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SYNOPSIS

Introduction

G-quadruplex structures, often abbreviated as G4s, are distinctive non-canonical
secondary structures. These structures form in guanine-rich nucleic acid sequences,
including both DNA and RNA. G-tetrads, which are the building blocks of G4s,
arise through the association of four guanines in a cyclic Hoogsteen-hydrogen bond
base pairing. At least two or more planar G-tetrads are stacked on top of each other
to form G4s and stabilized by monovalent cations such as potassium or
sodium[1]. G4s display topological polymorphism, based on the involvement of a
single strand (intramolecular) or multiple strands (intramolecular)[2]. G4s also
exhibit varied topologies depending on the polarity of the strands participating in
the structure formation: parallel, antiparallel, or hybrid. The distribution of G4s is
non-random in the genome[3]. These structures are more prevalent in telomeres,
gene promoters, replication origins, 5’ and 3’ UTRs, and introns, and therefore play
significant roles in gene regulation.

Based on their distribution and unique structural and functional features, G4s have
garnered attention as attractive therapeutic targets in diseases such as cancer and
neurological disorders. Apart from their functional relevance in the eukaryotic
genome, G4s also serve as critical regulatory elements in the prokaryotic genome
that influence pathogenicity, stress adaptation, and gene expression, making them
important targets for therapeutic intervention[4].

G4 structures in bacterial genomes predominantly regulate cellular mechanisms
such as transcription and translation. There exist several reports highlighting the
functional significance of G4 structures in pathogenic bacteria, including their role
in antigenic variation in Neisseria gonorrhoeae, and secretion systems in
Mycobacterium tuberculosis[5,6]. Promoter regions in Klebsiella pneumoniae have
also been reported to contain G-quadruplex motifs influencing gene regulation,
while the G4s present in Neisseria meningitidis and Vibrio cholerae are associated

with pathogenicity[6,7].
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An equally compelling dimension is the occurrence of G-quadruplexes within viral
genomes, such as flaviviruses, filoviruses, and coronaviruses. For example, in Zika
virus, conserved RNA G4s span structural and non-structural genes, suggesting
functional relevance within the Flaviviridae family[2]. Several ligands, such as
Phen-DC3, BRACO-19, TMPyP4, and PDS, have shown potential to stabilize
bacterial and viral GQs[9].

Another key element in G4 biology is G4-binding proteins (also called G-
quadruplex binding proteins or G4BPs). G4BPs are a diverse group of proteins that
specifically recognize and interact with G-quadruplex (G4) structures[10]. The
interaction of these proteins with G4 structures regulates the stability of G4
structures, and is central in governing fundamental cellular mechanisms. An in-
depth study is required to clarify the relationship between G4s, their locations in
the genome, and their protein-binding features. Given the crucial role of G4
structures in regulation of the survival and virulence of clinically important
pathogens, comprehensive structural and functional studies of these structures are
necessary. Their significance remains underexplored in microbes, in comparison to
eukaryotes. This highlights the need for alternative therapeutic approaches to tackle
infections caused by such pathogens, against which where current antimicrobials
stand ineffective. Hence, the present study addresses the requirement for the
identification of bio-molecular targets and supports the development of potent

antimicrobials as an alternative strategy to combat antimicrobial resistance.

Scope and Objective
This study concerns the identification and characterization of conserved G4 motifs
in pathogenic microbes (Acinetobacter baumannii and Japanese Encephalitis Virus)
through the application of in silico, biophysical, and cell-based studies. It also
investigates the interaction between G4-binding proteins and G4 structures, thereby
contributing to the recognition of these motifs as regulatory potential antimicrobial
therapeutic targets.
The study was accomplished by addressing the following objectives:

1. Characterization of G-quadruplex structures in genes involved in survival and

pathogenesis of Acinetobacter baumannii
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G-quadruplex structures within the hfq gene regulate RNA-protein
interactions in Acinetobacter baumannii
Role of RNA G-quadruplexes in Japanese Encephalitis Virus genome and their

recognition as prospective antiviral targets
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Chapter contributions

Chapter 1 provides an overview of the subject area, a thorough literature review,

and discusses the scope of the thesis.

Chapter 2 discusses the material and methodology employed. Herein, we have
explained the concepts involved in various biophysical methods used for
characterization, validation, and function of G4s, such as 1D 'H NMR
spectroscopy, Circular Dichroism (CD) spectroscopy, Electrophoretic Mobility
Shift Assay (EMSA), Fluorescence Titration Assay, and Isothermal Titration
Calorimetry (ITC). Cell-based assays, including quantitative-RT-PCR, mTFP

reporter-based assay, and Biofilm formation assay, etc., are also described.

Chapter 3 clucidates the genome mining of completely sequenced strains of
Acinetobacter baumannii to identify conserved putative G-quadruplex motifs using
in-house bioinformatic tools and G4Hunter analysis. Initially, in silico analysis
revealed the presence of ~49 GQ motifs in the 4. baumannii reference genome. On
functional annotation and conservation analysis, eight highly conserved motifs
(AB_PGQs) located in genes linked to bacterial survival, virulence, and biofilm
formation were identified. These motifs were characterized in vitro by 1D 'H NMR,
CD spectroscopy, and thermal melting assays, confirming stable G4 formation.
Interaction studies with the G4-binding ligand BRACO-19 (via fluorescence
titration assay, CD spectroscopy and CD Melting, ITC, and NMR broadening)
revealed high affinity and significant structural stabilization. Functionally,
BRACO-19 exposure reduced mTFP-reporter gene expression, downregulated
expression of G4-harboring genes, inhibited bacterial growth, and reduced biofilm
thickness, collectively demonstrating that targeting G-quadruplex structures could
be an effective strategy to combat multidrug-resistant A. baumannii. This is the first
study to offer a comprehensive insight into evolutionarily conserved G-quadruplex
motifs in 4. baumannii, proposing a new avenue for developing therapeutics against

this drug-resistant pathogen.
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Chapter 4 describes the existence, structural characterization, and regulatory
potential of two-tetrad G-quadruplex motifs within the hfq gene of Acinetobacter
baumannii. The hfg gene contains seven tandem repeats, as identified through in
silico analysis; consequently, a full-length putative G4-forming sequence spanning
the entire repeat region and a truncated sequence covering a single repeat were
selected for analysis in both RNA and DNA sequences. Through biophysical
experiments (NMR, CD spectroscopy, EMSA, fluorescence titration assay, and
ITC), both full-length and truncated RNA/DNA sequences displayed characteristic
G4 structural features, showing interaction and affinity for the ligand BRACO-19.
Interaction studies through CD and Fluorescence titration spectroscopy, and EMSA
demonstrated the recognition of these G4 motifs by the Hfq protein, particularly its
glycine-rich C-terminal domain, with preferential interaction with hfq RNA G4s.
Quantitative RT-PCR assay confirmed the stabilization of these G4 structures
downregulates the expression of hfq transcripts. In summary, this work highlighted
a RNA-based regulatory mechanism with potential as an antimicrobial target

against this drug-resistant pathogen.

Chapter S describes the systematic identification of RNA G-quadruplex motifs
within the Japanese Encephalitis Virus (JEV) genome using bioinformatic
prediction, which were highly conserved across all completely sequenced JEV
isolates. Upon gene annotation, eight conserved motifs were identified, located in
key structural and non-structural genes, which were structurally confirmed to adopt
stable parallel GQ topologies through NMR and CD spectroscopy. The interaction
and stabilizing effects of the GQ-binding ligand BRACO-19 were demonstrated by
ThT displacement assays, gel retardation, CD Spectroscopy, CD Melting,
Fluorescence titration assay, ITC, and NMR line-broadening experiments
exhibiting high-affinity binding. Functional studies, including mTFP reporter assay
and cell-based antiviral studies, revealed ligand-mediated stabilization of JEV-GQs
resulted in downregulation of viral gene expression, replication inhibition, reduced
infectious titers and protein expression, highlighting viral RNA G-quadruplexes as

promising alternative antiviral targets.
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Chapter 6 focuses on the conclusion and future prospects of this thesis work. It
highlights on the in-depth structural and functional studies of conserved G-
quadruplex motifs across diverse multi-drug resistant (MDR) bacterial and viral
pathogens to better understand their role in the regulation of essential genes. Further
investigation of G4-protein interactions, in vivo analysis of GQ-targeting ligands,
and the development of ligand derivatives with improved specificity and targeted
cellular delivery are needed to translate these fundamental insights into clinically
feasible antimicrobial therapies. In particular, the evaluation of these alternative
therapeutic strategies as a combinatorial treatment may provide a new horizon in

the management of emerging and re-emerging infectious diseases.
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Chapter 1

Introduction

1.1 Infectious Diseases

Infectious diseases have profoundly affected human societies worldwide
throughout history. Prior to the advent of modern medical science, the widely held
notion remained that divine wrath, astrological alignments, or miasmas primarily
caused infectious diseases[3]. The idea that living organisms are the causative
agents for diseases was initially disregarded when proposed by Girolamo
Fracastoro in the 16th century[4]. It was in the late 19" century, that the concept of
microorganisms causing infectious diseases was put forward through the germ
theory of disease. The germ theory of disease, proposed by Robert Koch, is widely
known as Koch’s postulates, which established a causal relationship between
microorganisms and disease[5]. These were a landmark in the history of infectious
diseases, supporting the linkage of microbes and diseases. Microbes are
microscopic life forms, which include bacteria, fungi, viruses, and protozoa, a
subset of which act as pathogens. These pathogens, which act as infectious agents,
are usually comprised of the following groups: Bacteria, Viruses, Fungi, Protozoa,
Helminths.

Infectious diseases remain a central global health concern due to their ability to
cause widespread morbidity and mortality, and disruption of societies and
economies. It is one of the leading causes of global deaths, second only to heart
disease. The threat of infectious diseases is intensified by the persistent emergence
of new, previously unrecognized, and re-emerging epidemics with global
repercussions. The terms “emerging and reemerging diseases (EIDs)”, coined by
Joshua Lederberg in 1987, underscored the microbial threat to human health[6,7].
EIDs can be categorized into two groups: newly emerging and reemerging

infectious diseases.



1.1.1 Newly emerging infectious diseases
These diseases refer to infections that have newly emerged in a human host or
population[8]. Examples include:

= HIV/AIDS [emerged in the early 1980s in the USA]

=  SARS-CoV [emerged in China in 2002-2003]

=  MERS-CoV [first identified in Saudi Arabia in 2012]

=  SARS-CoV-2 [first detected in Wuhan, China in late 2019]

1.1.2 Re-emerging infectious diseases
These diseases refer to infections that reappear in a population after a significant
decline or eradication, often in a more aggressive form or a new geographic

location. Examples include:

=  Tuberculosis (TB) [re-emergence due to multidrug-resistant strains[9]]
» Diphtheria [re-emergence due to incomplete vaccination and antimicrobial
resistance[10]]

= Measles [re-emergence due to declining vaccination coverage[11]]

= Cholera [periodic resurgences due to poor sanitation[12]]
EIDs have profoundly shaped the course of the health history of humans and caused
immeasurable harm. They remain a persistent human threat. Despite advances in
public health, vaccination, and treatment, which have significantly reduced their
impact, ongoing awareness, vigilance, and innovation of effective strategies remain

essential to address both current and future threats.

1.1.3  Factors contributing to the emergence of infectious diseases

The key drivers of emergence primarily include the following factors:

= Zoonotic spillover: Most reported EIDs are transmitted from animals to
humans, often due to close contact through wildlife trade, wet markets, or
hunting and scavenging[13]. E.g., HIV, SARS-CoV.

= FEcological disruption: Deforestation, urbanization, expansion of agricultural
areas, disrupt ecosystems as a result bringing humans into closer contact with

wildlife reservoirs[14]. E.g., Nipah Virus.



»  Globalization: Increased international travel of humans to distant places has
accelerated the spread of infectious disease-causing pathogens across
borders[15]. E.g., Zika virus, SARS-CoV.

»  Breakdown of Public Health Measures: Conflict, displacement, and poor health
infrastructure disrupt vaccination, sanitation, and disease surveillance, enabling
outbreaks[16]. Eg., Measles and polio re-emergence.

=  (Climate Change: Rapidly changing temperature and rainfall patterns affect the
distribution of disease vectors like mosquitoes, which are the causative agents
or hosts for several infectious diseases. Eg., Malaria and dengue.

*  Antimicrobial resistance: Genomic mutation in pathogens, due to chemical
exposure and/or exposure to antibiotics, lateral gene transfer results in the
acquisition of drug resistance or adaptation to new hosts[17]. E.g., MDR-TB,
MRSA (Methicillin-resistant Staphylococcus aureus, CRAB (Carbapenem-

resistant Acinetobacter baumannii).

“The enemy was the microbial world, and over the centuries, it has killed more

people than all of man's wars combined.”
- Tess Gerritsen, Gravity

1.2 Antimicrobial resistance (AMR) - A silent pandemic

Antibiotics have long been considered one of the finest breakthroughs of the 20"
century. However, the true challenge that exists is the rapid surge of antibiotic
resistance in hospitals, communities, and the surrounding environment, which
accompanies their widespread use[17]. The remarkable genetic adaptability of
microbes, coupled with human antibiotic abuse, has led to the mining of diverse
resistance genes and the exploitation of multiple pathways of lateral gene transfer.
This has resulted in the accretion of resistance in microorganisms, e.g., bacteria,
viruses, fungi, and parasites, against almost every antibiotic introduced into the
environment to kill them. It makes standard treatments ineffective, enabling

infections to persist and spread, escalating the risk of severe illness and death[18].



1.2.1 Causes of AMR

Selective Pressure: The usage of antimicrobial agents creates a selective
pressure for organisms able to endure the exposure to such agents. As a result,
susceptible ones die, whereas the resistant ones survive and multiply to become
the dominant ones in the population[18].

Mutation: Microbes undergo rapid reproduction and undergo prompt
adaptations to new environmental conditions. In this process, they acquire
random genetic mutations that are passed on to subsequent generations. Some
of these mutations may confer resistance to drugs, thereby aiding in their
survival upon exposure to antimicrobial agents.

Gene Transfer: Microbes, such as bacteria, are able to exchange genetic
material amongst each other through processes such as conjugation,
transformation, and transduction. This enables the transfer of resistance genes
among others, to spread quickly between different species and strains. This, in
turn, provides the advantage of survival to these microbes compared to those
lacking such resistance genes.

Inappropriate antimicrobial usage: The problem of antimicrobial resistance
is worsened by the misuse and overuse of antimicrobials. For example, the
prescription of antibiotics against a viral infection, or an undiagnosed illness,
or an incomplete treatment regimen against an infection; self-medication
without medical supervision, consumption of expired drugs, or drugs without
proper prescription[19,20]. All of these factors may individually or in
combination contribute to the development of resistance in
microorganisms[21].

Animal and Agricultural Use: The practice of antibiotic addition to
agricultural feed contributes to the promotion of resistance in microbes.
Additionally, their usage in livestock and aquaculture disease prevention,
growth promotion, facilitates resistance acquisition. This also increases the

possibility of human transmission through the food chain[22].

AMR is a multifactorial issue shaped by both natural microbial evolution and

human actions. The major contributors include the overuse and misuse of



antimicrobials, inadequate infection control, environmental contamination, and the

inherent ability of microbes to adapt and exchange resistance genes. Coordinated

action across healthcare, agriculture, policy, and public awareness is required in

order to address these concerns.

1.2.2 Global significance and impact of AMR

Global public health threats: AMR has arisen to become an urgent menace to
global public health in the 21st century[23]. In 2019, it directly caused 1.27
million deaths, and if not checked, the number is projected to rise to about 10
million by 2050[18].

Economic burden: AMR imposes a grave economic burden on healthcare
systems, governments, and society at large. This burden is further amplified due
to extended hospital stays, increased consultations, and expensive medications
as a last line of defense[24]. Consequently, access to existing high-cost
therapies is hindered due to limited resources. AMR could result in economic
losses that have the potential to reach $100 trillion USD by 2050[25]. Middle
and low-income countries are anticipated to bear the worst effects as resistance
acquisition outruns new antimicrobial alternatives[24,26].

Threat to modern medicine: AMR threatens the foundation of modern
medicine by reducing the treatment efficacy that depends on reliable
antimicrobials. Surgeries, cancer therapies, organ transplants, and the
management of chronic diseases all rely on successful infection prevention and
treatment. These medical procedures become fatal when antimicrobials fail.
Routine infections, such as urinary tract infections (UTIs), pneumonia, and
sepsis, also become increasingly challenging to treat[24]. As resistance spreads,
first-line antibiotics lose their potency, and even second- or third-line drugs may
prove ineffective, leading to more frequent treatment failures, more protracted
illness, greater complications, and higher mortality[27]. Hence, AMR not only
complicates daily healthcare but also risks reversing decades of progress

attained in controlling infectious diseases.



Therefore, without urgent action to suppress the ongoing rise of AMR, the world is
entering a "post-antibiotic era" where even minor infections may turn out to be life-
threatening and are at a loss for medical advances. Continuous awareness of
infectious diseases and progress in control measures is essential to support effective
public health responses.

“We need a comprehensive strategy that acknowledges the deep connections
between human, animal, and environmental health.”

—Nikolaj Gilbert, President and CEO of PATH

1.2.3 Mechanisms of acquisition of AMR
There exist multiple mechanisms through which bacteria acquire resistance to

antimicrobials. The primary ones include:

Drug inactivation

Bacteria can reduce the efficacy of drugs through either enzymatic degradation
(e.g., B-lactamases hydrolyzing [B-lactam antibiotics) or chemical modification
(e.g., acetyltransferases, phosphotransferases, or adenyltransferases modifying

aminoglycosides) by producing various enzymes, thereby rendering them inactive.

= Enzymatic Degradation
Bacteria produce enzymes that have the potential to break down the administered
antibiotic, making it inactive. The most prominent example being f-lactamases,
which are a diverse class of enzymes that hydrolyze the $-lactam ring of penicillins,
cephalosporins, and related antibiotics, destroying their antibacterial activity[28].
Another example is the inactivation of tetracycline by enzymatic oxidation

mediated by the tetX gene product, which degrades tetracycline molecules[29,30].

= Chemical Group Transfer
Bacteria can also chemically modify antibiotics by the addition of small functional
groups that block its target binding ability. This is most commonly achieved
through acetylation, phosphorylation, or adenylation, catalyzed by diverse
transferase enzymes[31]. Acetylation targets drugs such as aminoglycosides (e.g.,

gentamicin), chloramphenicol, streptogramins, and even some fluoroquinolones,



and is the most versatile mechanism[32,33]. Phosphorylation and adenylation
mainly target aminoglycosides, modifying hydroxyl or amino groups on the drug
molecule to prevent its interaction with bacterial ribosomes[31].

These mechanisms highlight the genetic plasticity of bacteria and the diverse set of

enzymatic tools deployed by them to survive antibiotic pressure.

Restricted drug uptake

Bacteria possess intrinsic resistance that limits the uptake of antimicrobial agents.
This 1is mainly achieved through the bacterial cell membrane. The
Lipopolysaccharide layer (LPS) layer in gram-negative bacteria confers innate
resistance to the uptake of antimicrobial agents[34]. In case of mycobacteria, which
consist of a high lipid-containing outer membrane, the uptake of hydrophilic drugs
gets restricted, as compared to hydrophobic drugs (eg. Rifampicin,
fluoroquinolones)[35,36]. In case of bacterial species such as Mycoplasma, which
lack a cell wall, there occurs inherent resistance to all cell-wall targeting agents (-
lactams and glycopeptides)[37]. The absence of an outer membrane in gram-
positive bacteria limits their drug uptake inhibition. However, the dense
peptidoglycan layer in enterococci restricts the uptake of polar compounds,
consequently providing aminoglycoside resistance[38]. Strains of Staphylococcus
aureus, also known as VISA (Vancomycin-Intermediate S. aureus) strains, have
recently developed vancomycin resistance. One mechanism involves unexplained
cell wall thickening, which impedes drug penetration and confers intermediate
resistance[39,40]. For bacteria with prominent outer membranes, such as Gram-
negatives, the entry of hydrophilic molecules commonly occurs through porin
channels. A decreased number of expressed porins and altered porin selectivity due
to mutations lead to limited drug uptake via porin channels[35]. Enterobacteriaceae
frequently develop carbapenem resistance by downregulating or eliminating porin
expression[41]. Perturbations in porin structure due to mutations have been
observed in Enterobacter aerogenes (imipenem and cephalosporin resistance) and
Neisseria gonorrhoeae (B-lactam and tetracycline resistance)[42—44]. Biofilm
formation represents another significant barrier to antimicrobial penetration[45].

Pathogens like Pseudomonas aeruginosa in the lung, or complex gut biofilm



communities, embed within a polysaccharide, protein, and extracellular DNA
matrix that limits antimicrobial diffusion. This matrix necessitates higher drug
concentrations for efficacy, while the sessile, slow-growing state of embedded
bacteria exhibits reduced susceptibility to antibiotics targeting active cell
division[46]. Moreover, biofilms facilitate horizontal gene transfer due to close
cellular proximity, enhancing the transfer of resistance genes within these microbial

communities[47].

Alteration of Drug targets

Bacteria can acquire resistance through modification of intracellular drug targets.
For example, B-lactam resistance in Gram-positive bacteria often involves
structural alterations and/or the number of penicillin-binding proteins (PBPs),
which are transpeptidases essential for cell wall peptidoglycan synthesis. Changes
in PBP quantity,such as increased expression of low-affinity PBPs or structural
alterations (e.g., PBP2a in S. aureus from the mecA gene) reduce or prevent drug
binding[48,49]. Gram-negative bacteria possess intrinsic glycopeptide and
lipopeptide resistance, for e.g., vancomycin and daptomycin respectively, due to
their thick LPS barrier[50]. Vancomycin resistance in enterococci (VRE) and S.
aureus (VRSA) arises from van genes that structurally alter peptidoglycan
precursors, lowering its binding ability[48,51]. Daptomycin resistance involves
mprF-mutation resulting in positively charged membrane and blocking calcium
binding required for the drug’s action[52-54]. In case of ribosomal subunit
targeting, the main mechanisms involved in conferring resistance include mutation
of the ribosome (aminoglycosides, oxazolidinones), methylation of the ribosomal
subunit (aminoglycosides, macrolides), or ribosomal protection (tetracyclines).
These mechanisms interfere with the ribosomal-drug binding[29,55,56]. Resistance
to fluoroquinolones, which target synthesis of nucleic acids, arises via structural
mutations in DNA gyrase (gyr4) in gram-negative bacteria, which diminishes the
drug’s binding ability. In gram-positives, similar resistance occurs via mutations in

grlA, which encodes topoisomerase IV[57,58].
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Bypass of metabolic pathways

Bacteria acquire antibiotic resistance through bypass of metabolic pathways by
rerouting or replacing drug-inhibited biochemical steps with alternative enzymes
that preserve essential cellular functions under antibiotic pressure. This process
commonly involves horizontal gene transfer of resistance determinants encoding
drug-insensitive isoenzymes or the selection of enzymatic variants with reduced
drug affinity, which together restore metabolic flux despite pharmacological
blockade. A classical example is resistance towards metabolic pathway inhibitors
such as sulfonamides and trimethoprim, where acquisition of plasmid-encoded sul
genes produces a drug-resistant dihydropteroate synthase, and dfi genes encode
trimethoprim-insensitive dihydrofolate reductases[59,60]. Similarly, chromosomal
mutations or overproduction of resistant dihydropteroate synthase (DHPS) and
dihydrofolate reductase (DHFR) variants disrupt antibiotic binding at the enzyme’s
active site while allowing normal substrate processing, thereby maintaining folate

biosynthesis and ensuring bacterial survival in the presence of these agents. [61,62].

