildtype. The larger radius of gyration resulted in reduced
interaction between neighboring amino acid residues, resulting in decreased receptor-ligand
interactions, as well as an increase in water accessibility nearby the K292 amino acid and the
carboxylate group of peramivir, which caused peramivir binding to become distorted.
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According to these results, zanamivir and laninamivir with their hydrophilic bulky groups are
likely to be potent neuraminidase inhibitors with their hydrophobic pentyl ether side chains.
During this study it was shown that peramivir binding affinity is reduced by 17.28 kcal/mol
due to the R292K mutation, which also alters the orientation of the ligand in the binding site
and affects the overall optimal conformation of the protein-ligand complex. Furthermore, the
R292K mutation altered the hydrogen bonding network between the mutant and peramivir.

In the second domain influenza H7N9 containing E119V substitution was studied for its
intermolecular mechanism and dynamics against peramivir. We performed post-molecular
dynamic simulations to offer multi-directional understandings into the susceptibility of
peramivir to the E119V mutant. Based on analyses of total binding energy, principal
components analysis, root-mean-square deviation, root-mean-square fluctuations, radius of
gyration, and hydrogen bond formation, the peramivir-E119V mutant complex demonstrated
relative stability. By substituting the amino acid 119V, peramivir's binding free energy (AGyina)
increased by -9.46 + 0.02 kcal/mol. As such, the binding free energy of the peramivir-wildtype
complex increased from -49.09 =+ 0.13 360 kcal/mol to -58.55 £ 0.15 kcal/mol and an increase
in the hydrogen bond occupancy in the peramivir-mutant was noted. These factors may account
for the consistently higher stability of the E119V mutant complex as indicated by different
post-molecular dynamic simulations analysis. The findings of this study will assist in the
development of new anti-influenza drugs and the control of the avian influenza H7N9 virus.

An in silico-based drug repurposing method was used to repurpose FDA-approved drugs as
potential therapies against the H7N9 virus. A total of 2,568 drugs were virtually screened in
order to find potential inhibitors. We observed that some compounds occupied the active site
of NA with an even stronger affinity than peramivir. Lurasidone and promacta had higher
binding affinity than the standard drug peramivir (-49.09 kcal/mol), with AGyping values of -54.1
kcal/mol and -56.20 kcal/mol, respectively, according to the MM-GBSA calculations. The MD
simulation studies revealed that the backbone of C-o atoms in tucatinib and promacta NA
complexes is stable throughout the simulation period and does not fluctuate significantly.
According to ADME analysis, the hit compounds have a high GI and lack properties that would
allow them to overcome the BBB. In silico toxicity prediction revealed that all compounds
were not mutagenic or cytotoxic. Additionally, promacta is not cardiotoxic, whereas lurasidone
and tucatinib have only weak inhibitory effects. Promacta and tucatinib may be used as lead
compounds in the fight against the H7N9 influenza virus.

The study provided valuable insight into the structural and conformational molecular outlooks
that could be potentially applied when designing and developing new drugs to treat avian
influenza H7N9 infections. We suggest the use of quantum-mechanical (QM) methods such as
density functional theory (DFT) and hybrid quantum mechanics/molecular mechanics
(QM/MM) in studying the effect of mutation on neuraminidase inhibitors. We also recommend
the exploration of multi-target drug approach for effective design and development of
neuraminidase inhibitors.
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