Drug efflux
Bacteria express efflux pumps which primarily function to export intracellular toxic
substances or various compounds (multi-drug [MDR] efflux pumps). These are
expressed constitutively or induced under suitable conditions and resistance is
mainly developed via transport channel mutation, the capability of which is affected
by the available carbon source[34,63].
There exist mainly bacterial efflux pump types, categorized on the basis of structure
and energy source:

(1) ATP-binding cassette (ABC) family

(i1) Multidrug and toxic compound extrusion (MATE) family

(111))  Small multidrug resistance (SMR) family

(iv)  Major facilitator superfamily (MFS)

(v) Resistance-nodulation-cell division (RND) family[64].

Most eftflux pumps transport substrates across the cytoplasmic membrane acting as

single-component systems, while RND pumps form tripartite complexes spanning
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the whole cell envelope, acting as multi-component systems [65,66]. Gram-positive
bacteria mainly rely on chromosomal MATE and MFS pumps for intrinsic
resistance, whereas gram-negatives use all five families, with RND pumps being

especially clinically significant.

Viruses usually follow a different route for development of resistance as compared
to other microbes. The term "antimicrobial resistance" is more accurately
applicable in the case of bacteria, fungi, and parasites. However, viruses can
develop antiviral resistance in response to antiviral drugs, the mechanisms of which

are listed below:

Genetic Mutation

A virus’s mutation rate is defined as the likelihood of a specific nucleotide change
during a single genome replication. Drug resistance development depends not only
on mutation rates but also on rate of viral replication, progeny fitness, and possible
compensatory mutations, collectively referred to as the “resistance rate.” The
mutation rates of RNA viruses is higher than DNA viruses. This is considered partly
a consequence of the error-prone nature of the polymerases utilized for viral
genome replication. The daily virion numbers of HIV and HCV are 10° and 10%2,
respectively[67]. These enormous virions, coupled with mutation rates of
approximately 1074, lead to a massive genetic diversity, creating a dynamic “quasi-
species” swarm of variants. Mutations in viral genes encoding viral enzymes or
structural proteins reduce the binding or effectiveness of antiviral drugs, leading to
resistance.

Another pathway for resistance development involves missense mutations in
thymidine kinase (TK) or DNA polymerase enzymes, which retain the enzymatic
activity but lower the drug’s binding affinity. These mutations occur roughly 100
times less frequently in viruses grown in culture but are known to underpin clinical
drug resistance in HSV, HCMV etc.A result of genetic mutation is target
modification, which is one of the most frequent and clinically relevant mechanisms
through which viruses develop antiviral drug resistance. It refers to mutations in the

viral protein or enzyme that act as direct antiviral drug targets. These mutations
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alter the structure or function of the target such that the drug loses its binding ability,
reducing or eliminating its inhibitory effect[68]. Antiviral resistance is achieved
through several mutation-based alterations of the drug targets. Point mutations,
involving single-nucleotide changes, can lead to amino acid replacement in the drug
target that either obstructs drug binding directly or alters the binding site's
conformation. For example, in HIV, mutations in the active sites of protease and
reverse transcriptase enzymes prevent inhibitor binding leading to drug resistance.
In some cases, multiple mutations occur to provide high-level resistance or to offset
the fitness cost imposed by initial resistance mutations, like resistance to HIV
protease inhibitors often involves multiple mutations that change the enzyme’s
shape or charge properties[69]. Additionally, allosteric mutations, those occurring
at sites distant from the drug-binding pocket,can induce structural changes that
diminish drug efficacy[70]. To further enhance viral replication, compensatory
mutations may develop, restoring fitness compromised by initial resistance-
conferring alterations. In hepatitis B virus (HBV), mutations such as M204V/I in
the polymerase gene confer resistance to lamivudine, and additional mutations like

L180M and V173L enhance resistance and viral fitness[71].

Selective Pressure
The use of antiviral drugs creates selective pressure, favoring the survival and

replication of resistant viral strains.

Recombination and Reassortment

Recombination can bring together multiple resistance mutations from different viral
strains into a single genome. This accelerates the emergence of multidrug-resistant
viruses, as seen in HIV, where recombination has been shown to create viruses with
new patterns of resistance mutations not present in either parent strain.
Recombination occurs when two different viral genomes exchange genetic material
within a host cell. When a host cell is co-infected with two genetically distinct
viruses, their genomes can undergo crossover events. This process can generate
progeny viral variants with unique combinations of genetic mutations, including

those conferring resistance to antiviral drugs[72]. Recombination also helps in the
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maintenance of genetic diversity in viral populations, which can enhance
adaptability and the likelihood of resistance emerging under drug pressure.

Some RNA viruses, like influenza (which has eight genome segments), possess an
extra route for acquiring resistance, i.e., reassortment. When two viral strains co-
infect a cell, their genome segments can reassort randomly, in any combination,
producing new viral strains. This in turn, can allow a poorly transmissible but drug-
resistant strain to mix with a highly infectious, drug-sensitive strain, producing
progeny that are both drug-resistant and highly infectious. For example, the 2009
HIN1 pandemic strain arose through reassortment of eight segments originating
from avian (two), swine (five from two continents), and human (one) viruses|[73].
Although this new virus was not drug-resistant, it spread widely because most
people below age 60 lacked immunity. Fortunately, its initial global spread did not
result in severe illness on a catastrophic scale, and only a few cases of oseltamivir

resistance were reported during the first year.

1.2.4 Possible strategies to combat AMR

AMR is a relentless global health issue that jeopardizes current therapeutic
strategies and requires immediate preventive measures. Addressing this challenge
requires a comprehensive, multifaceted approach involving individual practices,
healthcare systems, and expansion of global surveillance networks. In parallel,
accelerating the development of new therapeutics through rigorous scientific
research is critical, particularly as resistance continues to outrun the discovery of
conventional antibiotics. The limited selection of molecular targets highlights the
lack of new and effective treatment strategies to fight antimicrobial resistance.
While primary research focus traditionally highlights upon proteins and enzymes
as drug targets, there is growing interest in exploration of non-traditional targets
such as structured nucleic acid elements within pathogenic bacterial and viral
genome. Unlike conventional approaches, nucleic acid-targeting strategies directly
interfere with bacterial or viral genomes and transcripts. These structured nucleic-
acid elements play critical roles in gene expression, regulation of survival, and
virulence in pathogens, and genome stability. These elements are also often highly

conserved and therefore offering the advantage of precise, structure-specific and
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attractive drug targets. Nucleic acid structures, such as G-quadruplexes (G4s),
internal ribosome entry sites (IRES), hairpins, pseudoknots, and riboswitches, have
emerged as promising non-protein targets for novel antibacterial and antiviral
therapies. Targeting these conserved and functionally essential nucleic acid
structures represents a promising avenue in antimicrobial drug target identification,
particularly for addressing infections associated with multidrug-resistant pathogens

where existing treatment strategies become saturated.

1.3 Nucleic acid secondary structures as therapeutic targets

Nucleic acids, DNA and RNA, are the fundamental biomolecules responsible for
the storage, transmission, and expression of genetic information. Each nucleic acid
is composed of repeating structural units called nucleotides, which consist of a
nitrogenous base (purines: adenine, guanine; pyrimidines: cytosine, thymine [in
DNA], and uracil [in RNA]), a pentose sugar (deoxyribose in DNA, ribose in
RNA), and a phosphate group. The secondary structures formed by these nucleic
acids arise from specific sequence-driven interactions such as base pairing, base
stacking, and sometimes, interactions with metal ions or other small molecules.
Apart from their primary sequence, nucleic acids adopt intricate secondary
structures through intra- and inter-strand base pairing governed by hydrogen bonds.
While the canonical Watson—Crick base pairing paradigm underlies the canonical
helix structure, various sequence-specific and environmental factors allow nucleic
acids to adopt alternative, non-canonical conformations that are functionally
important. Broadly, nucleic acid secondary structures can be categorized into
canonical and non-canonical configurations.

Nucleic acid secondary structures represent an exciting frontier in antimicrobial
drug development, offering novel mechanisms that complement traditional protein-
targeting approaches. These structures, formed through intra- and inter-molecular
base pairing interactions, create unique molecular targets that can be exploited for

therapeutic intervention against both bacterial and viral pathogens.
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1.3.1 Canonical secondary structures

DNA

The understanding of canonical secondary structures of nucleic acids was
revolutionized in 1953 when James Watson and Francis Crick discovered the
double helical model of DNA. This B-form DNA, which adopts a right-handed
helix, is the most prevalent and stable form of intracellular DNA. In this form, two
strands having opposite polarity run parallel to each other, spiraling around a central
axis, stabilized by Watson-Crick hydrogen-bond base pairing (A-T and G-C) and
base stacking interactions (Figure 1.1)[74]. Furthermore, the presence of major and
minor grooves provides a structural platform for protein—-DNA interactions,
essential for regulation and replication. While B-DNA is the most abundant &
stable structure formed readily physiologically, DNA also adopts other unusual
conformations such as, A-form and Z-form. These conformations differ in their
helical geometry, physiological requirements, and biological significance. The A-
form adopts a right-handed helix, shorter and broader than B-form DNA. This form
is usually observed in dehydrating conditions or in RNA-DNA hybrids[75]. The Z-
form adopts a left-handed helix and occurs in regions with purine-pyrimidine-rich
sequences, alternating in a zig-zag form[76]. These structural entities are

instrumental in genetic recombination, transcriptional regulation[77].
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Figure 1.1. The base-pair complementation in canonical nucleic acid secondary
structures. Thymine is replaced by Uracil in RNA.
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RNA

RNA, unlike DNA is generally exhibits a single-stranded intramolecular folding
governed by the same Watson—Crick base pairing rules, in which Thymine is
replaced by Uracil (A-U instead of A-T). This gives rise to diverse secondary
structural motifs, including stem-loops, bulges, and internal loops, which are
further stabilized by base stacking[78,79]. RNA usually adopts a single-stranded
conformation but can form double-stranded regions via intramolecular base pairing,
folding into A-form helical structures. Notably, this form is more compact and
occurs frequently in viral genomes, RNA interference pathways, and
ribonucleoprotein complexes[80,81]. Stem-loops or hairpins result from intra-
strand base pairing, characterized by a double-stranded stem and a loop[82]. These
motifs are ubiquitously found in mRNAs, non-coding RNAs, form structural
elements in ribozymes and riboswitches, act as key regulators in translation and
transcription termination, and are vital to the folding of tRNA[83,84]. Internal
loops, bulges, and multibranch loops arise from non-complementary regions within
double-stranded stems, and contribute to complex tertiary folding and ligand

recognition[85].

1.3.2 Non-Canonical secondary structures

In addition to canonical structures adopted by DNA and RNA, there exists a range
of non-canonical secondary structures like G-quadruplexes, i-motifs, hairpins,
triplex DNA, cruciform structures, etc. These structures are not merely structural
oddities but have been implicated in the dynamic modulation of gene expression,
telomere maintenance, genome stability, chromatin remodeling, and disease
pathogenesis. Structural motifs such as G-quadruplexes and triplexes are
increasingly recognized as therapeutic targets, opening new avenues for drug
design. For instance, G-quadruplexes have been linked to transcriptional repression
of proto-oncogenes such as MYC, KRAS, and BCL?2, and their stabilization, due to
their promoter-enrichment and therefore suggesting a tumor-suppressive potential.
Expanded G-rich repeats able to form G-quadruplex or triplex structures, such as
those formed in C9orf72 and FMRI, have been linked to neurodegenerative

diseases, including amyotrophic lateral sclerosis (ALS) and fragile X syndrome.
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Moreover, i-Motifs and triplexes have been associated with epigenetic
dysregulation in cancer. Furthermore, G-quadruplex-forming sequences within
bacterial and viral genomes have been implicated in virulence gene expression,
replication, and latency, as observed in HIV-1 and Epstein—Barr virus, indicating
their relevance in infectious diseases. Collectively, non-canonical nucleic acid
structures have gained attention as novel therapeutic targets for intervention in
cancer, neurodegeneration, and antimicrobial resistance, thereby opening new
avenues for drug design.

The main scope of this research explores the presence, formation, and biological
implications of G-quadruplex structures in bacterial and viral pathogens, and the

same is discussed further.

1.3.3 G-quadruplex structures

Ivar Bang, in 1910, first documented the gel-forming properties of guanylic
acid solutions, providing the first indication that guanine-rich nucleic acid
sequences could aggregate to form higher-order structures[86]. The concept of self-
assembly of guanines into planar guanine tetrads (G-tetrads) via Hoogsteen
hydrogen bonding was then introduced by Gellert, Lipsett, and Davies in 1962
using X-ray diffraction[87]. This laid the molecular foundation for the first
experimental evidence for what would later be termed G-quadruplexes (G4s). Over
two decades later, Sen and Gilbert (1988) provided a more biologically relevant
context by demonstrating that synthetic oligonucleotides with guanine-rich
sequences could form stable four-stranded quadruplex structures under
physiological conditions in vitro[88]. G4s have since been identified throughout
eukaryotic, prokaryotic, and viral genomes. Their structural and functional
versatility has attracted significant attention in gene regulation, genome

maintenance, and disease pathogenesis.

1.3.4 Structural features of G-quadruplexes
The formation and stability of G4s are governed by unique hydrogen bonding
interactions distinct from classical Watson-Crick base pairing and cation co-

ordination. G4s formation takes place when four guanine bases are arranged
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cyclically in a plane to give rise to a G-quartet. In each G-quartet, N1 of a guanine
forms a hydrogen bond with the O6 of the adjacent guanine. The N2 (amino group)
can form hydrogen bonds with the N7 of neighboring guanines. This results in a
cyclic network of eight hydrogen bonds per quartet, providing significant enthalpic
stabilization. Multiple G-quartets stack atop each other via m—m interactions
between their aromatic guanine rings, resulting in the G4 structure (Figure 1.2). The
central cavity created by the stacked quartets is negatively charged due to the
alignment of O6 carbonyl groups from the guanines[89,90]. This highly
electronegative environment is unfavourable and requires neutralization by cation
coordination, between or within the quartets. The insertion of suitable monovalent
cations, primarily potassium (K*) and sodium (Na*) into this cavity is crucial for
supporting G4 folding and maintaining structural integrity. Among monovalent
ions, K* provides the highest stabilization due to its ideal ionic radius (~1.33 A),
which allows it to fit snugly between adjacent G-quartets and directly coordinate
with eight O6 atoms from two quartets. In contrast, the smaller Na* ion (~0.95 A)
typically coordinates within a single quartet plane, offering less efficient
stabilization. Moreover, K™ owing to its high intracellular concentration (~140 mM)
is considered to be more physiologically relevant than that of Na™ (~10 mM)[91].
The relative effectiveness of these ions in stabilizing G-quadruplexes follows the
trend: K* > Na* >> Li*, with Li* being less effective in providing stabilization, due
to its suboptimal coordination geometry and high hydration energy. Additionally,
divalent cations such as Mg*" and Ca*" do not typically stabilize G4 structures
directly; however, they can influence folding indirectly by modulating the overall

ionic strength or interacting with loop residues.
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Figure 1.2. Depiction of self-association of the guanines in guanine-rich nucleic
acid sequences forming a G-quartet structure that, upon further stacking, forms the
G-quadruplex structure, stabilized by a monovalent cation.

G4 structures display considerable topological diversity influenced by several
factors, including the relative strand orientation (parallel, antiparallel, or hybrid),
the type of monovalent cation present (typically K* or Na*), the glycosidic bond
conformation (syn or anti), the number of nucleic acid strands involved
(intramolecular or intermolecular), the number of stacked G-quartets. The
orientation of the strands participating in G4 structure formation contributes in
determining the G4 topology. A G4 is termed parallel if the polarities of all the
strands are aligned in the same direction with respect to one another. In contrast, if
each strands are aligned in opposite polarity with respect to the adjacent strands, an
anti-parallel G4 is formed[92]. Hybrid topologies have also been observed, which
consist of a mixed parallel-antiparallel strand orientation[93].

The conformation of glycosidic bonds of guanine bases refers to the torsion angle
between the bases and their sugar moiety, classified as syn or anti. This affects the
local base orientation and dictates G-quadruplex topology[94]. All guanines adopt
the anti-conformation in parallel G4s, leading to uniform strand orientation and

propeller-type loops, commonly observed in RNA G4s and certain DNA G4s in

20



potassium-rich conditions[95]. On the other hand, alternating syn—anti
conformations, which enable strand reversals are observed in antiparallel G4s,
inducing lateral or diagonal loop formation, as exemplified by the sodium-
stabilized human telomeric G4 structure[96]. Hybrid topologies, such as those
observed in K*-stabilized human telomeric DNA, exhibit guanines in mixed syn
and anti-conformation to accommodate parallel and antiparallel strands within the
same structure[97].

G4s can adopt intramolecular (monomeric) or intermolecular (multimeric) structure
based on the involvement of one or more nucleic acid strands, respectively, in
structure formation. Intramolecular G-quadruplexes are formed from a single strand
which represent majority of biologically relevant G4s. They fold rapidly and exhibit
great conformational diversity. In contrast, intermolecular G-quadruplexes involve
two (bimolecular) or four (tetramolecular) strands. These multimeric structures are
generally less physiologically abundant but serve as valuable framework for
studying G4 folding and ligand binding [3]. The number of strands directly
influences G4 folding kinetics, topology, and structural polymorphism.

The number of stacked G-quartets in a G4 structure has a direct influence on its
topology, stability, and biological relevance. The algorithm usually employed to

predict putative G4-forming motifs is:
GxNL1GxNL2GxNL3GxNL4

(where x > 3, N can be any base including guanine, and L depicts the loop length).
Multiple computational tools are available for identifying putative G4-forming
sequences, which primarily rely on the G-tract length and the intervening loops to
define the consensus sequence[98,99]. Most well-characterized G4s consist of three
stacked G-quartets. However, in vivo functional G4s may not always follow this
canonical model and exhibit deviations from this consensus sequence. Although
two-quartet G4s are generally less stable thermodynamically, their formation has
been validated by NMR and CD studies, and they are increasingly recognized in
regulatory regions, such as promoters and untranslated regions, particularly in RNA

[100-102]. Despite lower intrinsic stability, two-quartet G4s contribute to the
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structural and functional diversity of quadruplex motifs across genomes. This
exemplifies the structural diversity and complexity of G4s, highlighting the need
for a more refined approach towards their prediction and characterization. The
structural heterogeneity of G4s confers on them specific folding dynamics and
protein recognition capacity.

RNA G-quadruplexes (rG4s) present a distinguished class of non-canonical
secondary structures adopted by guanine-rich RNA sequences. While both DNA
and RNA G-quadruplexes share a similar core architecture of stacked guanine
tetrads, stabilized by Hoogsteen hydrogen bond base pairing and monovalent
cations, there has been relatively less focus on RNA G-quadruplex structures in
prokaryotic contexts. Their structural features differ fundamentally from those of
DNA-G4s, due to the presence of ribose 2'-hydroxyl group, which provides steric
constraints and stabilizes the C3'-endo sugar puckering[103,104]. This confers
rG4s with their characteristic preference for parallel topology, as a direct
consequence of anti N-glycosidic bond conformation, limiting their structural
heterogeneity. Comparatively, a wider structural polymorphism is observed in DNA
G4s, which can adopt parallel, antiparallel, and hybrid topologies. Notably, rG4s
also demonstrate greater thermodynamic stability compared to DNA-G4s, more
likely because of the 2'-hydroxyl group, which enhances intramolecular
interactions promoting extensive hydrogen bonding and base stacking interactions
and less hydration. These structural variations between DNA and RNA G4s not
only define their unique biological functionality but also affect their potential as
targets for therapeutic intervention. Like DNA G4s, rG4s have been reported to be
involved in different cellular mechanisms such as, regulation of RNA processing,
translation, localization, and their dysregulation has been linked with diseases such
as cancer, and neurodegenerative diseases[105]. Although these structures have
been implicated in viral infections, the level of research landscape in this area is
still emerging and remains insufficient. Moreover, the significance of rG4s in
bacteria has received even limited attention, both of which have been elaborated in

the present thesis work. Their increasing functional recognition highlights the
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importance of their therapeutic targeting in the context of bacterial and viral

pathogens.

1.4 G-quadruplex Binding Proteins as therapeutic targets

A diverse range of proteins selectively recognize and bind to G4s, and are referred
to as G-quadruplex binding proteins (G4BPs). These G4BPs serve as key regulators
of G4-associated biological processes by modulating G4 folding, stability, and
function. Subsequently, their misregulation has been associated with cancer,
neurodegenerative diseases, and viral infections, upholding them as promising
therapeutic targets[106].

For example, nucleolin and NM23-H2 modulate the transcription of the c-MYC
promoter, which is greatly implicated in cancer development and progression.
Reduced NM23-H2 levels lower c-MYC expression, leading to apoptosis, but also
increasing the metastatic potential[107]. In neurological diseases, G4BPs are
implicated through the regulation of rG4-containing mRNAs. For example,
disruption of mRNA transport and translation of various other mRNAs due to
reduced FMRP expression in Fragile X syndrome; modulation of rG4-mediated
translation by hnRNP H/F overexpression in glioblastoma[108,109]; DDX3X-
mediated transcript expression associated with oxidative phosphorylation, having
direct implications in Huntington’s, Alzheimer’s, and Parkinson’s disease, etc[110].
In case of viral infections, nucleolin and hnRNP A2/B1 promote HIV-1
transcription by stabilizing and unfolding G4s in the long terminal repeat (LTR)
promoter, respectively[111,112]. Additionally, an explicit interaction of SARS-
CoV-2 G4s with the viral helicase nsp13 has also been reported[113].

Therefore, investigation of G4—protein interactions offers valuable insights into
novel intervention strategies, particularly in disease contexts where aberrant G4
formation or resolution contributes to pathogenesis. As we already know, and so
has been reported through scientific evidence, that G4 structures are equally crucial
in bacterial genome functioning, the functional significance of G4BPs is yet to be
elucidated in bacterial contexts. While their identities and functional impact has
been explored in eukaryotes and viruses, the same remains relatively elusive in case

of bacteria. The possibility of G4BPs in bacteria emerging as important regulators
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of nucleic acid structure and function, with implications for gene regulation,
bacterial physiology, and potential antimicrobial therapy, and their comparative
studies across bacterial species may highlight their key roles in regulation of
bacterial physiology and pathogenicity as well as species-specific functioning and
conservation. Therefore, uncovering the mechanisms of G4-G4BP interaction, their
full spectrum, and roles represent a significant frontier in bacterial molecular
biology and provides an appealing approach for potential therapeutic targets

alongside G4 structures against clinically relevant bacteria.

1.5 Aim and Scope of the Thesis

Antibiotics transformed medicine in the 1930s—1940s by enabling the effective
treatment of pathogenic bacterial infections[114]. Moreover, the development of
antiviral drugs occurred more gradually compared to antibiotics, but have
significantly transformed the treatment landscape for viral infections[115].
However, the overuse and misuse of antibiotics, a high rate (30—50 %) of incorrect
prescriptions, and the expanded antibiotic usage in agriculture and livestock have
contributed in the recent acceleration of Antimicrobial resistance (AMR)[116].
Antimicrobial resistance is a long-standing, silent pandemic that has become an
increasingly serious global public health crisis in the 21% century, as identified by
the World Health Organization (WHO)[117]. In 2019, AMR contributed deaths
counted to approximately 4.95 million globally, far exceeding COVID-19
pandemic first-wave death estimates[23,118].

A major obstacle in the fight against AMR is the lack of pharmaceutical investment
in the development of new antibiotics, due to high costs and limited profitability,
resulting in a gap in innovation. AMR continues to worsen by each passing day.
The WHO’s July 2024 updated list of emerging pathogens marks a strategic shift
in global health preparedness, promoting a broader, family-based framework rather
than targeting individual pathogens. A key update in the 2024 list is the inclusion
of Prototype Pathogens, selected based on pathogenic relevance and biological
understanding. These serve as research models to enable the formulation of broad-
spectrum medical countermeasures that can be rapidly adapted to related emerging

and re-emerging pathogens. This revised approach addresses the limitations of
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earlier lists by embracing a more proactive, adaptable, and forward-looking strategy
to confront both known and emerging pandemic threats.

Among the pathogens posing an emerging public health risk is Acinetobacter
baumannii arising from its rapidly surfacing multidrug-resistance. Acinetobacter
baumannii is a rapidly adapting, extensively drug-resistant pathogen that poses a
growing global public health challenge. Its remarkable capacity to withstand
antibiotics and persist in clinical environments positions it as a major contributor
to the AMR crisis and a priority pathogen for novel therapeutic strategies. Likewise,
Japanese encephalitis virus (JEV) is an emerging public health threat due to its
geographic spread, severe health impacts, lack of specific treatments, and complex
transmission dynamics. Its emergence and significantly rising disease
burden contribute to the AMR crisis indirectly.

This thesis aims to investigate the presence, structural characterisation, and
functional analysis of conserved G4-forming motifs in human-infecting pathogens,
with a specific focus on Acinetobacter baumannii and Japanese Encephalitis Virus
(JEV). By integrating in silico prediction, biophysical validation, and cell-based
analyses, this work seeks to establish the therapeutic significance of these motifs as
regulatory elements within the genomes of clinically relevant pathogens.
Additionally, the study explores the formation of two G-tetrad DNA/RNA G4s in
the genome of Acinetobacter baumannii and the interaction between these G4
structures and G4-binding protein (G4BPs). Collectively, this work helps to gain a
better perspective on how these non-canonical structures and their interactions with

specific proteins contribute to microbial gene regulation and pathogenicity.

The scope of this thesis encompasses the therapeutic exploration of G4 motifs and
G4BPs as antimicrobial targets, particularly in the context of drug-resistant

bacterial and viral infections through:

= In silico identification of highly conserved and structurally stable G4 motifs
across A. baumannii and JEV genomes using established G4-predictive

algorithms.
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= Confirmation of G4 formation, topology, and stability through experimental
techniques such as NMR spectroscopy, circular dichroism (CD) spectroscopy,
Thioflavin T probe fluorescence assay, electrophoretic mobility shift assay
(EMSA).

= Further validation of quadruplex structure formation through interaction and
binding analysis of the G4s with well-known G4-binding ligands through
biophysical studies including CD spectroscopy, EMSA, Fluorescence titration
assay, NMR spectroscopy, Isothermal calorimetric titration analysis.

= Cell-based studies to assess the regulatory impact of selected G4 motif
stabilization on gene expression through quantitative real-time PCR, reporter
gene assay, biofilm-formation assay, immunoblotting, etc.

= Investigation of protein—G4 interactions, to elucidate their role in modulating

G4 stability.

To summarize, this thesis is confined to pathogenic systems of high clinical
relevance and does not extend to commensal or non-pathogenic microbes. The
research findings discussed herein aim to advance the understanding of the
relevance of G-quadruplex structures, interaction with specific G4 binding ligands,
their role in gene regulation, and protein-G4 interaction in pathogens and contribute

to the development of novel G4/G4BP target based therapeutic strategies.

1.6  Organization of the thesis

The entire thesis is organized into six chapters, a summary which is discussed

below:

Chapter I presents a brief background of the research work covered in the thesis,
offering a concise overview of emerging and re-emerging infectious diseases and
the factors contributing to their emergence. It discusses the global threat of
antimicrobial resistance posed by these diseases, its underlying causes, and its
broader implications. It also outlines the strategies employed to combat AMR with
particular emphasis on targeting nucleic acid secondary structures, precisely G-
quadruplexes. The chapter also highlights the structural characteristics and

biological relevance of G4s in bacterial and viral genomes, including the formation
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of stable two-tetrad G4s and their interactions with G4-binding proteins (G4BPs)
in context of a bacterial genome. It concludes with a brief summary of the aim and

scope of the thesis.

Chapter 2 presents an overview of the materials and methodologies adopted in the
studies presented in the thesis. It also summarizes the instrumentation techniques

used, along with their underlying working principles.

Chapter 3 investigates conserved genomic G4 motifs in Acinetobacter baumannii.
It outlines the pathogen's clinical significance, details the conservation of certain
G4 motifs across multiple strains, and presents their biophysical characterization.
Interaction with G4-specific ligand and cellular assays confirm the G4 formation
and regulation in modulating gene expression associated with 4. baumannii

infection.

Chapter 4 elaborates on the characterisation of two-tetrad G-quadruplex motifs
within the Afg gene of A. baumannii. Biophysical and interaction assays confirmed
the stable formation of DNA/RNA G4 and selective recognition by the Hfq protein,
particularly with RNA. Stabilization of these motifs reduced Afg expression,
indicating a potential RNA-based regulatory mechanism for therapeutic

intervention.

Chapter 5 elucidates the importance of evolutionarily conserved RNA G4 motifs in
the genome of Japanese Encephalitis Virus, identified bioinformatically and
structurally validated by multiple biophysical assays. It also demonstrates the
functional studies revealing suppression of viral gene expression and replication

upon G4 stabilization, positioning JEV-GQs as potential antiviral targets.

Chapter 7 presents the concluding remarks and future perspectives of the thesis

work.
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CHAPTER 2

MATERIALS, METHODS, AND
INSTRUMENTATION
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Chapter 2

Materials, Methods, and Instrumentation

2.1 Materials

Oligonucleotides

All DNA and RNA oligonucleotides used in biophysical analyses, including G-
quadruplex-forming sequences and control sequences (both G4 and non-G4-
forming), were purchased from Sigma-Aldrich (St. Louis, MO, USA) and
Integrated DNA Technologies (Iowa, USA), or produced via in vitro transcription.

The list of oligonucleotides used in this study are listed below in Table 2.1.
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Table 2.1. List of oligonucleotide sequences used in the entire study.

SI. No. | G4 motif Sequence

1 AB _PGQl1 AAGTGGGCGTGTTGGGTGCGGGCATGATGGGTGCC

2 AB PGQ2 GAACGGGTACAAGTGGGTAACTATATGGGTATGAATCAGGGCCGT
3 AB PGQ3 ATTTGGGCTAAAGGGCACGGGTTTATGAGTGGGTATA

4 AB PGQ4 GAACGGGAGGGGGACACCTTCGGGTGTGCTGGGTTTT

5 AB PGQ5 ACATGGGCTTTCGGGACATGGGCGGGAAGG

6 AB _PGQ6 TTTAGGGGCAGGTTTTCGGGTAGGTTGGGTCTATGCGGGTAAA

7 AB _PGQ7 GATTGGGCAGGGTGCCGAGGGCATTATTTTGGGGTGTA

8 AB _PGQ8 ATTCGGGCTTTCGGGTCAGGCTGGGCATCGGCAATGGGGCGTA

9 hfg RNA GGCUUCGGUGGCCAAGGCGGCUUCGGUGGUCAAGGUGGCUUCGGUG
10 truncated hfq RNA | GGCUUCGGUGGCCAAGG

11 hfg DNA GGCTTCGGTGGCCAAGGCGGCTTCGGTGGTCAAGGTGGCTTCGGTG
12 truncated hfq DNA | GGCTTCGGTGGCCAAGG

13 Env_1 GCUCUUGGGUCACAGGAAGGAGGCCUCCA

14 Env 2 GAGCCUGGGACUUUGGCUCCAUUGGAGGGGUCUUC

15 NS3 1 GACCAAGGUGGAAUUAGGGGAGGCAGCAAA

16 NS3 2 GGCACUGGUUAUGGGAGAUGGGUUUCCAAGGAUGAC

17 NS3 3 GAGUCAGGAAAAGGAUCCGUGGUUCCAGGCGGGG

18 NS5 1 GGAAAAGGGGAAGGCCCGGGGGCAGGACGCUAAAA

19 NS5 2 GGUAUUGGGUUAGUGGAGCCGCUGGCAAUGUGGUGCAC

20 NS5 3 GCUAAAGGAAGCAGGGCCAUUUGGUUCAUGUGGCUUGG




Reagents and Kits

All reagents and antibodies used in the study are listed below in Table 2.2.

Table 2.2. List of reagents, antibodies and kits used in the entire study.

SI. | Company Reagent

No.

1 HiMedia Potassium chloride (KCI)

2 HiMedia Sodium chloride (NaCl)

3 HiMedia Lithium chloride (LiCl)

4 HiMedia Magnesium chloride (MgCl,)

5 HiMedia Sodium Hydroxide (NaOH)

6 HiMedia Potassium Phosphate Dibasic (K;HPO4)

7 HiMedia Potassium Dihydrogen Phosphate (KH2PO4)

8 HiMedia Sodium Phosphate Dibasic (Na2HPO4)

9 HiMedia Sodium Dihydrogen Phosphate (NaH,PO4)

10 | HiMedia Ammonium chloride (NH4Cl)

11 | HiMedia Ethylenediaminetetraacetic acid (EDTA)

12 | HiMedia Urea

13 | HiMedia Agarose Low EO

14 | HiMedia Luria Bertani Broth, Miller

15 | HiMedia Luria Bertani Agar, Miller

16 | HiMedia Brain Heart Infusion (BHI) Broth

17 | Sigma Triton™ X-100

18 | Sigma 3-(Trimethylsilyl) propionic-2,2,3,3-d4 acid
sodium salt (DSS)

19 | HiMedia MTT (3-(4, S5-dimethylthiazol-2-yl)-2, 5-
diphenyl tetrazolium bromide)

20 | G-Biosciences Tween 20

21 | Sigma 10mM dNTP Mix

22 | HiMedia Taq Polymerase

23 | Sigma Adenosine 5'-triphosphate  disodium  salt
hydrate

24 | Sigma Guanosine 5'-triphosphate sodium salt hydrate

25 | Sigma Cytidine 5'-triphosphate disodium salt

26 | Sigma Uridine 5'-triphosphate trisodium salt hydrate

27 | Sigma Spermidine

28 | Sigma Thioflavin T
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29 | Sigma BRACOI19 hydrochloride

30 | Sigma TMPyP4

31 | Sigma 2-Mercaptoethanol

32 | Sigma Agarose Type VII

33 | Promega CellTiter-Glo®

34 | HiMedia Phenylmethylsulfonyl fluoride (PMSF)

35 | Sigma Protease inhibitor cocktail (PIC)

36 | HiMedia SDS

37 | Merck Millipore PVDF membrane

38 | HiMedia Sodium pyruvate

39 | Takara Bio USA, Inc. PrimeScript™ cDNA Synthesis Kit

40 | Applied Biosystems PowerUp SYBR Green Master Mix

41 | Takara Bio USA, Inc. Trizol reagent (RNAiso Plus)

42 | HiMedia DMEM

43 | Gibco FBS

44 | HiMedia L-15

45 | HiMedia L-Glutamine

46 | Hyclone MEM

47 | HiMedia Penicillin-Streptomycin

48 | HiMedia Trypsin - EDTA Solution

49 | Gibco PBS

50 | NEB Ndel

51 | NEB Xhol

53 | GeneTex (GTX100118) | GAPDH

54 | GeneTex (GTX131359) | JEV-NSS5

55 | GeneTex (GTX125868) | JEV-NS3

56 | Jackson Peroxidase AffiniPure Donkey Anti-Mouse
ImmunoResearch (715- | IgG (H+L)
035-150)

57 | Jackson Peroxidase AffiniPure Donkey Anti-Rabbit
ImmunoResearch (711- | IgG (H+L)
035-152)

58 | Qiagen QIAprep Spin Miniprep Kit

59 | Qiagen QIAquick Gel Extraction Kit

60 | Qiagen QIAquick PCR Purification Kit

61 | HiMedia HiPurA® Plasmid DNA Midiprep Purification

Kit
62 | HiMedia HiPurA®  Bacterial =~ Genomic =~ DNA

Purification Kit
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Cell lines

Human embryonic kidney cell lines (HEK293T), Neuro2a (mouse neuroblastoma),
C6/36, and Vero cell lines were procured from the cell repository of the National
Center for Cell Sciences (NCCS) Pune, India.

HEK293T cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
media supplemented with 10 % Fetal Bovine Seum (FBS) and 1 % Penicillin-
Streptomycin solution.

Neuro2a cells were cultured in DMEM media, Vero cells in Eagle’s Minimum
Essential Medium (MEM), and C6/36 cells in Leibovitz’s L-15 medium. All culture
media were supplemented with 10% fetal bovine serum (FBS), 100 pg/ml

Penicillin-streptomycin solution, and 2 mM L-glutamine.
2.2 Sample Preparation

2.2.1 Oligonucleotide preparations

The desalted, purified oligonucleotides were reconstituted in Milli-Q water
following the manufacturer’s instructions. The stock concentration of the
oligonucleotides was calculated by measuring absorption at 260 nm (A2e0) in
denaturing buffer using the Beer-Lambert's law, with provided molar extinction
coefficients. The stock solutions were stored at 4 °C for short-term and -20 °C for

long-term preservation until further use.

2.2.2 In vitro transcription

DNA templates containing the T7 RNA promoter, along with forward and reverse
primers, were designed and procured from Sigma-Aldrich (St. Louis, MO, USA).
Templates for in vitro transcription were generated by PCR amplification. RNA
transcripts were synthesized using in-house purified T7 RNA Polymerase and the
synthesized transcripts were purified by running 15 % denaturing PAGE. The gels
were analyzed through UV shadowing, and RNAs were extracted from the gel and
purified using ethanol precipitation. The concentration of oligonucleotides used in
each experiment was quantified by measuring the absorbance value at 260 nm. The

molar extinction coefficients were calculated using the IDT OligoAnalyzer tool.
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2.2.3 One-dimensional proton Nuclear Magnetic Resonance spectroscopy
Oligonucleotide samples were prepared in potassium phosphate buffer (KPO4) (10
mM, pH 7.5, 100 mM K") using a 9:1 H20:D-0O solvent ratio, with a final volume
of 200 pl. Sodium trimethylsilylpropanesulfonate (DSS) served as the internal
reference in all experiments. This sample solution was transferred into Shigemi
NMR tubes for subsequent analysis.

For NMR Broadening experiment, 200 pl volume of ligand solution (200 pM) was
prepared under similar conditions as described above. Oligonucleotide solutions
were then titrated into the ligand solution based on the desired drug-to-nucleic acid

(D:N) ratio.

2.2.4 Circular Dichroism spectroscopy

Each Circular Dichroism (CD) spectrum was recorded using oligonucleotide
samples at a final concentration of 10 uM in KPO4 buffer (10 mM, pH 7.5)
supplemented with four different cations, viz. K*, Na*, Mg**, or Li* (100 mM each)
in separate experiments. Prior to CD spectral and thermal denaturation analyses,
the samples were denatured at 95 °C for 10 mins followed by slow reannealing at
room temperature.

For ligand titration assays, the ligand was incrementally added to the
oligonucleotide sample based on the drug-to-nucleic acid (D:N) ratio, followed by

the acquisition of CD spectra and thermal denaturation profiles.

2.2.5 Electrophoretic mobility shift assay (EMSA)

Both test (G4-forming sequences) and control oligonucleotides (Bcl2, cKit as
positive controls; non-G4-forming mutant as negative control) were prepared at a
final concentration of 10 - 15 uM in KPOg4 buffer (10 mM, pH 7.5) containing
100 mM of either K*, Na*, Mg?', or Li*. Samples were denatured at 95 °C for 10
minutes and then slowly cooled to room temperature.

For ligand and protein interactions, EMSA was performed with oligonucleotides
titrated against BRACO-19 (0 - 100 uM) or incubated with purified protein (40 uM)

for 30 min and 1 h, respectively, at room temperature.
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2.2.6 ThT probe light-up and displacement assay

Oligonucleotides (5 uM) and their corresponding mutant sequences were prepared
in KPO4 buffer (10 mM, pH 7.5, 100 mM K"). Thioflavin T (ThT) solution was
prepared at 10 uM in the same buffer, and a 25 uM ligand solution was similarly

prepared for subsequent addition.

2.2.7 Fluorescence titration assay

Two solutions, A and B, were prepared in KPOj4 buffer (10 mM, pH 7.5, 100 mM
K") and BSA (40 pg/ml) in water. Oligonucleotides (20 - 30 uM) were added
exclusively to Solution A, while the ligand BRACO-19 was included in both
solutions. Solution A was heated at 95 °C for 10 minutes and then slowly cooled to
room temperature to allow proper G4 refolding. Solution B was dispensed into

wells (50 uL per well) and titrated with serial dilutions of Solution A.

2.2.8 Isothermal titration calorimetry (ITC)

For ITC experiment, oligonucleotide samples were dissolved in KPOj4 buffer (10
mM, pH 7.5, 100 mM K") and heated at 95 °C for 10 minutes followed by slow
cooling at room temperature. The working solution of the ligand (BRACO-19) was
prepared in the same buffer, and both oligonucleotide and ligand solutions were

thoroughly degassed before titration.

2.2.9 Fluorescence spectroscopy

Working solutions of proteins (5 pM) and oligonucleotides were prepared in KPO4
buffer (10 mM, pH 7.5, 100 mM K"). Oligonucleotide samples were added to the
protein samples in increasing Nucleic acid/Protein (N/P) ratios ranging from 0 to

2.0.
2.3 Methodology and Instrument Specifications

2.3.1 In-silico methods

2.3.1.1 Bacterial genome retrieval

The complete genome sequences of all the available of the bacterial strains and

viral isolates under study were downloaded from the NCBI Genome
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(https://www.ncbi.nlm.nih.gov/genome) and subjected to G4 motif prediction

analysis.

2.3.1.2 Tools used for G-quadruplex mining

Numerous computational tools exist for predicting G-quadruplex (G4) motifs
within nucleic acid sequences, most of which rely on searching for a specific
regular expression. Our lab has developed a custom Python-based algorithm,
accessible via the G4IPDB database server, to predict G4 motifs in any given input
sequence. We also cross-verified our results using established algorithms from
other research groups. Subsequent analyses included conservation assessment
through clustering and functional annotation of predicted G4s based on their
genomic location and associated genes, using NCBI GenBank coordinates. A
schematic representation of the genome mining workflow used for G4 motif

prediction in this thesis is represented in Figure 2.1.

Complete genome sequence retrieval from NCBI
Genome database

G-quadruplex (G4) motif prediction at various loop
lengths using G4IPDB tool

Confirmation of the G4 motifs using other
applications like G4Hunter, QGRS Mapper

Evolutionary conservation analysis through
clustering

Functional annotation of predicted G4s based on
associated genes

Figure 2.1. Flowchart depicting workflow of in-silico analysis used for genome
mining of G4 motifs.

2.3.1.3 Principle of the G4 prediction tools.

G4IPDB
G4IPDB server is an in-house G4 prediction tool developed to predict the G4 motifs

in a given sequence[119]. The second updated version of the tool is available at
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http://people.iiti.ac.in/~amitk/bsbe/ipdb/update/tool.html. =~ The whole input

sequence is scanned to search for a regular expression based on the consensus

sequence given below:
GyYNLIGYNL2GYNL3Gy

Where G represents Guanine; N is any nucleotide including Adenine, Cytosine,
Thymine and Guanine, Y is the Guanine tract and can lie between the range 2 - 7,
while L is the loop length which can vary from 1 - 20 nucleotides. In a G4 motif, L
can vary, but Y usually remains constant. The tool performs a G4 motif search in
both strands, Sense and Antisense, providing a comprehensive list of G4s within
the input sequence. For each G4 motif predicted, the tools give the cG and cC score
based on the number of Guanines and Cytosines in the motif. A higher cG/cC score
indicates a higher propensity of the sequence to form a G4 structure both in vitro

and in vivo[99].

OGRS Mapper

QGRS Mapper is a web-based tool designed for the identification and analysis of
putative G-quadruplex-forming G-rich sequences (QGRS) within the provided
nucleic acid sequence and can be accessed at

http://bioinformatics.ramapo.eduw/QGRS/[120]. It allows users to predict G4 motifs

in genomic (e.g., promoters, telomeres) as well as RNA sequences, including
alternatively processed pre-mRNAs. The tool uniquely maps the location of QGRS
in the context of RNA processing sites, helping the investigation of their
contribution to gene expression regulation. Additionally, QGRS Mapper provides
an interactive graphical visualization of the output data, which displays the

alternative RNA products along with their QGRS distribution.

G4Hunter
The G4Hunter tool predicts G4 motifs on the basis of the G-richness and G-
skewness of the input sequence [3]. It is available as both a Python-based

standalone script (https://github.com/LacroixLaurent/G4Hunter) and a web server

(http://bioinformatics.ibp.cz). For each G4 motif predicted, the tool assigns a

quadruplex propensity score, with higher scores indicating a greater likelihood of
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G4 formation in vitro. Unlike G4IPDB and QGRS Mapper, G4Hunter does not rely
on classical regular expressions, enabling the prediction of non-classical G4 motifs

that deviate from the canonical consensus sequence.

2.3.1.4 Identification of evolutionarily conserved G4 motifs

The G4 motifs of all the available completely sequenced bacterial strains and viral
isolates were clustered either manually or using the NCBI Nucleotide BLAST tool
to evaluate the percent conservation of the motifs. The criteria for a G4 motif to be
considered evolutionarily conserved were deemed to be present in = 90 % of the

genomes for that particular species.

2.3.1.5 Functional Annotation

The predicted G4 motifs were functionally annotated based on the genes harboring
them. G4 motifs located within 500 nucleotides upstream of a gene were considered
to be in the promoter region. In contrast, those present in the open reading frame
(ORF) regions were considered to be in the coding region. Additionally, the motifs
were also classified based on their presence in the sense and antisense strand with
respect to the gene direction. The distribution of the G4s predicted through different

prediction tools along with their genomic location and the genes were represented

using R/ShinyCircos accessible at http://shinycircos.ncpgr.cn/[121]. The consensus
logo of the selected G4 motifs studied in the current thesis work were generated

using WebLogo server[122].

2.3.2 One dimensional proton Nuclear Magnetic Resonance (1D 'H NMR)
Spectroscopy
Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful technique
employed for analyzing the molecular structure and dynamics. Among the various
NMR techniques available, one-dimensional (1D) NMR spectroscopy serves as a
fundamental method, offering critical insights into molecular structure,
composition, and interactions[ 123,124]. The realization of the significance of NMR
spectroscopy in structural biology came early on, with the revelation of proteins

being dynamic entities rather than just being static structures, as elucidated by the
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X-ray studies of that era. Thereafter, NMR spectroscopy has been employed to
provide an atomic resolution of dynamic biomolecular motions.

The principle underlying NMR spectroscopy is that specific non-zero spin angular
momentum nuclei possess a magnetic moment, which interacts with an external
magnetic field (Bo). When such nuclei containing samples are exposed to a strong
magnetic field, they align either parallel or anti-parallel to the field, creating a net
magnetization. This equilibrium is disturbed upon the application of a
radiofrequency (RF) pulse, causing the nuclei to wobble or precess and emit signals
that the NMR spectrometer can detect. The precessional frequency of these emitted
signals, known as the Larmor frequency (o =yBo) (in MHz), is directly proportional
to the magnetic field strength (Bo) (in MHz/T) and the gyromagnetic ratio (y) of the
nucleus (in T). Only nuclei with a spin angular momentum are NMR-active,
characterized by nuclear spin quantum number (I) and is NMR detectable. For
example, NMR active nuclei with I # 0, such as 'H and *C (I = 1/2), while NMR
inactive nuclei with I = 0, such as 2C, 10, 32S[124].

As hydrogen atoms are abundant and highly sensitive to NMR detection, Proton
(*H) NMR Spectroscopy remains of the most widely employed NMR. It yields
detailed information about the number of protons and the surrounding environment
within a molecule. The frequency difference between a sample proton and a
reference signal, represented as chemical shift, a key parameter in proton NMR
spectroscopy. This shift is influenced by the electronic environment of the proton,
including shielding or de-shielding effects produced from neighboring atoms,
functional groups, or m-electron clouds. The atomic-level resolution of NMR is
associated with the occurrence of chemical shifts and analysis of these shifts, signal
splitting (spin-spin coupling), and integration (relative proton count), which
provide structural insights into molecular connectivity. It also elucidates
information regarding molecular composition through the identification of
functional groups and the analysis of complex mixtures|[124].

In a 1D NMR spectrum, resonance intensity is displayed along a single frequency
axis and chemical shift is expressed in ppm relative to an internal reference

compound:
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V_VO

8 (ppm) = 10°
Vo

where v is the observed signal frequency in Hz and vo is that of the internal
reference. Different data sets recorded at different magnetic field strengths can be
compared on the basis of their chemical shifts expressed in ppm. Standard
references include tetramethylsilane (TMS) for organic solvents, 2,2-dimethyl-2-
silapentane-5-sulfonic acid (DSS) for water-based solvents. Additionally, the NMR
data is also calibrated along the water signal. Moreover, an interaction between two
compounds or macromolecules can be detected based on the change in chemical
shifts, for example, a change in the chemical shifts of substance A upon addition of
substance B denotes an interaction between the two[125].

NMR spectroscopy is extensively utilized to study G-quadruplex structures under
physiologically relevant solution conditions. Unlike extended double-helical DNA
structures such as B-DNA which are devoid of global interaction information, G-
quadruplexes exhibit globular folding, allowing the detection of global interaction
information. NMR Spectroscopy is a powerful tool for analyzing the G-quadruplex
secondary structures in DNA/RNA. The imino protons of guanines involved in G-
tetrad formation display characteristic chemical shifts in the range of 10 — 12.5
ppm[126]. This region is well-differentiated from the imino resonances arising
from other DNA conformations, including duplex, single-stranded, or other
secondary structures. For example, the duplex DNA structures exhibit chemical
shifts in the 13 - 14 ppm region arising out of Watson-Crick hydrogen
bonding[127]. Hence, the imino resonances of guanines involved in Hoogsteen-
hydrogen bond base pairing, which is the hallmark of G4, gives a clear and direct
indication of its formation and interactions with small molecules or ligands[128].
In the research work presented in the thesis, NMR spectroscopic studies were
carried out using Bruker AVANCE III 400/500 MHz (BioSpin International AG,
Switzerland) spectrometer equipped with a 5 mm broadband (BBI) inverse probe.
All the data were recorded at 25 °C. All the NMR data processing and analysis was

performed using TopSpin v4.0.6 software (academic license).
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2.3.3 Circular Dichroism (CD) Spectroscopy

Circular Dichroism Spectroscopy, an absorption spectroscopy, utilizes circularly
polarized light to study the structural properties of optically active chiral
compounds. Circular dichroism represents the differential absorption of left and
right-handed circularly polarized light and occurs when a chiral optically active
molecule preferentially absorbs one direction of the circularly polarized light,

which can be measured and quantified.
Circular dichroism = AA = AL - Ar

Here, AL and Ar denote the absorptions of left and right circularly polarized
respectively.

CD Spectroscopy is usually employed to study the higher order structure of
biological macromolecules. It finds its primary application in analysis of secondary
structure or conformation of macromolecules, particularly proteins and nucleic
acids. Additionally, changes in the CD spectra depict the dynamic changes in the
secondary structure of a macromolecule upon interaction with small molecules,
cations or other macromolecules, as well as with changing chemical environment
due to changing temperature, ionic strength, pH, or denaturants[129].

The CD spectrum is often expressed in degrees of ellipticity, 6, which is a measure

of the ellipticity of the polarization:
EL — Eg
E; + Eg

tan 6 =

where E is the magnitude of the electric field vector.

The CD signal displayed by any biological macromolecule usually provides a
signature for a given secondary structure, which is referred to as its signature CD
spectrum. CD spectroscopy has been widely used for the primary structural
characterization of G-quadruplex structures. G4 structure differences arising due to
differential G-quartet stacking, strand directionality give rise to characteristic
signature CD spectral profiles. G-quadruplex structures display three distinct
topologies, namely, parallel, anti-parallel and hybrid or mixed. The signature

spectra for these topologies are classified on the basis of their wavelength maxima
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and minima, which is ~265 nm maximum, ~245 nm minimum for parallel, ~295
nm maximum, ~260 nm minimum for anti-parallel and ~295 nm maximum, ~260

nm maximum, ~245 nm minimum for hybrid G4 structures.

Furthermore, interactions of G4 structures with cations or ligands induce
conformational changes that are reflected in the CD spectra, offering insights into
the stabilizing or destabilizing effects of the ligands.

CD Spectroscopy can also be employed in elucidating the stabilizing effect of
cations or ligands on the thermal stability of G4 structures. The stability is usually
quantified in terms of melting temperature (Tm) assessed through a change in the
CD signals, with increasing concentration of the cations or ligands, and depicted as

ATm. The higher the Tm, the higher the stability of G4 structures (Figure 2.2).

e CET ) e

Fraction unfolded

Tm

Temperature (°C)

Figure 2.2. Depiction of thermal denaturation profile of a G-quadruplex structure.

In the current research work, CD spectroscopic experiments were performed at 25
°C with a scanning rate of 50 nm/min using Jasco J-815 Spectropolarimeter (Jasco
Hachioji, Tokyo, Japan). The instrument was equipped with a Peltier Junction
temperature controller. Spectra were recorded in a 1 mm path length cuvette with a
wavelength range set from 220 to 320 nm. To avoid signal contribution from buffer
components, a blank spectrum was recorded before each measurement and

subtracted from the sample’s CD spectrum prepared in the same buffer. For CD
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spectroscopic titrations with cation, the concentration of salt was increased with
each subsequent titration.

CD Melting analysis was performed for every sample within a temperature range
of 25 °C - 95 °C. The ramp rate was set to 2 °C/min for each experiment. For ligand
titrations, the ligand was subsequently added until the specified Drug/Nucleic acid
(D/N) ratios were reached, and spectral and thermal melting analyses were

performed.

2.3.4 Electrophoretic Mobility Shift Assay (EMSA)/ Gel retardation Assay
EMSA is a widely used technique, to analyze the size and molecularity of the
biological macromolecules. The underlying mechanism of the assay is that
molecules exhibit in different electrophoretic mobilities when resolved on a native
polyacrylamide or agarose gel based on their size and charge[130]. G4 structures
adopt two conformations: intra- and inter-molecular. An intramolecular G4
structure results from the association of guanines involved in quadruplex formation
from a single nucleic acid strand. An intermolecular G4 structure arises when the
guanines involved in structure formation are present in multiple strands.
Consequently, an intermolecular G4 migrates slowly compared to an intramolecular
G4, due to its increased molecular weight.

To assess the molecularity of a G4 structure, a corresponding linear mutant
sequence is loaded alongside the G4 sequence. The mutant sequence is designed to
lack sufficient guanines, rendering it incapable of folding into a G4 structure. The
G4 structure migrates faster than the mutant sequence, exhibiting an intramolecular
topology, owing to its compact folding. On the other hand, an intermolecular G4
sequence migrates more slowly than its mutant sequence when loaded on native
PAGE (Figure 2.3). In the studies presented in this thesis, Native PAGE was
performed by running a 15 - 18% polyacrylamide gel in 1X TBE buffer. After
polymerization, the gels were assembled into a Bio-Rad Mini-PROTEAN Tetra
Vertical Electrophoresis unit. For each G4 motif, a mutant oligonucleotide of
similar length (G substituted with T), and standard G4-forming sequences, ckit 22
and bcl-2 along were loaded as negative and positive controls respectively. Prior to

loading, samples were mixed with 6X orange dye and electrophoresed at 70 V at
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4 °C until the dye front reached three-fourths of the gel length. Gels were stained
with ethidium bromide and imaged using the ImageQuant LAS4000 system (GE
Healthcare, Sweden).

Intramolecular

) G4 Intermolecular
Linear

G4
Mutant N0
ANAAA 3 H :\‘
N !

Figure 2.3. Schematic representation of EMSA depicting molecularity of G4
structure with respect to linear mutant in Native PAGE.

Gel retardation assay can also be exploited to study the interaction of ligands or
proteins with G4 motifs. The addition of these molecules results in changes to the
secondary structure and molecular weight of the nucleic acids. This altered
molecular weight results in a shift of the migration pattern of the nucleic acid-
ligand/protein complexes (Figure 2.4). For ligand-G4 interaction and protein-G4
interaction analysis, the complexes were then resolved on 3% agarose gels prepared
in 1X TBE buffer and run on ice at 55V using the Bio-Rad Mini-Sub Cell GT
system. Gels were visualized with the ImageQuant LAS4000 system (GE

Healthcare, Sweden).
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Figure 2.4. Schematic representation of EMSA depicting shift in band mobility of
G4 structure upon interaction with ligand or protein molecule in agarose gel.

2.3.5 Fluorescence titration assay

Fluorescence is the emission of light by a molecule (fluorophore) arising due to the
transition of an excited electron from its first excited or higher energy state to
ground state. The excitation is caused by photon absorption by a molecule in the
singlet ground level, promoting it to higher excited energy level. Upon returning
back to the ground level after a finite time (10" s), the emitted energy is lower than
that absorbed and therefore emitting at a longer wavelength. The surrounding
chemical environment affects the energy amount released in emission[131].
Fluorescence efficiency is determined by factors such as the molecular extinction
coefficient and the quantum yield, which can be correlated to absorption and
fluorescent efficiency of the molecule. A fluorophore bound associated with a
biological macromolecule is susceptible to conformational changes that can result
in either enhancement or photo-quenching. These changes in fluorescence intensity
is exploited to assess binding affinity and specificity of small
molecules/ligands/protein towards macromolecules (nucleic acids/protein).

In the current study, we employed this approach to detect the change in fluorescence
intensity of the small molecule/protein upon binding to the nucleic acid. The
fluorescence titration experiments have been performed on Synergy H1 multi-mode
microplate reader (BioTek Instruments, Winooski, VT, USA) using 96 well Corning
half area black plate at 25 °C to investigate ligand-nucleic acid interaction.

Fluorescence spectroscopy measurements were performed using Fluorolog®-3
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Spectrofluorometer (Horiba Scientific, Jobin Yvon, Palaiseau, France) operated by
FluorEssence software (Horiba Scientific, Jobin Yvon, Palaiseau, France). The
excitation and emission wavelengths of each small molecule were determined by
observing their absorption and fluorescence spectra, respectively. We used

fluorescence analysis in the following experiments:

2.3.5.1 Thioflavin T light-up assay

The oligonucleotides, both G4 motif and mutant sequences (5 pM), were heated at
95 °C and gradually annealed at room temperature. Thioflavin T (10 pM) solution
was added to the oligonucleotide solution, thoroughly mixed, and incubated for 15
mins. Fluorescence intensities were recorded at the emission wavelength of 495 nm
following excitation at 425 nm in a Corning half-area black plate using the BioTek

microplate reader Synergy H1 system.

2.3.5.2 Thioflavin T Displacement Assay

A two-molar equivalent Thioflavin T (10 uM) solution was added to the reannealed
oligonucleotides (5 uM), and fluorescence measurements were detected after a 10
min incubation at room temperature. Subsequently, five molar equivalents of G4-
specific ligands (BRACO-19, TMPyP4) were added to each oligonucleotide-ThT
mixture and incubated for 30 mins, and fluorescence intensity measured. The
fluorescence intensity of ThT alone (without oligo) was also recorded to subtract
the background interference. The percent displacement of ThT was calculated using

the equation:

F; Fb]
FIO + F,

ThT Displacement (%) = 100 — [100 X

Where Fj is the fluorescence of the oligonucleotide + ThT sample in the presence
of G4 ligand, Fj, is the fluorescence of the oligonucleotide + ThT sample in the

absence of G4 ligand, and Fy is the fluorescence of ThT alone.

2.3.5.3 Fluorescence Titration Assay

All oligonucleotide samples were subjected to serial dilution, and each reaction was

performed in a set of duplicates, with a final reaction volume of 50 pl per well in a
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Corning half-area 96-well black plate. The final well in series served as a blank
control and did not contain an oligonucleotide. The ligand (BRACO-19) solution
was titrated with the oligonucleotide solution, and the fluorescence response was
monitored. Fluorescence emission was measured at 440 nm with excitation at 360
nm. The fluorescence signal recorded from the blank control well was used to
subtract from all other wells, to avoid any interference from buffer components.
Data was analyzed using Sigma Plot 15.0 software (Systat Software, Chicago, IL,

USA). The equilibrium binding was modeled using the following equation:

f= Bmax1 X abs (x) I Bmaxz2 X abs (x)
K41 X abs (x) Kg, X abs (x)
Where Bmax, and Bmax, denote  the ~ maximum  number  of  binding

sites, Kq, and Kg, denote the equilibrium dissociation constants.

2.3.5.4 Fluorescence spectroscopy

Steady-state fluorescence measurements were conducted on a Fluorolog®-3
Spectrofluorometer (Horiba Scientific, Jobin Yvon, Palaiseau, France), controlled
via FluorEssence software. Oligonucleotide solutions were titrated into the protein
samples (5 uM) with increasing nucleic acid-to-protein (N/P) ratios ranging from 0
to 2.0 at 25 °C. Emission spectra were recorded from 285 to 420 nm, with excitation
at 274 nm, corresponding to tyrosine absorption. Data were processed and analyzed

using OriginPro (OriginLab Corporation).

2.3.6 Isothermal titration calorimetry assay (ITC)

Isothermal titration calorimetry (ITC) is a valuable and highly robust technique
providing information about the molecular interactions and binding affinities of
nucleic acid and ligand molecules and depicting a complete thermodynamic profile
of this macromolecular interaction[132,133]. ITC has established a promising role
in studying a wide range of biomolecular interactions and a key role in affinity-
based small-molecule screening, offering a reliable approach to determine the
affinity between two interacting molecules[133—-135]. A major advantage offered
by ITC is the absence of modification requirements for interacting partners, such

as the use of fluorescent tags or solid surface immobilization.
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The technique utilizes a sensitive calorimeter that directly measures the heat
absorbed or released during the binding events due to the interaction between two
molecules[133]. The heat measured enables the determination of important
thermodynamic parameters, including association constant (K,), stoichiometry (n),
enthalpy (AH), and entropy (AS). These parameters are calculated using the
equation:

AG = - RT InKa= AH - TAS

Where AG is the Gibbs’ free energy, R is the universal gas constant, and T is the
temperature.

The microcalorimeter contains two cells: a reference cell and a sample cell. The
reference cell is filled with degassed water while the sample cell is filled with the
sample of interest, into which the binding molecule is introduced gradually using
an injection syringe (Figure 2.5). A heat-sensing device evaluates the temperature
difference between these two cells. Initially the temperature difference is zero,
which changes upon injection of reactant into the sample cell, as the interaction
takes place between the sample and reactant. The temperature difference arises due
to the heat change taking place upon binding interactions between the two, which
is recorded by the calorimeter[136]. This is reported to the heaters, which restores
the temperature difference between the reference and sample cell. The observed
heat change is recorded after each injection in an individual reaction, which is
plotted against the time of injection to generate a binding isotherm (Figure 2.5).
The key thermodynamic parameters are then subsequently derived from this
binding isotherm[137].

In the present thesis work, oligonucleotides were added into the sample cell into
which the ligand molecule was titrated, both of which were prepared in the same
1x KPOj4 buffer. All the calorimetric titrations were carried out at 25 °C by injecting
1.77 ul - 1.66 pl aliquots of ligand solution into oligonucleotide sample solution at
120 s intervals, for a total of 22 injections. A separate reaction was performed by
titrating the ligand solution at same concentration into the buffer solution to analyze
the heat of dilution, for each experiment. The binding isotherm generated from this

ligand-buffer titration was subtracted from that of ligand-sample titration and fitted
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with appropriate binding equation of two-site binding mode provided in the
MicroCal Origin software version 7 (Microcal Software Inc. Northampton, MA,

USA) which yielded the reaction binding constants.
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Figure 2.5. Workflow depicting an ITC titration to generate a binding
isothermogram. (Adapted from Biorender)

2.3.7 Reporter gene assay

Reporter gene assays are frequently utilized to investigate gene expression and
regulation. This technique relies on the usage of a reporter gene, placed downstream
of a regulatory target sequence. Based on the activation or repression of this target
sequence, the expression of the reporter gene changes, which can be quantified
using different detection methods[138]. The detection methods are straightforward
and typically include easily detectable gene products such as luminescence or
fluorescence, making the technique quite convenient and reliable. Reporter gene
assays are widely used to examine the impact of G4 structure formation on gene
expression. This is achieved by linking a G4-forming sequence to a reporter gene
sequence, such as Green Fluorescent Protein (GFP) or luciferase, and analyzing it
through reporter gene expression. Additionally, the addition of ligands on G4
structures can stabilize them, resulting in impeding the progression of ribosomal
assembly, and regulating the translation process. This can aid in analyzing the effect
of small molecules on stabilization of G4 structures in vivo[139]. Standard reporter-
based assays include the luciferase assay, [P-galactosidase assay, and green
fluorescent protein (GFP) having detection methods of luminescence, color and

fluorescence.
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In our experimental setup, we have utilized the monomeric teal fluorescent protein
(mTFP) gene as a reporter gene. We have employed a molecular cloning-based
strategy to insert the G4 motif adjacent to the mTFP gene and assessed the effect of

its stabilization through reporter gene expression upon ligand exposure.

Cloning

This method employed recombinant molecular cloning, involving restriction
digestion, ligation, and subsequent bacterial transformation. Herein, the vector
(either pPCAG-mTFP/ mTFP-pET43a+) was digested with the restriction enzymes
Ndel and Xhol. The G4 motif was inserted right after the mTFP gene start codon
using an overhang-containing, G4-specific forward primer incorporating an Ndel
restriction site, and a common reverse primer having an Xhol restriction site. The
insert which was the amplified G4-mTFP PCR product (~728 - 735 bp) was gel
extracted, and both insert and vector were double digested using the same
restriction enzymes. The digested fragments were then ligated in a 3:1 ratio of
insert: vector using T4 DNA ligase. The ligation product was subsequently
transformed into E. coli DH5a strains, and positive colonies were confirmed by
colony PCR. The resulting positive plasmids were isolated, and further validated

by double restriction digestion and plasmid PCR.

mTFP expression analysis

In Escherichia coli cells

The recombinant G4-mTFP-pET43a" constructs were transformed into E. coli
Rosetta strain. A primary culture was grown overnight at 37 °C from these
transformed cells and used for inoculating a secondary culture. The secondary
culture was grown till O.D.soo = 0.3 and treated with the ligand at the specified
concentration for 45 mins. Thereafter the mTFP protein expression was induced
using 0.5 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG) for 4 hours. After
that, the cells were harvested, fixed using 5% paraformalydehyde and mounted on
a glass slide and covered with a cover-slip. The slides were then visualized using
confocal microscopy (Olympus), and acquired images were analyzed using

Olympus Fluoview software.

52



In HEK293T cells

The recombinant pCAG-G4-mTFP constructs were transfected in human
embryonic kidney (HEK293T) cells, using the calcium phosphate method in a six-
well plate provided with coverslips. The cells were subsequently treated with
specified concentrations of the ligand after 4 h of transfection, and the mTFP
expression level was observed after 24 h of treatment using a fluorescence
microscope. Imagel software was used for comparative fluorescence intensity
analysis. Statistical significance was determined using a Two-Way ANOVA to
identify significant differences between untreated and treated sets of wild-type and
mutant samples. Data were analyzed using GraphPad Prism software version 8.0.2

and represented as mean + SD.

2.3.8 Growth Inhibition assay

A growth inhibition assay is most commonly used to evaluate the effectiveness of
compounds, such as antibiotics, small molecules or ligand in preventing the growth
of bacteria. The change in bacterial growth can be monitored, either visually or
through optical density measurements and accordingly determine the minimum
inhibitory concentration (MIC) of a compound and assess its antibacterial efficacy.
In the work presented in the thesis, we performed MTT assay to analyze the

inhibitory effect of G4 binding ligand on bacterial growth.

MTT growth inhibition assay

MTT assay is a colorimetric assay utilized to assess cell viability and
proliferation[140]. MTT is a yellowish, water soluble tetrazolium salt 3-(4,5-
dimethylthiazol)-2,5 diphenyl-tetrazolium bromide which gets enzymatically
converted to formazan, a water-insoluble form, in metabolically active

cells[141,142]. The MTT assay can be divided into two stages:

Stage 1: The conversion of MTT to intense purple-blue colored formazan in viable
cells by the dehydrogenase enzymatic activity of live cells. This formazan and

forms insoluble crystals upon cellular interaction[143].

Stage 2: Dissolution of formazan crystals for spectrophotometric quantification.
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One of the advantages offered by this assay includes the simultaneous measurement
of multiple samples using a 96-well-plate reader[144]. MTT assay was performed
for investigating the inhibitory effect on A. baumannii cell growth upon exposure
to the ligand (BRACO-19). The bacteria were cultured in BHI broth media at 220
rpm, 37 C until they reached O.D.s00 = 0.5. Then, the culture was diluted to O.D.s00

= 0.08 using fresh media. This culture was then again diluted 150 fold using fresh
media, and 50ul was transferred to each well of a 96-well plate. Dilutions were
prepared from the stock solution (400 uM) of BRACO-19 using fresh BHI media
and added to the respective wells, of which last well served as blank (without
ligand). The experiment was performed in triplicates. The plates were incubated at
37 °C for 24 h, post which, 10 pl of MTT (stock solution of 10 mg/ml) was added
to each well and incubated further for 4 h. The formazan crystals were dissolved by
addition of 100 pl DMSO, and absorbance was recorded using a microplate reader

(BioTek) at 570 nm. The data obtained was analyzed via Graphpad Prism software.

2.3.9 Total RNA isolation and cDNA synthesis

Total RNA isolation and cDNA synthesis involves a two-step protocol. In the first
step, total RNA was extracted TRIzol reagent (Invitrogen) from bacterial cells, both
ligand-treated and untreated sets by centrifugation and washing steps to isolate
purified RNA. The concentration and purity of isolated RNA were measured using
a Nanodrop (Thermoscientific) and quantified in ng/ul and A260/A280,
respectively. In the second step, 2 ng of purified RNA was used as a template for
cDNA synthesis a 20 pl reaction by PrimeScript cDNA synthesis kit (Takara Bio

USA, Inc.) according to the manufacturer's instruction (Figure 2.6).
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Figure 2.6. Schematic workflow depicting a two-step RT-PCR reaction. (Adapted
from Biorender)

2.3.10 Quantitative reverse transcription PCR (qRT-PCR)

gRT-PCR is a sensitive and modified version of the normal PCR reaction used to
detect and quantify RNA levels, reflecting the differential gene expression. The
technique involves the conversion of RNA to its complementary DNA (cDNA)
using reverse transcriptase enzyme, which then serves as a template for PCR
amplification. The amount of DNA product is detected in real-time during each

cycle using either fluorescent dyes or probes[145].

Fluorescent Dyes
These are non-specific sequence-independent dyes that intercalate into the
amplified dsDNA and emit a fluorescence signal. The fluorescence intensity

increases with increasing DNA amplification over time[146].

DNA Probes

These are sequence-dependent probes that are labeled with a fluorescent reporter
dye and a quencher. The probe and the quencher bind to the specified sequence in
the amplified DNA, and when the probe is encountered by the polymerase, the
reporter dye is cleaved. Upon separation of the probe from the quencher,

fluorescence signal is emitted (Figure 2.7)[146].

In the current thesis work, we used a fluorescent dye-based (SYBR-Green) system
to detect gene expression. SYBR-Green is a nucleic acid intercalating fluorophore
which binds with the dsDNA and emits fluorescence to be detected by the

fluorescence detector.
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We employed qRT-PCR to investigate the difference in gene expression of A.
baumannii G4 harboring motifs on treatment with G4 binding ligand: BRACO-19.
The reaction was carried out out in a PCR master reaction mix consisting of 1X
iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories, Inc.)/Applied
Biosystems PowerUp SYBR Green Master Mix, 0.5 uM of each primer and 10 - 50
ng of cDNA as the template. The final reaction volume was kept 10 — 20 uL in a
96-well PCR plate and reaction was performed on a QuantStudio 3 Real-Time PCR
System (Applied Biosystems, USA), with 16S rRNA serving as the housekeeping
gene. All the samples for the PCR reaction were prepared in duplicates, and the
expression of the 16s rRNA was used as a reference for data normalization.

The thermo-cycling conditions used were as follows: initial hold of 2 mins at 50°C;
initial denaturation at 95°C for 10 mins followed by 40 cycles of 95°C for 15 s and
60°C for 1 min, and a final extension at 72°C for 10 mins. Data were analyzed using
the comparative AACt method. The proportionate change in gene expression was
assessed by change in expression of the target gene in treated as compared to
untreated. Statistical analysis was performed using unpaired t-test in GraphPad

Prism v 8.0.2 (GraphPad Software, San Diego, CA).
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Figure 2.7. Diagrammatic representation of steps of a qRT-PCR reaction. (Adapted
from Biorender.)

2.3.11 Biofilm Formation

Biofilm formation is a key stress response mechanism adopted by bacteria, aiding
their survival in adverse conditions, and acting as a major contributor to
antimicrobial resistance. Biofilm formation can occur both on biotic and abiotic
surfaces[147].

In this study, we examined the ability of 4. baumannii establish biofilms on glass
coverslips, to assess effect of G4 binding ligand in particular. A 0.4 McFarland
suspension of A. baumannii was diluted hundred-fold in BHI broth, then treated
with BRACO-19 (25 uM, 12 puM, 6.25 uM). The treated and untreated sets of
bacterial cells were incubated undisturbed on coverslips placed in a 12-well plate
for 48 h 37 °C in presence of 5 % CO- (Figure 2.8). Following incubation, the cells
were fixed using 4% paraformaldehyde, stained with DAPI (10 pg/ml), and

57



visualized using a confocal laser scanning microscope with Z-stack imaging.

Acquired images were processed using FluoView software.

e

Bacterial Biofilm

Figure 2.8. Diagrammatic representation of bacterial biofilm formation in a 12-
well plate.

2.3.12 Cloning and expression of Hfq protein

The hfq gene (A1S_3785) from Acinetobacter baumannii was amplified by PCR
and cloned into the Ndel and Xhol restriction sites of the pET-43.1a(+) vector
representing the full-length Hfq protein. A truncated version of Hfq (Hfq ACTD)
was similarly amplified, using the same forward primer and an alternative reverse
primer, and then cloned in a similar manner. Both constructs were expressed in
Escherichia coli Rosetta cells. Cultures of recombinant E. coli Rosetta were grown
overnight in Luria Bertani broth at 37 °C. Protein expression was induced by adding
0.25 mM isopropyl B-D-thiogalactopyranoside (IPTG) to the cultures at O.D.s00 =
0.8, followed by incubation for 16—18 hours at 18 °C. Cells were harvested, washed
with 1x PBS, and resuspended in a lysis buffer containing 50 mM Tris (pH 7.5),
IM NaCl, 1M urea, | mM [-mercaptoethanol, 5% glycerol, 1 mM PMSF,
0.1 mg/ml DNasel, and 1M MgCl.. After vortexing, homogenization, and
sonication, the lysate was clarified by centrifugation. The supernatant was heated
at 95°C for 15 minutes, centrifuged again, treated with RNase A (30 pg/ml) at
37 °C for 1 hour, and re-clarified. The recombinant proteins, fused with a His-tag,
were purified using Ni-NTA agarose column after the lysate was loaded onto a pre-
equilibrated Ni-NTA column and allowed to bind for 1 h. The column was then

washed with buffers containing 50 mM and 100 mM imidazole, and the
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recombinant protein was eluted using a buffer with 500 mM imidazole. Eluted
fractions were pooled and dialyzed against a buffer containing 50 mM Tris (pH 7.5),
350 mM NH4Cl, 1 mM EDTA, 0.05 % Triton X-100, and 5% (v/v) glycerol. The
purified proteins were visualized by running SDS-PAGE 15 % (for full-length Hfq)
and 18 % (for Hfq ACTD) gels. Protein concentrations were determined by
measuring absorbance at 280nm, using an extinction coefficient (¢ =
2980M'cm™)  calculated  with  the  Expasy  ProtParam  Tool
(https://web.expasy.org/protparam/).

2.3.13 Viral Cellular Assays
The Japanese Encephalitis Virus (JEV) isolate Vellore P20778 (GenBank accession
no. AF080251) was propagated in C6/36 cells.

Virus infection and Cell viability assay

All viral infection studies were carried out by exposing cells to JEV in incomplete
growth medium at specified multiplicity of infection (MOI) for 1 h. Subsequently,
cells were washed with 1X PBS and replenished with complete medium. Cells were
administered with specified BRACO-19 concentrations for 24 h post-infection.
Cells were then harvested for cell viability assays, RNA isolation, and Western blot
analysis, while culture supernatants were stored for virus titration using plaque

assay. Each experiment was performed in biological triplicates.

Cell viability was assessed using the CellTiter-Glo® assay kit following the
manufacturer’s instructions. The percentage of cell viability was calculated

according to the following equation:

ATP luminescence of experimental condition
x 100

ATP luminescence for untreated control

The values were normalized to the values of the untreated control.

RNA isolation, gRT - PCR, and Western Blotting

Total RNA was isolated using TRIzol reagent. cDNA was synthesized using Bio-
Rad iScript cDNA synthesis kit. Quantitative real-time PCR (qRT-PCR) was carried
out on a QuantStudio 6 system (Applied Biosystems) using SYBR Green dye to

59


https://web.expasy.org/protparam/

quantify JEV RNA levels, with GAPDH serving as the internal control. Each qRT-
PCR reaction was performed in duplicates.

For Western Blot analysis, cells were lysed in ice-cold lysis buffer for 1 h at 4 °C
and supernatant containing the protein was collected. The lysis buffer consisted of
150 mM NacCl, 1 % Triton X-100, 50 mM Tris-HCI (pH 7.5), 1 mM PMSF, and a
protease inhibitor cocktail. Protein concentration in the stored cell lysates were
quantified using the BCA assay. Prior to electrophoresis, samples were denatured
by heating at 95°C for 10 mins in 5X loading dye (40% glycerol, 20% p-
mercaptoethanol, 0.04% bromophenol blue, 6% SDS, 0.25M Tris-HCI, pH 6.8).
Equal amounts of protein were loaded onto SDS-PAGE gels and transferred to
PVDF membranes for immunoblotting. Blots were visualized using the Bio-Rad

Gel Doc XR+ system, and band intensities were quantified using ImagelJ software.
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Chapter 3

Characterization of G-quadruplex structures in genes
involved in survival and pathogenesis of Acinetobacter

baumannii as potential drug targets

3.1 Introduction

As per the World Health Organization (W.H.O.), multidrug-resistant (MDR)
bacterial infections are among the top 10 growing threats to human health. This
ever-increasing concern has raised apprehension about the emergence of
community-acquired and nosocomial infections. The most commonly reported
bacteria accounting for MDR-related nosocomial infections include Acinetobacter
baumannii, Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Pseudomonas aeruginosa, and Enterobacter sp. among which 4. baumannii tops
the critical priority pathogen list[148—150]. A. baumannii belongs to the genus
Acinetobacter which comprises of ~50 species and stands as one of the most
important pathogens amongst the genus, with high mortality rate[151]. The bacteria
has a unique ability to survive in the hospital environment and develop resistance
to antibiotics, hence leading to troublesome hospital outbreaks and therapeutic
challenges for reported infections[152]. The bacteria are primarily found to
colonize the skin and fluid-filled organ systems of the body such as the oropharynx,
respiratory secretions, and the digestive tract[153]. The occurrence of infection
caused by this bacteria is comparatively higher among immunocompromised
individuals, particularly those having a longer duration of hospital stay[154]. The
notorious pathogen, A. baumannii has developed extensive resistance to most first-
line drugs leaving only a few therapeutic options available for treatment. The
available options include Polymyxins (Colistin), certain Tetracyclines
(Tigecycline), Carbapenems, and specific combinatorial therapies. However, these
options also come with the complications of adverse side effects or limited clinical

data[155]. Therefore, developing effective therapeutic strategies to combat
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infections associated with these resistant strains of 4. baumannii still remains a
challenge and needs to be dealt with urgently.

Nucleic acid-based therapeutics have recently emerged as a novel strategy to
combat human diseases[156—159]. In recent times, along with the duplex canonical
form of nucleic acids, various non-canonical structures are being reported to be
formed in eukaryotes and prokaryotes[2,160,161]. Among the multiple non-
canonical structures, G-quadruplexes (G4s) are the most stable and are involved in
the regulation of gene expression in the genomes of mammals[162], viruses[158],
bacteria[163,164], protozoa[165], and plants[166,167]. Owing to their crucial
involvement in normal cellular functioning and physiology, which is based on their
location in the genome, these structures have attracted considerable attention. G4s
are actively involved in human diseases such as cancer[168], neurodegenerative
diseases[169], and pathogenic infections[170]. Varied roles have been reported for
G4s in bacterial pathogens including the regulation of gene expression in host-
pathogen interactions, efflux pumps, nutrient metabolism, etc., contributing to
virulence and the survival of the pathogen[171-173]. However, information
regarding the importance of these structures in bacterial genomes and their efficacy
as therapeutic targets for bacterial infections is inadequate. Studies focusing on the
role of these secondary structures have been reported for commonly associated
pathogenic bacteria, namely N. gonorrhoeae, implicating the role of G4 in antigenic
variation[174], gene regulation in E. coli[175], biofilm formation in P. aeruginosa,
secretion system in M. tuberculosis[172], etc. These structures are also frequently
associated with nutrient absorption and metal transport in Paracoccus
denitrificans[176], Salmonella enterica[160], and Helicobacter pylori[177]. The
promoter regions of Klebsiella pneumoniae are also reported to harbor G-
quadruplex motifs that regulate their respective gene regulation. The genome of
Neisseria meningitidis[171] and Vibrio cholerae[178] are also enriched in the G4
motifs and are associated with essential functions, including pathogenesis. Though
some bacterial genomes are explored for the role of G-quadruplex motifs, a large
number of them are yet to be investigated, 4. baumannii is one of them. Most of

the bacterial genomes explored to date for the role of G-quadruplex motifs were
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GC-rich, while A. baumannii has a relatively low GC content (39%). Their location
and function in this pathogen would help elucidate the importance of these non-
canonical structures in microbial genomics.

In the present chapter, the characterization of evolutionary conserved G4 motifs
was performed in the nosocomial pathogen’s genome using bioinformatics,
biophysical, and cellular-based assays. We identified eight G4 motifs in the genome
of A. baumannii that play a critical role in bacterial growth, biofilm formation, and
pathogenesis. According to existing literature, the formation of DNA G4s within
putative G4- forming sequences (PGQPGQs) can be correlated with the formation
of corresponding RNA G-quadruplex structures due to sequence homology. The
usage of DNA sequences for G-quadruplex investigations is usually preferred due
to their efficiency and cost-effectiveness, providing a foundation for the analysis of
analogous RNA sequences. Consistent with this approach, DNA oligonucleotides
were employed in our in vitro analyses to simulate the G4s in the Acinetobacter
baumannii genome. All eight selected G-quadruplex motif sequences were able to
form stable secondary structures in vitro and in vivo. The G-quadruplex-specific
small molecule, BRACO-19 showed strong affinity and selectivity towards the
PGQs and negatively affected the expression of G-quadruplex harboring genes.
Collectively, this study reinforces the credible role of G-quadruplex structures in A.
baumannii genome attracting attention towards targeting of G-quadruplex

structures in this bacterium as a therapeutic strategy.
3.2 Material and Methods

3.2.1 Genome mapping and prediction of G-quadruplex forming motifs
Completely sequenced strains of A. baumannii were retrieved from the NCBI

Genome  database  (http://www.ncbi.nlm.nih.gov/genomes).  G-quadruplex

predictions were performed by using our previously established in-house G-
quadruplex prediction tool available at G41PDB
(http://people.iiti.ac.in/~amitk/bsbe/ipdb/index.php)[99]. To mine the putative G-

quadruplex sequences in 4. baumannii, the tool performed predictions using the

following regular expression:
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where G refers to Guanine, T is the length of consecutive Guanine tract, N is any
nucleotide including Guanine. L1, L2, and L3 are the variable loop lengths ranging
from 1 to 20.

Both sense and antisense strands were explored for putative G-quadruplex motifs
in the query sequence. Every prediction was listed and scrutinized for its location
in NCBI GenBank. The resultant PGQ motifs were then gene annotated for their
functions in the genome of the A. baumannii strains using NCBI Database Graphics
mode. The G4Hunter tool based on GC skewness was also utilized with varying
thresholds for the G-quadruplex prediction. The Circos plots were created using

ShinyCircos tool.

3.2.2 Oligonucleotide sample preparation

The desalted DNA oligonucleotides were procured from Sigma-Aldrich (St. Louis,
MO, USA) and Integrated DNA Technologies (Coralville, lowa, USA). Stock
solutions of 100uM each were prepared by dissolving the lyophilized samples in
water as per the manufacturer’s protocol. Before each set of experiments, the
oligonucleotide samples were allowed to slowly reanneal at room temperature for

2 hours after the denaturation at 95 °C for 10 mins.

3.2.3 One-dimensional '"H NMR spectroscopy

Proton NMR experiments were performed by using AVANCE 500MHz (BioSpin
International AG, Switzerland). The spectra were recorded in a 9:1 ratio of H2O:
D0 solvent at 298 K with 20 ppm spectral width. All AB_PGQs were dissolved in
KPO4 buffer (10 mM, pH 7.5, 80 mM K") at a final concentration of 200 pM, and
Sodium trimethylsilylpropanesulfonate (DSS) was chosen as the internal reference.
NMR data were processed and analyzed by Topspin v4.0.6 software (academic
license).

For the BRACO-19 peak broadening analysis, each AB_ PGQ was gradually added
to 400 uM of BRACO-19 solution containing 80 mM KCIl in the subsequent steps
according to the specified D/N ratio.
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3.2.4 G-quadruplex probe light-up assay

Thioflavin T (ThT, 2 uM) was used as a G-quadruplex probe and was added to 5
uM AB-PGQs and their respective mutants. Fluorescence intensities were collected
at 495 nm using an excitation wavelength of 425 nm in a half-area black plate

(Corning) using the BioTek microplate reader Synergy H1 system.

3.2.5 Circular Dichroism (CD) Spectroscopy

CD experiments were performed for each oligonucleotide in Tris-Cl buffer (10 mM,
pH = 7.4) containing K" at 25 °C using Jasco J-815 Spectropolarimeter (Jasco
Hachioji, Tokyo, Japan). The spectra were recorded in the wavelength ranging from
220 to 320 nm with a scanning rate of 50 nm/min in a quartz cuvette of 1 mm path
length. The final concentration of all oligonucleotides was 20 uM in a final sample
volume of 200 pl. Baseline correction using the buffer alone was performed before
each experiment. The CD spectral titration analysis was also performed with an
increasing concentration of BRACO-19. Recorded spectral data was then

normalized and plotted with the help of Sigma plot 14.0 software.

3.2.6 UV Thermal denaturation analysis

Thermal denaturation experiments of AB_ PGQs were carried out on a Perkin Elmer
Lambda 35 spectrophotometer equipped with a Peltier temperature programmer
(PTP 6+6) and water Peltier system PCB-1500. Melting curves of the AB_PGQs
were collected at a heating rate of 1 °C/min in increasing concentrations of KCI.
Melting of AB_ PGQS was also recorded in the presence of BRACO-19 up to a ratio
of D/N = 2, where D is the Drug (BRACO-19), and N is the Nucleic Acid
(AB_PGQs). The fraction of DNA unfolded was plotted as a function of

temperature using Sigma plot 14.0 software.

3.2.7 Gel retardation assay

Native polyacrylamide gel electrophoresis (PAGE) was performed to assess the
molecularity of AB_PGQs. 20% native polyacrylamide gel was cast and run in 1X
TBE (Tris-Borate- EDTA) buffer containing 80 mM K™ at 4 °C in a Bio-Rad Mini
protean Tetra Vertical Electrophoresis unit at a voltage of 70 V. All the AB_PGQs

were diluted to a final concentration of 20 uM in K* containing buffer. Linear DNA
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oligonucleotides of the same length as that of AB PGQs served as negative control
and standard G-quadruplex forming sequences (ckit22-G4), and its mutant served
as a positive control, both of which were prepared under the same parameters as
that of AB PGQs. The gel was visualized using ImageQuant LAS4000 (GE
Healthcare, Biosciences Ltd, Sweden) instrument after staining with Ethidium

Bromide (EtBr).

3.2.8 Steady-state fluorescence titration study

Fluorescence titration experiments were carried out on a Synergy HI multi-mode
microplate reader, and titrations were performed in a 96-well corning half-area
black plate. All the measurements were collected at 25 °C. 5 nM BRACO-19
solution was prepared in KPO4 buffer (10 mM, pH 7.5, 80 mM K") and 20 uM
solution of oligonucleotides in the same buffer. For the fluorescence titration study,
ligand was added to each of the 12 wells. Gradually, the oligonucleotide was titrated
in each well, starting from the first well except the last one that served as blank.
Reaction for every PGQ was performed in duplicates with the final reaction volume
of 75 pL. Fluorescence was observed at excitation maximum (Aex = 360 nm of the
BRACO-19 molecule) and emission (Aem = 440 nm)[179]. The change in emission
fluorescence (AF) for all datasets was normalized to the last well (containing no
DNA), and the data obtained from the experiment were analyzed using Sigma Plot
14.0 software (Systat Software, Chicago, USA). Two-site saturation model was
used to extrapolate the curve between AF and DNA concentration. The following
equation was employed to fit the data for two receptor binding sites, which provided

two different binding affinities, Kq1 and Kq>.

__ Bmaxi1 X abs (x) Binaxz2 X abs (x)
Kgq1 X abs (x) Kq» X abs (x)

f

where Bmax = maximum number of binding sites and Kq = equilibrium dissociation

constant.

3.2.9 Isothermal titration calorimetric (ITC) analysis
To determine the binding affinity of BRACO-19 with the AB_PGQs ITC analysis
for all eight AB_PGQs, and a linear DNA was performed using MicroCal iTC200
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calorimeter (GE Healthcare, Biosciences Ltd., Sweden). All the oligonucleotides
were dissolved in 50 mM K" containing KPO4 buffer at the final concentration of
17 uM. 1 mM solution of BRACO-19 dissolved in the same buffer was titrated 22
times against the oligonucleotide added to the ITC cell with an initial injection of
0.4 ul followed by 1.77 ul of the ligand at each step for a duration of 3.54 s at 25
°C. 120 s gap was kept between each injection. The heat of dilution of the ligand
was estimated by titrating the same concentration of ligand in the buffer and
thereafter subtracting it from the binding isotherms of the oligonucleotide
sequences before the curve fitting analysis. Data was obtained in triplicates and
analyzed for the determination of association constant by its two-site binding model
analysis using Origin scientific software version 7 (Microcal Software Inc.

Northampton, MA, USA).

3.2.10 Acinetobacter baumannii growth inhibition assay

The minimum inhibitory concentration of BRACO-19 for 4. baumannii was
evaluated using an MTT-based growth inhibition assay, as per the modified protocol
mentioned elsewhere[180,181]. BRACO-19 dilutions were prepared in BHI media
from the freshly prepared solution of 400 pM and were added to the respective
wells; the last well served as blank. The bacteria were cultured in BHI broth media
(HiMedia) until they reached O.D.s00 = 0.5. Then, they were diluted to an optical
density of 0.08 using fresh BHI media. This culture was then diluted 150 times
using fresh BHI media, and 50 pl was transferred to each well of a 96-well plate.
The experiment was performed in triplicates. The plates were kept at 37 °C for 24
h, and thereafter 10ul of MTT (stock solution of 10 mg/ml) was added and
incubated further for 4 h. The formazan precipitate formed was then diluted using
100 pl DMSO, and the change in absorbance was recorded using a microplate
reader (BioTek) at 570 nm. The data obtained was analyzed via Graphpad Prism

software.

3.2.11 mTFP-based reporter assay
The AB_PGQ motifs were cloned just after the start codon of the mTFP gene using

the forward primer containing Ndel site and a reverse primer with XAol site in their
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flanking regions. The PCR amplified product and pET43a" were then digested with
both restriction enzymes and ligated using T4 DNA ligase. The ligated product was
then transformed into the DH5Alpha strains of E. coli. The cloned plasmid from the
positive colonies was then isolated and transformed into the Rosetta strains. The
secondary culture was grown till O.D.so0 = 0.3 and incubated with BRACO-19
(12.5 uM) for 45 mins. Thereafter the protein expression was induced using 0.5
mM Isopropyl B-D-1-thiogalactopyranoside (IPTG) for 4 hours. Then cells were
harvested, fixed by using 5% paraformalydehyde, and mounted on a glass slide.
The slides were then visualized using confocal microscopy (Olympus). Statistical
significance was calculated using t-test to determine significant differences
between untreated and BRACO-19 treated samples. Data was analyzed using

GraphPad Prism software version 10.2.1. and represented as mean + SEM.

3.2.12 Total RNA isolation and cDNA synthesis

A. baumannii was grown in 25 ml of BHI media overnight at 37 °C at 220 rpm. The
50 ml BHI media was inoculated with 1% inoculum from overnight culture and
incubated at 37 °C at 220 rpm. At O.D.00 = 0.5, 2 ml of culture was then taken and
added to two separate culture tubes for untreated and treated cells, wherein 12.5
uM of BRACO-19 (dissolved in water) was added to the treated set. Both the sets
were incubated at 37 °C, 220 rpm for 2 h. Post 2 h, samples were centrifuged at
6000 rpm and immediately preceded for RNA isolation using TRIzol reagent
(Invitrogen) according to the manufacturer's instructions. The concentration and
purity of the isolated RNA were measured using a NanoDrop (Thermo Scientific)
as ng/ul and Azeo/A2so, respectively. Subsequently, 2 ug of total RNA from each
sample was used for cDNA synthesis in a 20 pl reaction using PrimeScript cDNA

synthesis kit (Takara Bio USA, Inc.) according to the manufacturer's instructions.

3.2.13 Gene expression profiling using real-time quantitative PCR

Quantitative Real-Time PCR (qRT-PCR) was carried out in a PCR master mix
containing iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories, Inc.). 0.5
uM of each primer (Table Al) and 5 pL of cDNA template was added in a final
reaction volume of 20 pL in a 96-well RT-PCR plate in QuantStudio 3 (Applied
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Biosystem, USA). All the samples for the PCR reaction were prepared in
duplicates, and the expression of the 16s rRNA housekeeping gene was used as a
reference. The thermo-cycling condition used in qRT-PCR was as follows: initial
hold of 2 mins at 50 °C; initial denaturation at 95 °C for 10 mins followed by 40
cycles of 95 °C for 15 s and 60 °C for 1 min, and a final extension at 72 °C for 10
mins. Data were analyzed using the comparative AAC; method, where C; values of
each sample were normalized concerning the control. Statistical analysis was
carried out between untreated and BRACO-19 treated samples using t-test, using

GraphPad Prism software version 10.2.1. Data was represented as mean + SEM.

3.2.14 Biofilm formation assay

A. baumannii was grown in 25 ml of BHI media overnight at 37 °C at 220 rpm. 1%
inoculum from this overnight culture was then used to inoculate 50 mL of BHI
media and incubated at 37 °C at 220 rpm till O.D.s00 = 0.4. The culture was then
diluted 100 times and divided into four sets which were treated with 25 pM, 12 pM,
6.25 uM of BRACO-19, and an untreated control on the coverslip in a 12-well
plate. All four sets were then incubated at 37 °C. After 48 h, the culture was
discarded from the wells, and 1 ml of 4% paraformaldehyde (HiMedia) was added
to each well and incubated at 37 °C for 1 h. Subsequently, 10pg/ml DAPI prepared
in 1% PBS was then added to each well and again incubated for 2-3 h at 37 °C with
5% COz. The coverslips were then carefully taken out from the wells and mounted
on the glass slides, and biofilm formation was visualized through Z-scanning
performed using confocal microscopy, and analyzed using Olympus Fluoview
software. The experiment was performed in duplicates. between untreated and
BRACO-19 treated samples. Statistical difference between the control and treated
sets was calculated using one-way ANOVA. Data were analyzed using GraphPad

Prism software and were represented as mean + SEM.
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3.3 Results

3.3.1 Mining of Conserved Putative G4-forming Sequences in Acinetobacter
baumannii

A. baumannii has a genomic length of ~3.97 Mb and a GC content of ~39 %. G-
quadruplex structures can be formed by motifs having two, three, or four Guanine
tracts. Since G-quadruplexes can modulate promoter activity and gene expression
when formed on either strand, both sense and antisense strands were evaluated
using our previously established G4 prediction tool. We first checked the presence
of G-quadruplex motifs in the reference genome of A. baumannii (K09-14) using
the parameters of Guanine tract >2. The 4. baumannii genome contains a large
number of G-quadruplex motifs with a 2G-tract. Though motifs with 2G tract form
G-quadruplex conformations, the motifs with >3 G-tracts have higher propensity
and stability in-vivo. Therefore, we explored the 4. baumannii reference genome
for G-quadruplex motifs with G-tract >3 and loop length (LL) of 20 nts. The
analysis revealed a total of 49 G-quadruplex motifs in the bacterial genome. The
G-quadruplex density (G-quadruplex per 1000 bases) for the G-tract >3 and LL <20
nts was observed to be 0.0123, which was much lesser than the other explored
bacteria highlighting the scarcity of these non-canonical structures in the
nosocomial pathogen. Out of 49 motifs, 24 were in the sense strand, while 25 were
in the antisense strand (Table A2). Furthermore, we also checked the number of G-
quadruplex motifs with LL of <15, <10, <7, and <5. With a more stringent loop
length parameter, the number of G-quadruplex motifs was found to sharply
decrease, with a G-quadruplex density of 0.0108, 0.0035, 0.00075, and 0.00025,
respectively (Figure 3.1 A, B).
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Figure 3.1. (A) Number of G4 motifs represented along with their locations in A.
baumannii K09-14 genome predicted using In-house Prediction tool (G4IPDB)
represented by Circos Plot (B) G4 density (number of GQs/kilobases) of the
G4IPDB predictions.

In recent times, a few non-canonical motifs in the guanine-rich sequences having
imperfect G-tracts with bulges in them are also shown to form G-quadruplex
conformation in-vitro[182]. Therefore, to include these non-classical motifs in the
genome mining of 4. baumannii, we further explored the bacterial genome using
the G4Hunter tool. The tool predicts the G-quadruplex motifs based on Guanine
richness and skewness of the sequence and provides a propensity score. A higher
score depicts a greater propensity for G-quadruplex formation. The analysis was
performed first with a score threshold of 1.2, as they are shown to form G-
quadruplex conformation in-vitro which resulted in 4272 G4 motifs with a G4
density of 1.07. This higher density might highlight the presence of more non-
classical G-quadruplex motifs as compared to the classical ones. With the
increasing threshold, a decrease in the number of G-quadruplex motifs was
observed, resulting in 1058 with 1.4, 280 with 1.6, 62 with 1.8, and 16 with 2.0
score (Figure 3.2 A). This reflected in a G4 density of 0.266, 0.07, 0.015, and 0.004
for scores 1.4, 1.6, 1.8, and 2.0 respectively (Figure 3.2 B).
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Figure 3.2. (A) Number of G4 motifs represented along with their locations in A.
baumannii K09-14 genome predicted using G4Hunter with varying thresholds
represented by Circos Plot (B) G4 density (number of G4s/kilobases) of the G4
Hunter predictions.

The evolutionary conserved G-quadruplex motifs might act as critical therapeutic
targets as they can be used to target both drug-susceptible and drug-resistant strains
of A. baumannii. Therefore, we proceeded to perform a BLAST search using the
obtained 49 PGQs from reference A. baumannii genome, to find the highly
conserved potential G-quadruplex (AB_PGQ) motifs against all the 452 completely
sequenced 4. baumannii strains in the NCBI genome database (until September 30,
2022). We received eight unique motifs evolutionary with the conserved-ness of >
90%. On functional annotation, these eight AB_ PGQs were found to be associated
with the genes involved in essential pathways responsible for the survival and
pathogenicity exhibited by the bacteria. One of the G-quadruplex motifs
(AB_PGQ4) was located upstream of GO593 12270, a TetR family transcriptional
regulator, while the remaining conserved motifs were in the open reading frame of
various essential genes. These eight conserved G-quadruplex motifs were selected

for biophysical and biomolecular characterization (Figure 3.3, Table 3.1).
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Figure 3.3. Schematic representation of location and strand directionality of PGQs
used for biophysical characterization.
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Table 3.3.3.1. Table depicting the functional annotation and genes for AB_PGQs.

PGQs AB_PGQ1 AB_PGQ2 AB_PGQ3 AB_PGQ4 AB_PGQ5 AB_PGQ6 AB_PGQ7 AB_PGQS8
Sequence AAGTGGGC | GAACGGGT | ATTTGGGCT | GAACGGGA | ACATGGGCT | TTTAGGGGC | GATTGGGCA | ATTCGGGCT
GTGTTGGGT | ACAAGTGG | AAAGGGCA | GGGGGACA | TTCGGGACA | AGGTTTTCG | GGGTGCCGA | TTCGGGTCA
GCGGGCATG | GTAACTATA | CGGGTTTAT | CCTTCGGGT | TGGGCGGG | GGTAGGTTG | GGGCATTAT | GGCTGGGC
ATGGGTGCC | TGGGTATGA | GAGTGGGTA | GTGCTGGGT | AAGG GGTCTATGC | TTTGGGGTG | ATCGGCAAT
ATCAGGGCC | TA TTT GGGTAAA TA GGGGCGTA
GT
G4 3-hydroxyacyl- | Pilus assembly | Tetratricopepti | TetR family Aldehyde Aminotransfera | Amino acid MFS
harboring | CoA protein PilP de repeat transcriptional | dehydrogenase | se pyridoxal racemase transporter
genes dehydrogenase protein regulator phosphate-
dependent
enzyme
Gene ID GO593_03275 | GO593_04755 | GO593_08125 | GO593 12270 | GO593_14240 | GO593_14770 | GO593_18755 | Abal0324 RS
12040
Potential Fatty Acid Horizontal Transfer of Regulation of | Involved in Cellular D-amino acid Adherence and
biological | Metabolism gene transfer, bacterial efflux systems | cellular biosynthetic metabolism biofilm
role twitching virulence aldehyde pathways formation
motility, factors to host metabolic
adherence, cells, binding process
biofilm to the host cells
formation. and inhibition
of phagolyso-
somal
maturation
Position ORF ORF ORF Upstream of ORF ORF ORF ORF

gene




3.3.2 1D 'H NMR spectral analysis and increase in ThT fluorescence
intensity corroborates the formation of G-quadruplex structure in the
conserved AB_PGQs

NMR spectroscopy is considered one of the most conventional techniques for

affirming the formation of G-quadruplex structures in the solution. The canonical

DNA structures containing Watson-Crick Hydrogen bonds show a chemical shift in

the 12-14 ppm range, whereas non-canonical DNA conformations like G-

quadruplex show a characteristic chemical shift around the 10 - 12 ppm range in 'H

NMR spectra. This characteristic chemical shift is solely due to the presence of

special Hoogsteen Hydrogen bonds between the imino protons involved in the G-

quartet formation of the G-quadruplex structure[ 128]. Therefore, proton NMR was

performed for the AB_ PGQs in 80 mM K" containing KPO4 buffer. The sequences

AB PGQ-3, AB PGQ-6, and AB PGQ-7 showed a clear peak in the 10 - 12 ppm

range depicting the presence of G-quadruplex structures in the respective solutions.

The NMR spectra of AB_PGQI1, AB_ PGQ2, AB_PGQS5, and AB_PGQS8 revealed

imino proton signals originating from both Watson-Crick base pairings and

Hoogsteen base pairings. The presence of Hoogsteen 'H signals in the 10 - 12 ppm

range confirms the formation of G-quadruplex structures in the sequence.

Additionally, the appearance of Watson-Crick base pairing signals in the 12 - 13.5

ppm range may be attributed to the presence of additional hydrogen bonding

interactions between the nucleobases of the loops and/or flanking
sequences[183,184]. These extra hydrogen bond interactions might stack upon the

G4 tetrad core, contributing to the stabilization of the G-quadruplex structure

forming in the sequences. Their appearance in the NMR spectra suggests that these

interacting imino protons are protected from solvent exchange, possibly due to
specific structural properties of the loop[183,185]. In the NMR spectrum of

AB _PGQ4, in addition to the distinctive Hoogsteen 'H signals in the 10 - 12 ppm

range characteristic of G-quadruplex structure formation, two additional

resonances are observed. The appearance of the two resonances in the NMR
spectrum of AB_ PGQ4 at 12.1 - 12.3 ppm can be ascribed to the G-register (GR)

exchange. This phenomenon usually occurs in the case of extra guanosine residues
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present in G tracts (>3) resulting in sliding of G-tracts with respect to one
another[186]. This leads to the adoption of multiple folded isomers (GR isomers)
by the same sequence based on the incorporation of different Gs of the G tract in
the G-tetrad core structure[187,188]. The exchange between these GR isomers
termed as GR exchange can lead to the appearance of the imino proton peaks for
exchanges occurring relatively slowly on the NMR chemical shift timescale[186].
This is a type of dynamic conformational polymorphism of G-quadruplex structures
and has been most commonly found to be associated with promoter regions of
genes[188]. The sequence AB PGQ4 (Table 3.1) also contains such surplus
guanosines (G5 tract) in the second G-tract instead of the usual G3-tract and may

be capable of showing such dynamic conformational polymorphism (Figure 3.4).
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Figure 3.4. 1D 1H NMR spectra of AB_PGQs.
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ThT functions as a fluorescent probe that exhibits enhanced fluorescence intensity
upon exposure to G-quadruplex structures compared to non-G-quadruplex
structures. This characteristic feature of Thioflavin T was exploited for
characterizing the formation of G-quadruplex structures in AB PGQs. All the
AB PGQs showed a multiple-fold increase in the ThT fluorescence intensity as
compared to their linear counterparts. This affirmed the formation of G-quadruplex

motifs by the AB PGQ sequences (Figure 3.5).
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Figure 3.5. ThT Probe Light-up Assay of AB_PGQs w.rt. to their respective
mutants.

3.3.3 A. baumannii G-quadruplex motifs displayed varied stable topologies
and molecularity in the presence of potassium ion
G-quadruplexes can display a wide variety of topologies as are possible because of
varying combinations of the strand directions (5’ = 3”), number of G-tetrads, and
differences in the composition and size of loop bases, that are not involved in the
G-tetrad formation[189,190]. G-quadruplexes are parallel if all the strand
orientations are in the same direction, and antiparallel if half strands are in one
direction, while the other half in the opposite direction. The anti-parallel structures

can be chair or basket-type structures depending on the loop position[190—-192].
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Hybrid G-quadruplex structures are the ones that have three parallel and one anti-
parallel strands[193,194]. CD spectroscopy can be exploited for analyzing the G-
quadruplex topologies and following their structural transitions based on the
changing environmental conditions. In CD spectroscopy, parallel and anti-parallel
conformations have clear spectral signature peaks, where a negative peak at ~240
and positive peak at ~260 signifies a parallel conformation, while a negative peak
at ~260nm and positive peak at ~290 nm shows the formation of anti-parallel
topology in the solution. Other than these two, a third signature pattern in the CD
spectra where a negative peak at ~240 nm and two positive peaks, one at ~260 nm
and a second at ~290 nm shows the formation of a hybrid structure[195,196]. This
hybrid signature pattern can be a result of either a hybrid conformation or the
presence of separate parallel and anti-parallel conformations in the same solution.
G-quadruplexes are stabilized by various mono and divalent cations, in which
potassium (K") surpasses all others. Also, bacteria can survive a significant
fluctuation of K concentration ranging from 25 mM to 200 mM. Therefore, CD
spectral and melting analysis evaluated G-quadruplex topologies and stability of
AB_PGQs in the presence of K. The sequences AB_PGQI and AB_PGQS in the
presence of K™ affirmed the formation of anti-parallel topology as depicted by a
positive peak at ~290 nm and a negative peak at ~260 nm. Likewise, AB_PGQ?2,
AB PGQ3, and AB PGQ4 exhibited a parallel topology with a positive peak
around ~260 nm and negative peak around ~240 nm; AB_PGQ5, AB_PGQ6 and
AB PGQ7 exhibited a mixed/hybrid G-quadruplex topology showing a significant
positive peak at around ~260 nm, and ~290 nm with a negative peak at ~240 nm
(Figure 3.6). The increased K™ concentration further stabilized the AB_PGQs as an
increase in the CD ellipticity was observed in a concentration-dependent manner.
To determine the significance of the G-rich tract for the G-quadruplex forming
ability of AB_PGQs, the central Guanine in each tract was mutated to Thymine,
and CD spectral analysis was carried out in the presence of 50 mM K*. All the
mutants showed a negative peak at ~250 nm with a positive peak at ~270 nm and

failed to show the signature CD peaks of G-quadruplex conformation.
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Figure 3.6. CD Spectra of AB_PGQs with the increasing concentration of KCI (0 -
200 mM).

To check the stability of AB_ PGQ motifs in the absence and presence of K™ (50
mM - 200 mM), a thermal melting analysis was performed. Thermal denaturation
analysis revealed the stabilizing effect of K" on AB_PGQs as, with the increase in
the cation concentration, the melting temperature (7m) was found to increase. The
AB_PGQs displayed maximum stability at 200 mM K* concentration as the change
in melting temperature (A7m) of 18.2 °C for AB_PGQI, 12.6 °C for AB_PGQ2,
11.2 °C for AB_PGQ3, 6.3 °C for AB_PGQ4, 21.7 °C for AB_PGQS5, 21°C for
AB PGQ7 and 18.9 °C for AB_PGQS8 was observed with respect to the absence of
any cation (Figure 3.7 A, B).
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of KCI (0 - 200 mM) (B) Bar-graph depicting melting temperature from UV-Melting
study.

We further sought to assess the molecularity of these AB_ PGQs by comparing their
mobility in the native polyacrylamide gels with their respective mutant
counterparts. It is a well-established fact that the folded G-quadruplex structures
exhibit faster migration corresponding to an intramolecular topology. In contrast,
the ones that exhibit slow migration correspond to an intermolecular
conformation[197-199]. It was observed that the migration rate for AB PGQI,
AB PGQ2, AB PGQ3, AB PGQ4, and AB_PGQS5 were faster than their mutant
counterparts suggesting the formation of intramolecular G-quadruplex structure by
these PGQs. A known intramolecular G-quadruplex forming sequence, ckit22, and
its linear counterpart also showed a similar pattern[200]. Simultaneously, it was
observed that the migration rate for AB_ PGQ6, AB_ PGQ7, and AB_PGQS8 was
slower than their mutant counterparts suggesting the formation of intermolecular

G-quadruplex structures by these PGQs (Figure 3.8).
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Figure 3.8. Electrophoretic mobility shift assay of AB_PGQs.
3.3.4 The G-quadruplex specific ligand BRACO-19 showed high affinity
towards AB_PGQs
Small molecules specific for interacting and binding with G-quadruplex motifs are
widely used for the characterization of G-quadruplex forming sequences. BRACO-
19 is a G-quadruplex binding ligand that shows high specificity and affinity towards
G-quadruplex DNA[201] and has shown a high affinity towards PGQs in various
bacterial genomes such as M. tuberculosis[164], K. pneumoniae[161], and S.
enterica[160]. Therefore, we first sought to explore the binding affinity of BRACO-
19 towards AB_PGQs by using a fluorescence titration assay. This assay exploits
the intrinsic fluorescence property of the ligand molecule to determine the
interaction revealing the binding affinity between the ligand and receptor. The
differential fluorescence intensity quantifies the binding efficiency in the absence
and presence of DNA, and binding affinity is obtained in the form of the K4 value
(dissociation constant). A successful interaction between the two results in the
enhancement or quenching of the ligand fluorescence intensity (F), and the change
in fluorescence (AF) is plotted against the DNA concentration. The Kq value
obtained upon global curve fitting is then used to evaluate the binding affinity of
the ligand with each PGQ. In the current study, all the AB PGQs showed a higher
binding affinity for BRACO-19 compared to the linear mutant, which was taken as
a negative control (Figure 3.9 A, B). The lowest K4 that signifies the highest affinity
of BRACO-19 was observed with AB PGQS8 (0.0011 pM), while the linear
counterpart showed a K4 of 7.67 uM. This higher affinity of BRACO-19 towards
AB_PGQs which was equivalent to the affinity of a well-known G-quadruplex

83



motif of c-Myc (K¢ = 0.09 uM), further affirmed the formation of stable G-
quadruplex conformation by the A. baumannii G4 motifs (Table 3.2). The
differential binding affinity of different AB PGQs could be due to differences in
their sequence composition, molecularity, loop sequence, folding pattern, and
length of their G motifs[202].

Table 3.2. Table depicting the equilibrium dissociation constant (Kd) values of the

AB PGQs and mutant with BRACO-19 obtained through Fluorescence titration
assay.

PGQs Ka
AB PGQ1 3.538
AB PGQ2 0.798
AB PGQ3 0.133
AB PGQ4 0.103
AB_PGQ5 0.085
AB _PGQ6 0.490
AB PGQ7 0.670
AB _PGQ8 0.011
Positive control (c-Myc) 0.09
Negative control (Mutant) 7.668
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Figure 3.9. Fluorescence titration studies of BRACO-19 with AB_PGQs. (A)
Fluorescence binding curves (B) Bar graph representing the dissociation constant
(Ka) values of AB_PGQs w.rt. the mutant obtained by Fluorescence titration
analysis.

To further affirm the affinity of the G-quadruplex ligand with AB PGQs,
Isothermal titration calorimetry (ITC) was performed. ITC is a powerful tool for
assessing the binding affinity between receptors and ligands at the thermodynamic
level. The change in enthalpy (AH:) for AB PGQI, AB PGQ2, AB PGQ3,
AB PGQ4, AB PGQ5, AB PGQ6, AB_ PGQ7, and AB_PGQS8 was noted to be -
8.0 x 10°, -1.059 x 10%,-1.204 x 10%, -8.671 x 10°, -1.37 x 107, -1.24 x 10%, -1.363
x 10* and -9.494 x 10° cal/mol respectively indicating that the AB PGQs and
BRACO-19 complex formation are thermodynamically driven and exothermic in
nature (Table 3.3). The exothermic nature of the complex formation strengthens the
biological feasibility. The association constant (K.) was also higher for all the
AB_PGQs than the mutant sequence affirming the high aftinity of BRACO-19 with
the AB_PGQs. The association constant (K,) for AB PGQ8 was found to be the
highest, i.e., 2.15 x 10'® M"!, amongst all the AB_PGQs, whereas the association
constant for the mutant sequence lacking G-quadruplex motif was found to be the
lowest, i.e., 7.95 x 10 M. These results were in line with the fact that BRACO-19
has high binding affinity and specificity towards G-quadruplex DNA against DNA
sequences lacking G-rich motifs (Figure 3.10).
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Figure 3.10. ITC thermograms of AB_PGQs and a linear mutant obtained from
titration with BRACO-19.
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The change in the intensity of the proton peaks in a 1D '"H NMR spectra can also

be used to determine the interaction of the ligand with the nucleic acid molecules.

BRACO-19 is a 3,6,9-trisubstituted acridine derivative with two side chains

containing tertiary amine groups. It includes five different aromatic protons to

which specific numbers H1, H2, H3, H4, and HS5 are assigned as in Figure 3.12 A.

During NMR broadening analysis, it was observed that with the successive addition

of the AB PGQs to the BRACO-19 solution in the presence of 80mM K, the

resonances of all these protons widened. This broadening of the ligand peaks

underscores the participation of protons in the complex formation with
AB PGQs[203] (Figure 3.12 B). All eight AB PGQs showed a similar binding
mode with BRACO-19, i.e. through n-r stacking mode of interaction[204].
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Figure 3.12. (A) Structure of BRACO-19 with the assigned aromatic protons
exhibiting peaks in 1D 1H NMR spectra. (B) NMR Broadening Analysis of BRACO-

19 on addition of AB_PGQs.
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3.3.5 BRACO-19 enhances the stability of A. baumannii conserved G-
quadruplex motifs

Small molecules can have a stabilizing or destabilizing effect on the G-quadruplex
structures. Fluorescence binding, ITC, and NMR broadening revealed the
interaction analysis of BRACO-19. To check the effect of BRACO-19 on the
conformation and stability of AB_ PGQs, CD spectral and thermal melting analysis
was performed for AB_PGQs in the increasing concentration of the G-quadruplex
ligand. With the gradual addition of BRACO-19 to AB PGQs, an increase in
ellipticity in the positive and negative peaks was observed, whereas the overall
topology of the PGQs was maintained (Figure 3.13). This increase in ellipticity
helps strengthen the interaction of BRACO-19 and its stabilizing effect on the
AB_PGQs[205,206].
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Figure 3.13. CD spectra of AB_PGQs in increasing concentration of BRACO-19.

UV Melting profiles of G-quadruplexes depict their stability based on the respective
melting temperature (7m) values, which tends to increase or decrease with the
addition of a ligand. Interaction of the ligand with the G-quadruplex structure and

an effect on the stability of the latter can be assessed, based on the difference of
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melting temperature (A7m) in absence and presence of the ligand[207]. In our work,
when BRACO-19 was added up to a two-molar equivalent (D/N = 2) of the PGQs,
an increase in 7 values was observed. Increase in 7w of the G4 structure clearly
indicated to a stabilization of the structure which rendered it difficult to unfold.
Hence, the thermal denaturation analysis of AB_ PGQs in the presence of BRACO-
19 depicted a significant increase in their ATm (Figure 3.14. A, B), thereby further
affirming the stabilizing effect of the ligand[208].
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Figure 3.14. (A) UV-Melting spectra of the AB PGQs with increasing
concentration of BRACO-19. (B) Bar-graph depicting melting temperature from
UV-Melting study.

3.3.6 A. baumannii G-quadruplexes might regulate biological functions

To further check if the G-quadruplex ligand, BRACO-19 would have any effect on
the expression of AB_PGQs containing reporter genes, we performed mTFP based
reporter assay using pet43a’ expression vector system in Escherichia coli. For this,

we selected two G-quadruplex motifs, one located in the ORF region and the other
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in the promoter region (AB_PGQ4). Out of the seven conserved AB PGQs located
in the ORF region, AB PGQ2 was selected as it was present in the coding region
of the essential genes pil/P that is involved in the horizontal gene transfer, twitching
motility, adherence, and biofilm formation. The AB PGQ-mTFP-pet43a* plasmid
transformed cells showed a clear expression of mTFP gene in the untreated cells,
but the addition of BRACO-19 led to a decrease in the gene expression in both
AB _PGQ2 and AB_PGQ4 harboring plasmids, whereas no change was observed
in the plasmid containing a linear oligonucleotide instead of the AB_ PGQ motif
(Figure 3.15). This signifies the stabilization of G-quadruplex motif in the presence
of BRACO-19 that might obstruct the gene expression machinery leading to

decrease in the mTFP gene expression.

In presence of BRACO-
A Untreated 19 (12.5 uM)

Figure 3.15. (A) The confocal images of untreated and BRACO-19 treated Rosetta
cells depicting the expression of mTFP gene. (B) The bar graph depicting the

normalized expression of mTFP in AB_PGQs and linear mutant.
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3.3.7 BRACO-19 inhibits the growth of A. baumannii and affects the
expression of AB_PGQ harboring genes
In order to assess the effect of BRACO-19 on the survival of 4. baumannii, an MTT
assay was performed. The ligand decreases the bacterial growth in a concentration-
dependent manner, and the ICso value was found to be 25 uM + 0.1415 (Figure 3.16
A). G-quadruplex formation during biological processes, including replication,
transcription, and translation, acts as a roadblock resulting in their attenuation. To
analyze the effect of G-quadruplex stabilization in the presence of BRACO-19 on
the gene expression of the eight genes harboring evolutionary conserved G-

quadruplex motifs, a real-time PCR experiment (RT-PCR) was carried out. In the
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presence of BRACO-19 (12.5 uM), the expression of all eight genes was decreased
relative to the expression of the control housekeeping gene, thereby depicting the
negative role of the G-quadruplex structure stabilization in the gene expression.
Interestingly, AB_PGQ7 harboring gene, showed the highest attenuation (80%),
followed by AB_PGQ2 (78%), AB_PGQS5 (74%), AB_PGQ6 (64%), AB_PGQS8
(51%), AB_PGQI (42%), and AB_PGQ4 (39%). Strikingly, BRACO-19 showed
the minimum effect on the expression of AB PGQ3 (4%) harboring gene that
encodes Tetratricopeptide repeat protein (Figure 3.16 B).

The results of this experiment support the hypothesis of the interaction of BRACO-
19 with the G-quadruplex structures in the bacterium in vivo. This points out the
critical role of G-quadruplex structure stabilization in regulating G-quadruplex
harboring genes by affecting their gene expression, thus laying down an unexplored

avenue for targeting this extremely resistant bacterium.
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Figure 3.16. (A) MTT based growth inhibition assay of A. baumannii upon
treatment with BRACO-19. (B) Fold change in the expression of genes harboring
PGQs in A. baumannii treated w.r.t. the untreated culture control.

3.3.8 Effect of BRACO-19 on biofilm formation

A. baumannii is a notorious pathogen, mostly acquired from hospitals. The ability
of this bacteria to survive on hospital surfaces has been strongly correlated to its
biofilm-forming ability[209,210]. It is an established fact that biofilm-associated
pathogens shows decreased antibiotic susceptibility and persistent existence in
harsh environments[211,212]. In respect of this, and the presence of PGQs
(AB_PGQ2 and AB_PGQ8) in the genes involved in biofilm formation, and the

known role of G-quadruplexes in the regulation of transcription and translation of
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the harboring genes, we tested the effect of stabilization of G-quadruplexes with
BRACO-19 on the biofilm-forming ability of 4. baumannii.

Therefore, a total of four sets, each of which was treated with a different
concentration of BRACO-19 (25 uM, 12 uM, 6.25 pM) and untreated control, were
observed under confocal microscopy after 48 h. On observation, it was noted that
the thickness of the biofilm formed in the untreated control was the highest, being
17600 nm and with increasing concentration of BRACO-19 the thickness of the
biofilm decreased with 25 uM having the least thickness of 9800 nm (Figure 3.17
A, B). These observations confirmed that BRACO-19 affected the biofilm
formation by A. baumannii which might be due to binding of the ligand to the G-
quadruplex motif harboring gene involved in biofilm formation.
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Figure 3.17. (A) Z-scan analysis images of A. baumannii biofilm thickness under
varying concentrations of BRACO-19 (25 — 0 uM). (B) Bar graph representing the
thickness of biofilm formed.

3.4 Discussion

The presence of G-quadruplex forming sequences and their evolutionary
conserved-ness in bacterial and viral genomes raises curiosity about the importance
of these structures in their genomes. G-quadruplex forming genes present in the
bacterial and viral genomes are involved in the pathogenicity and virulence

exhibited by drug-susceptible and drug-resistant strains. Several such genes are also
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found to be involved in their survival inside the host or inanimate surfaces from
which infections associated with these bacteria are acquired. This opens a new route
for targeting such pathogenic bacteria, which have become increasingly drug-
resistant. The idea of choosing G-quadruplex structures as a target for drugs was
proposed long back in 1998[213]. Though targeting of G-quadruplex structures as
a therapeutic option has been achieved in other human diseases, their potential has
been relatively less explored against bacterial therapeutics affecting public health.
In this study, we first mined the whole genome of 4. baumannii to unravel the
presence of G-quadruplex motifs in its genome. Our bioinformatics analysis
revealed the occurrence of G-quadruplex (classical and non-classical) motifs as
predicted by our in-house tool and G4Hunter server. Functional annotation of these
G-quadruplex motifs revealed their presence in various essential genes required for
bacterial growth, nutrient transport, biofilm formation, and virulence.

Furthermore, we evaluated eight evolutionary conserved G-quadruplex motifs
using an array of biophysical and biomolecular techniques. AB_ PGQ1 was present
in the ORF region of 3-hydroxy acyl-CoA dehydrogenase, which takes part in the
fatty acid metabolism[214], while AB_PGQ2 was located in the ORF of pilus
assembly protein pi/P, which is involved in biofilm formation and host cell adhesion
of the bacterium[215]. AB_PGQ3 was present in the ORF of tetratricopeptide
repeat protein which is supposedly responsible for the transfer of bacterial virulence
factors to host cells, binding to the host cells and inhibition of phagolysosomal
maturation[216]; AB PGQ4 was localized at the upstream of TetR family
transcriptional regulator that regulates the efflux system by acting as
repressors[217]; AB_PGQS was present in the ORF of aldehyde dehydrogenase
family involved in cellular aldehyde metabolic process[218]; AB PGQ6 was
present in the ORF of aminotransferase pyridoxal phosphate-dependent enzyme
taking part in cellular biosynthetic pathways[219]. Likewise, AB PGQ7 was
present in the ORF of amino acid racemase, which is responsible for D-amino acid
Metabolism and, therefore, crucial for cell-wall biosynthesis[220], and AB_PGQS8
was present in the ORF of MFS transporter supposedly having a role in adherence

and biofilm formation by the bacteria[221]. As a result, the stabilization of G-
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quadruplex structures forming in these genes may influence various important
metabolic pathways, adherence to host cells, and biofilm-forming ability, thereby
affecting the growth and pathogenicity of the bacteria. The biophysical analysis
such as NMR and CD spectroscopic analysis confirmed the formation of G-
quadruplex structures by all the eight conserved AB PGQs, and the molecularity
of the PGQs was depicted by EMSA analysis. These results further affirmed the
precise prediction of G-quadruplex forming motifs by the in-house G-quadruplex
prediction tool.

Many G-quadruplex binding ligands have been found to specifically bind and
stabilize G-quadruplex structures such as TMPyP4, TMPyP2, PDS, BRACO-19,
and naphthalene diimide derivatives, etc., and many more small molecules are still
in development[158]. Herein, we used BRACO-19, which showed higher stability
and affinity towards AB_PGQs as compared to their linear counterparts. In addition
to stabilizing the G-quadruplex structure, the G-quadruplex ligand was also able to
inhibit the growth of 4. baumannii in the micromolar range and affected the
expression of G-quadruplex harboring genes. BRACO-19 was found to decrease
the expression of these genes upon exposure, hinting at its involvement in the
down-regulation of gene transcription. BRACO-19 was also able to impede the
formation of biofilm by dysregulation of involved genes in the bacteria. However,
it is important to acknowledge that BRACO-19, despite its high binding affinity,
lacks adequate specificity towards G-quadruplex structures. Consequently, it
becomes imperative to investigate the interaction of these bacterial G-quadruplex
structures with alternative ligands or small molecules that provide a desirable
balance between affinity and specificity. Furthermore, research efforts dedicated to
designing molecules guided by the principles of structure-activity relationships
may lead to the discovery of ligands with potent anti-bacterial activity via targeting
of these secondary structures. Overall, this work, for the first time, provides an
extensive understanding of evolutionarily conserved G-quadruplex motifs in A.
baumannii, providing an advancing platform for designing therapeutics against this

extremely drug-resistant critical pathogen.
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3.5 Conclusion

G-quadruplexes have recently gained attention due to their association with several
bacterial as well as viral infections affecting public health. The implications of G-
quadruplexes in bacteria have been in focus here in light of the rapid development
of multi-drug resistance by the pathogenic A. baumannii. Herein, we performed
bioinformatic analysis to identify DNA G-quadruplex motifs conserved across the
genome of 4. baumannii, and proceeded with biophysical assays to confirm the
formation of G-quadruplex structures in-vitro. The interaction and binding affinity
between G-quadruplex selective ligand BRACO-19 and identified G-quadruplex
motifs were evaluated through a series of experiments. The presence of BRACO-
19 also significantly inhibited the expression of reporter gene mTFP containing the
AB_PGQs in the pet43a(+) expression system. It was also observed that BRACO-
19 addition resulted in bacterial growth reduction as well as regulated gene
expression and biofilm formation. Given the inherent property of guanine-rich
sequences to fold into G-quadruplex structures, both DNA and RNA molecules
have the capability to adopt such structures. Although the G4 structures formed by
DNA and RNA may exhibit diverse topologies, RNA-derived G4 structures are
more thermodynamically stable. Thus, the exploration of potential G4 RNA
structures in this pathogen is a viable avenue for research. Moreover, investigating
RNA-derived G4 structures in pathogenic bacteria, which have received limited
attention thus far, will enhance our comprehension of the role played by RNA G4
structures in diseases associated with these bacteria. In our study, we focused on
DNA sequences to investigate G-quadruplex structures in A. baumannii; however,
the examination of RNA G4 structures in this bacterium remains a prospective area
for future investigation. In essence, our study underscored the probable significance
of DNA G-quadruplex structures in the survival and pathogenicity exhibited by 4.
baumannii and their potential to be recognized as an efficient drug target against

the bacteria.
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G-QUADRUPLEX STRUCTURES
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Chapter 4

G-Quadruplex structures within the hfg gene regulate

RNA-—protein interactions in Acinetobacter baumannii

4.1 Introduction

G-quadruplex structures (G4s) have emerged as significant regulatory structures in
bacterial genomes with diverse biological functions that extend far beyond their
initial discovery as simple DNA secondary structures[170,222]. These nucleic acid
secondary structures are adopted by guanine-rich sequences in DNA and RNA that
are formed by G-tetrad stacking and stabilized through co-ordination of monovalent
cations, such as K" and Na'[223,224]. While canonical G4s are comprised of three
or more tetrads, two-tetrad (2G) G4s have recently emerged as structurally and
functionally relevant motifs[225]. Though less stable, they can be stabilized under
physiological conditions by cations, molecular crowding, loop interactions, or
dimerization[191,223,226]. Their minimal sequence requirement makes them more
prevalent than canonical G4s, expanding the regulatory landscape often missed by
standard G4 predictors[227,228]. These two-tetrad G4s regulate transcription,
translation, and RNA stability, acting as structural roadblocks or protein-binding
platforms[229]. Notably, transcriptome-wide analyses demonstrate that most
folded RNA G4s (rG4s) in bacteria are of the two-quartet type, particularly enriched
in coding regions, and their regulatory impact on gene expression can vary across
species[222,230]. Their transient ability to form under physiological conditions
allows them to act as dynamic and reversible regulatory switches, particularly
advantageous in the context of compact bacterial genomes. The functionality of
two-tetrad G4s has not been extensively explored in the context of prokaryotic gene
regulation, particularly within clinically relevant bacterial species.

Acinetobacter baumannii is one such notorious opportunistic pathogen associated
with multidrug resistance and persistent nosocomial infections[231]. The
regulatory mechanisms that enable its adaptation and survival under various

environmental stresses are not fully understood. Among the key post-transcriptional

101



regulators in gram-negative bacteria is Hfq, a RNA chaperone protein. Hfq plays a
pivotal role as a central RNA chaperone in the post-transcriptional regulatory
networks of Gram-negative bacteria, such as Acinetobacter baumannii, required for
the activity of most small regulatory RNAs (sRNAs)[232-235]. A. baumannii Hfq
is distinguished by an unusually long, glycine-rich C-terminal domain, absent in
most bacterial homologs[236,237]. This intrinsically disordered domain, rich in
glycine, phenylalanine, and glutamine residues, has emerged as a critical player in
displaying high-affinity towards RNA, ribo-regulation, and self-regulation of the
protein itself in bacteria, such as E. coli, P. aeruginosa[232,234,238,239].
Subsequently, the transcript region of /fg encoding the CTD domain was found to
be guanine-rich.

Additionally, according to recent reports, certain non-canonical RNA-binding roles
of Hfq are also accounted, like interaction of Hfq with non-canonical nucleic acid
structures such as G-quadruplexes (G4s) in E. coli[240]. Functional studies have
shown that loss of Hfq or its glycine-rich tail leads to impaired growth, reduced
stress tolerance, compromised biofilm formation, and diminished virulence,
underscoring  its  importance in  environmental  adaptation  and
pathogenicity[234,237,241]. Similar phenotypes have also been reported for other
pathogens, including Pseudomonas aeruginosa, Salmonella enterica,
and Klebsiella pneumoniae, etc., where hfg mutants exhibit attenuated virulence,
defective secretion, reduced adhesion and invasion, and decreased expression of
virulence factors[235,242-244]. Results from biochemical assays have also
demonstrated that truncation of the 4fg CTD domain affects Hfq’s ability to bind
G4 DNA and RNA, leading to reduced genomic instability and altered gene
expression profiles[245].

Henceforth, in this study, we investigated the presence and structural features of
G4-forming sequences within the hfg gene of Acinetobacter baumannii, with a
particular focus on their interaction with the Hfq protein. Employing an array of
biophysical techniques such as Nuclear Magnetic Resonance (NMR), Circular
dichroism (CD) Spectroscopy, Electrophoretic Mobility Shift Assay (EMSA), we

characterized the formation of two-tetrad G4s in full-length and truncated variants
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of hfg RNA and DNA (hfg RNA; truncated hfq RNA; hfq DNA; truncated
hfq DNA). These G4 structures also demonstrated specific binding to BRACO-19,
a well-established G-quadruplex ligand, as observed from Fluorescence Titration
Assay and Isothermal Titration Calorimetry (ITC), further validating G4 formation.
We further examined the interaction dynamics of these G4 motifs with both the full-
length Hfq and ACTD protein. This integrative analysis reveals a previously
unrecognized mode of structural modulation involving G-quadruplexes and the Hfq
protein in bacterial gene regulation. Our findings not only expand the current
understanding of post-transcriptional control in 4. baumannii but also identify G4-
Hfq complexes as promising targets for antimicrobial intervention. By bridging
structural biology with bacterial regulatory networks, this work offers a foundation
for future exploration of RNA-protein interactions in microbial pathophysiology

and drug development.
4.2 Material and Methods

4.2.1 Reagents

The desalted DNA/RNA oligonucleotides and primers were procured from
Integrated DNA Technologies (Coralville, lowa, USA) and Sigma-Aldrich (St.
Louis, MO, USA), respectively. Stock solutions of each were prepared by
dissolving the lyophilized samples in Milli-Q water. BRACO-19 (SML0560),
TMPyP4 (613560), and Thioflavin T (596200) were purchased from Sigma.

In vitro transcription

Full-length #fg RNA and Mutant RNA were transcribed in vitro. DNA templates
containing T7 RNA promoter and forward and reverse primers were designed and
procured from Sigma-Aldrich (St. Louis, MO, USA). Templates for in vitro
transcription were produced via PCR amplification, and RNAs were transcribed
using in-house purified T7 RNA Polymerase. The synthesized transcripts were

purified by running samples on 15 % denaturing PAGE.
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4.2.2 Bioinformatic Analysis
The hfg gene sequence was retrieved from the NCBI Genome database and utilized
for putative G4 motif prediction using our in-house G4 prediction tool

(G4IPDB)[99]. The tool used the following algorithm for G4 prediction:
G=2NL1 G=2 N2 G2 Nis G2

where G refers to Guanine, N refers to any nucleotide including Adenine, Thymine,

Cytosine, and Guanine, and L1, L2, and L3 are the loops having variable lengths.

4.2.3 Cloning and expression of Hfq protein

A. baumannii hfq gene (A1S_3785) was PCR amplified and cloned in Ndel-Xhol
site of pET-43.1a" vector. The truncated version Hfq ACTD was amplified using
the same forward primer, but a different reverse primer, cloned and expressed
similarly in E. coli Rosetta strain. An overnight culture of E. coli Rosetta carrying
the recombinant clones was grown in Luria-Bertani broth at 37 °C overnight. The
expression of proteins from the recombinant clones was induced by adding 0.25
mM isopropyl B-D-thiogalactopyranoside (IPTG) to a secondary culture at O.D.g00
= 0.8 and incubated further to grow for 16 - 18 hours at 18 °C. Recombinant
proteins were purified as His-tagged fusions using Ni-NTA agarose. Cells were
centrifuged, washed in chilled 1x PBS, and the cell pellets were resuspended in
lysis buffer [S0 mM Tris (pH 7.5), 1 M NaCl, 1 M urea, ] mM B-mercaptoethanol
(B-ME), 5 % glycerol, 1 mM Phenylmethylsulfonyl Fluoride (PMSF), 0.1 mg/ml
DNase I, and 1 M MgCl:]. After vortexing, homogenization, and sonication, lysates
were clarified by centrifugation. The supernatant was collected and heated at 95 °C
for 15 mins, centrifuged, treated with 30 ug/ml RNase A at 37 °C for 1 h, and re-
clarified. The lysate was loaded purified using a Ni-NTA column, pre-equilibrated
with wash buffer [SO0 mM Tris (pH 7.5), I M NaCl, 1 mM B-ME]. After 1h of
binding, 50 mM and 100 mM imidazole wash buffers were allowed to sequentially
pass through the column. The bound protein was finally collected in 500 mM
imidazole-containing wash buffer. Eluates were pooled and buffer exchanged
against dialysis buffer [SO mM Tris (pH 7.5), 350 mM NH4CI, 1mM EDTA, 0.05

% Triton-X and 5 % v/v glycerol] through dialysis. The proteins were resolved on
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a 15 % (Hfq FL) and 18 % (Hfq ACTD) SDS PAGE gel. Protein concentration was
calculated by measuring absorbance at 280 nm (Axs0), using the molar extinction
coefficient (¢ = 2980 M™' c¢cm™') obtained using Expasy ProtParam Tool
(https://web.expasy.org/protparam/).

4.2.4 Nuclear magnetic resonance

NMR experiments were carried out on a Bruker AVANCE III 400 MHz
spectrometer (BioSpin International AG, Switzerland) attached with a 5 mm
broadband inverse (BBI) probe. One-dimensional proton ('"H 1D) NMR spectra
were recorded at 25 °C using 180 pl samples at oligonucleotide concentrations of
0.4-0.6 mM. Samples were prepared in potassium phosphate (KPO4) buffer
(10mM, 100 mM K", pH 7.5) in 5mm Shigemi NMR tubes, with DSS (4,4-
dimethyl-4-silapentane-1-sulfonic acid) as internal reference compound. Prior to
data collection, oligonucleotide samples were denatured by heating at 95 °C for 10
min and reannealed at room temperature for 1 h. For titration studies, DNA/RNA
was incrementally added to the BRACO-19 solution. All NMR data were analyzed

using TopSpin v4.0.6 software (academic license).

4.2.5 Circular Dichroism (CD) Analysis

CD spectra were recorded using a JASCO J-815 spectropolarimeter with a I mm
path length quartz cuvette. RNA and DNA samples (5 and 10 pM) were prepared
in KPOjs buffer (10 mM, pH 7.5) supplemented with required K* concentration,
denatured at 95 °C for 10 minutes, and reannealed at room temperature for 1 h.
Samples were scanned at 25 °C with a wavelength range of 200 - 320 nm and a
scanning speed of 50 nm/min. For CD titration with ligand and protein, the buffer
was supplemented with 100 mM K*. The ligand and protein were gradually added
to the oligonucleotide solution to reach a final ligand: nucleic acid molar ratio (D:N)
of 2:1 and protein: nucleic acid molar ratio (P:N) of 5:1, respectively. Baseline
correction was performed prior to each experiment, and the resulting data were
normalized by subtracting the spectrum of the buffer solution without
oligonucleotides. Data plots were generated using SigmaPlot 15.0 software (Systat

Software, Chicago, IL, USA).
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CD melting experiments with the ligand were conducted using a JASCO J-815
spectropolarimeter fitted with a Peltier temperature control system and a PCB-1500
water circulation unit. Oligonucleotide samples (10 uM) were prepared following
the same protocol as used for CD Analysis. Thermal denaturation profiles were
recorded at ~265 nm over a temperature range of 25 °C to 95 °C with a ramp rate
of 1 °C/min, continuing until a ligand: nucleic acid (D:N) ratio of 2:1 was reached.
Normalized absorbance values were plotted against temperature using SigmaPlot

15.0 software (Systat Software, Chicago, IL, USA).

4.2.6 Native PAGE

Native polyacrylamide gel electrophoresis (PAGE) was performed to assess the
molecular weight of the Afg sequences. 15% - 18 % native polyacrylamide gels
were prepared and run in 1X TBE buffer supplemented with 100 mM K* at 4 °C
using a Bio-Rad Mini-PROTEAN Tetra Vertical Electrophoresis system at 70 V.
The oligonucleotide samples were diluted to a final concentration of 15 uM in
KPOy4 buffer (10 mM, pH 7.5) with 100 mM cation concentration to assess
molecularity. The gel was run till the dye front crossed three-fourths of the gel and
then stained with ethidium bromide.

EMSA was also performed to check interaction between BRACO-19 and full-
length and #fg RNA/DNA. Oligonucleotide solutions were prepared same as which
were then titrated with a high concentration of BRACO-19 solution (100 - 0 uM)
and incubated for 30 mins at room temperature. The resulting complexes were then
resolved on agarose gel (3 %) prepared in 1X TBE buffer and run under cold
conditions (on ice) at 55 V.

40 uM concentration of each purified protein was added to the RNA/DNA samples
and were allowed to equilibrate for 1 h at room temperature. The resulting
complexes were then resolved on agarose gel (3 %) prepared in 1X TBE buffer and
run under cold conditions (on ice) at 55 V. All the gels were visualized using the

ImageQuant LAS4000 system (GE Healthcare, Sweden).
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4.2.7 Fluorescent ThT probe displacement assay

Fluorescence emission spectra were acquired on a BioTek Synergy H1 microplate
reader (excitation 425 nm; emission 495 nm). Annealed oligonucleotides (5 pM)
and Thioflavin T (10 uM) were prepared in KPO4 buffer (10 mM, pH 7.5, 100 mM
K"). A 25 uM ligand solution, made in the same buffer, was added, the mixture
incubated for 30 min at 25 °C, and fluorescence measured in a Corning half-area
96-well black plate. Each sample was run in duplicate, and the readings averaged.

The displacement was calculated as:
Displacement (%) = 100 — [100 % (F1 — Fy)/(F1, — Fv)],

where Fj is the fluorescence with ligand, Fj, is the fluorescence without ligand, and

Fy is the fluorescence of ThT alone.

4.2.8 Fluorescence Titration Assay

Fluorescence titration experiments were performed using a Synergy™ H1 multi-
mode microplate reader (BioTek Instruments, Winooski, VT, USA) at 25 °C.
Corning half-area 96-well black plates were utilized for all measurements. All
samples were prepared at an initial concentration of 20 uM and subjected to serial
dilution. Each condition was assayed in duplicate, with per well reaction volume
being 50 pl. The final well in each dilution series served as a blank and contained
no oligonucleotide. To monitor the fluorescence response of BRACO-19 upon
titration with DNA and RNA, fluorescence emission was measured at 440 nm
following excitation at 360 nm. All fluorescence readings were corrected by
subtracting the signal from the corresponding blank well. Data analysis was
performed using Sigma Plot 15.0 software (Systat Software, Chicago, IL, USA).

The equilibrium binding was modeled using the following equation:

_ Bmax1 x abs (x) , Bmax2 X abs (x)
Kd1 x abs (x) Kd2 x abs (x)

where Bmax, and Bmax, represent  the  maximum  number of  binding

sites, Kq, and Kg, are the equilibrium dissociation constants.
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4.2.9 Isothermal titration calorimetric (ITC) analysis

Isothermal titration calorimetry (ITC) experiments were conducted using a
MicroCal iTC200 microcalorimeter (GE Healthcare, Biosciences Ltd., Sweden).
Oligonucleotide sample was prepared at a concentration of 10 uM, and BRACO-
19 was prepared at 1 mM, both in KPO4 buffer (10 mM, pH 7.5, 100 mM K). All
titrations were performed at 25 °C by injecting 1.66 uLL of BRACO-19 solution into
the oligonucleotide solution at 120-second intervals, totaling 22 injections. To
account for the heat of dilution, an individual titration was performed by injecting
BRACO-19 into buffer alone. The resulting data were buffer-corrected by
subtracting the heat of dilution from the binding isotherms. Binding isotherms were
fitted using a two-site binding model and analyzed using Origin version 7 (Microcal

Software Inc., Northampton, MA, USA).

4.2.10 Fluorescence spectroscopy

Fluorescence measurements were taken using a Fluorolog®-3 Spectrofluorometer
(Horiba Scientific, Jobin Yvon, Palaiseau, France) operated by FluorEssence
software (Horiba Scientific, Jobin Yvon, Palaiseau, France) at 25 °C. Working
solutions of proteins (5 uM) and oligonucleotides were prepared in KPOj4 buftfer
(10 mM, pH 7.5, 100 mM K"). Increasing concentrations of full-length and
truncated 4fg DNA and RNA were added in sequential Nucleic acid: Protein (N/P)
ratios (0 - 2.0). Emission spectra were recorded in the wavelength range of 285 -
420 nm, using an excitation wavelength (Aexc) of 274 nm (corresponding to
Tyrosine). The data plots were generated and analyzed using OriginPro software

(© OriginLab Corporation).

4.2.11 Total RNA Isolation and cDNA synthesis

Bacterial Culture and Treatment

Acinetobacter baumannii was cultured overnight at 37 °C (220 rpm) in 25 ml Brain
Heart Infusion (BHI) broth. A 50 ml BHI subculture was inoculated with 1 % of
this pre-culture and grown under similar conditions until O.D.g00 = 0.5 was reached.
At this O.D., 2 ml aliquots were distributed into three treatment groups: Untreated

control, treated groups (IC12.5 and I1C»s), and incubated at 37 °C (220 rpm) for 2 h.
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RNA Isolation

Cells were harvested by centrifugation at 6000 rpm and processed immediately for
RNA extraction using RNAIso Plus (Takara) according to the manufacturer’s
protocol. RNA concentration and purity were quantified using a NanoDrop
spectrophotometer (Thermo Scientific), with yield reported as ng/uL and purity
assessed by the Axso/Azgo ratio.

cDNA Synthesis
Total RNA (2 pg) was reverse-transcribed in 20 upl reactions using the
PrimeScript™ cDNA Synthesis Kit (Takara Bio USA, Inc.), following the

manufacturer’s instructions.

4.2.12 Gene Expression Profiling by Quantitative Real-Time PCR (qRT-PCR)
qRT-PCR was performed using Applied Biosystems PowerUp SYBR Green Master
Mix in 10 pL reaction volumes. Each reaction contained 0.5 pM of gene-specific
primers (Table B1) and 10 ng cDNA template. Reaction was set up in duplicates in
a 96-well plate and run on a QuantStudio 3 Real-Time PCR System (Applied
Biosystems, USA), with 16S rRNA serving as the endogenous reference gene.
Thermal cycling parameters were:

Initial hold: 50 °C for 2 min

Denaturation: 95 °C for 10 min

40 cycles: 95 °C for 15 s — 60 °C for 60 s — 72 °C for 5 min

Final extension: 72 °C for 10 min

Gene expression was quantified using the comparative AAC; method, with target
gene C; values normalized to 16S rRNA and calibrated against untreated controls.
Statistical significance between untreated and treated groups was determined by
unpaired t-test using GraphPad Prism v 8.0.2 (GraphPad Software, San Diego, CA).
Structural details of the hfq constructs amplified in the RT-PCR assay are listed in
Table B2.
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4.3 Results and Discussion

4.3.1 Mapping of hfg G4 structure and Hfq protein

Three G-quartet G4s are well-established for their structural stability and regulatory
roles in both prokaryotic and eukaryotic genomes; however, emerging studies
highlight the functional relevance of two G-quartet G4s in bacteria. These shorter
G4s, though less stable than their 3G or 4G counterparts, are enriched in promoter
regions, untranslated regions, and coding sequences, where they modulate gene
expression with high structural plasticity. We conducted an in-silico analysis of the
hfq gene (A1S_3785) and identified a distinct guanine-rich transcript unique to the
Acinetobacter genus. Genome mining using our in-house G4 prediction tool
revealed eleven potential G-quadruplex (PGQ) motifs within this transcript, defined
by a G-tract length of >2 and loop lengths ranging from 1 to 15 nucleotides.
Notably, seven of these motifs, all 2G-tract G4s, were present as tandem repeats
within the Afg gene sequence corresponding to the C-terminal region of the Hfq

protein (Table 4.1).
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Table 4.1. List of predicted G4 motifs within the hfq gene.

Length cG cC
# PG4 Motifs
(bp) Score | Score

GGUGCACAAGGUGCAGGUUUCCCA

1 32 120 80
GCUCAGGG

2 20 GGUAGUCAAGGUGGCUUCGG 90 30

3 20 GGUCAAGGCGCUGGCUUUGG 90 40

4 23 GGUGCUCAAGGUGCUGGCUUCGG | 100 50

5 17 GGCCAAGGCGGCUUCGG 80 50

6 17 GGUCAAGGUGGCUUCGG 80 30

7 17 GGUCAAGGUGGCUUCGG 80 40

8 17 GGUCAAGGUGGCUUCGG 80 40

9 17 GGUCAAGGUGGCUUCGG 80 30

10 |17 GGUCAAGGUGGCUUCGG 80 40

To evaluate the G4-forming potential of these motifs, we selected a 46-nucleotide
sequence encompassing the repeat region (4fg RNA) and a shorter 18-nucleotide
variant (truncated hfqg RNA) for in vitro analysis, along with their corresponding
DNA sequences (4fqg DNA and truncated hfg DNA) (Table 4.2). To investigate the
regulatory relevance of the Hfq protein, we examined the interactions of both full-
length Hfq (Hfq FL) and C-terminal truncated Hfq (Hfq 4CTD) with all hfg
RNA/DNA sequences in vitro.
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Table 4.2. List of hfq sequences used in the study.

G4 Sequence

GGCUUCGGUGGCCAAGGCGGCUUCGGUGGUCAAGGUGGCU

hfqg RNA
i UCGGUG

truncated hfq RNA GGCUUCGGUGGCCAAGG

GGCTTCGGTGGCCAAGGCGGCTTCGGTGGTCAAGGTGGCTTC

hfq DNA
i GGTG

truncated hfq DNA GGCTTCGGTGGCCAAGG

4.3.2 Guanine-rich motifs within /fq transcript fold into G4 structures in
vitro
Nuclear magnetic resonance (NMR) spectroscopy is a widely used technique for
probing the structural characterization of macromolecules, including nucleic acids,
and therefore a powerful tool for analyzing G4 structures under physiologically
relevant solution conditions. Guanine H1 imino protons involved in G4 formation
exhibit characteristic chemical shifts in the 10.0 - 12.5 ppm range due to Hoogsteen
hydrogen bonding (G:G). In contrast, imino protons involved in duplex Watson-
Crick hydrogen bonding (A:U; G:C), typically give rise to chemical shifts in the
12.5 - 14.0 ppm region. To evaluate the G4 formation in the selected RNA/DNA
sequences, 1D 'H NMR spectra were recorded for both full-length and truncated
hfg variants. The presence of imino proton resonances between 10.0 - 12.5 ppm,
confirmed the presence of Hoogsteen hydrogen bonds and thus G4 formation in
hfq RNA (Figure 4.1). The truncated hfqg RNA also exhibited distinct G4 signals,
albeit with broader resonances, possibly indicating greater structural dynamics
compared to 4fg RNA (Figure 4.1). Additionally, resonances in the 12.5 - 13.5 ppm
region were also evident in both full-length and truncated sequences, indicating the
coexistence of Watson-Crick base-paired structures, likely attributable to flanking
duplex elements, as well as the G4 structure. In case of #fg DNA, well-resolved
imino proton resonances between 10.0 - 12.5 ppm, comparable to that of RNA,
were observed, and truncated hfg DNA also exhibited sharp peaks in the same
range, thus hinting at the formation of G4 structure in the DNA counterparts (Figure
4.1). The presence of minor peaks observed in the Watson-Crick region (12.5 - 13.5
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ppm) also indicated some conventional base pairing interactions. Collectively,
these findings supported the presence of a defined G4 motif in both full-length and
truncated 4fg DNA and RNA constructs, with the truncated sequences able to retain
the essential GQ-forming core. This spectroscopic analysis reinforced the in-silico

predictions of G4 structure formation by shorter G-rich sequences.

Watson-Crick H bond Hoogsteen H bond

A A

truncated
hfq DNA

hfqg DNA
truncated
A hfqg RNA
hfg RNA
I I 1 1 1 1 1 1 - - 1
13.5 13.0 12.5 12.0 11.5 1.0 10.5 ppm

Figure 4.1. 1D 1H NMR spectra of hfg RNA and DNA G4 sequences.

4.3.3 Cation-Driven Topological and Molecular Variability of hfg G4s

Circular dichroism (CD) spectroscopy is a primary analytical tool for characterizing
G4 structures, providing unique insights into their topological identification. This
technique distinguishes G4 topologies by characteristic spectral profiles; parallel
(positive ~260 nm, negative ~240 nm), antiparallel (positive ~290 nm, negative

~260 nm), and hybrid (positive ~260/290 nm, trough ~240 - 260 nm), with RNA
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G4s typically adopting a parallel fold. However, DNA G4s can adopt diverse
folding patterns.

CD spectroscopy was performed to confirm the G4 folding of selected 4fg DNA
and RNA sequences in the presence of varied monovalent and divalent cations. CD
spectrum of 4fg RNA revealed a positive peak at ~265 nm and a negative peak at
~240 nm in the presence of 50 mM K", which is signature of parallel G4 topology
(Figure 4.2 A). These signals were found to be moderately reduced in Na*, and
highly reduced in Li* and Mg**, as compared to those in K* for the same RNA
concentration. This confirmed the K™ dependent stabilization of 4fg RNA. Titration
with increasing K™ (0 - 200 mM) did not significantly alter the ellipticity beyond
100 mM for 4fg RNA (Figure 4.2 B), suggesting stabilization of the folded G4
structure even at low potassium concentrations. The CD spectrum of truncated
hfg RNA displayed a similar topology but a slightly reduced ellipticity, suggesting
a compact yet stable G4 structure with a less polymorphic folding (Figure 4.2 A),
which was in line with the NMR spectroscopy results. CD spectrum of #fg DNA
displayed CD peaks characteristic of antiparallel structure with a positive peak
around ~285 nm and a negative peak around ~260 nm, though the intensity was
significantly lower, likely due to conformational heterogeneity (Figure 4.2 A). In
case of truncated hfg DNA, signature peaks suggestive of hybrid G4 structure were
observed, with positive peaks centered around ~290 nm, with a secondary peak at
~262 nm and, a negative peak around ~245 nm (Figure 4.2 A). Additionally, both
DNA sequences exhibited maximum ellipticity in the presence of K, in comparison
to other cations, indicating K*-dependent stabilization. Upon titration with K*, no
significant enhancement in CD signature was detected for both, even at higher K*
concentrations (Figure 4.2 B). Overall, these results indicated K'-dependent G4
formation in /fq, favored in RNA, and exhibiting less robust folding in DNA.
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Figure 4.2. (A) CD spectra of hfqg RNA and DNA G4 sequences (A) in the presence
of different cations (B) increasing K" concentrations (0 - 200 mM).

Electrophoretic mobility shift assay (EMSA) is employed for assessing the
molecularity and G4 oligomeric structures, which enables the assessment of
whether a G-rich sequence forms intramolecular (monomeric) or intermolecular
(multimeric) G4 by observation of the migration patterns on native gels[246,247].
An intramolecular G4, is typically compact and monomeric, and migrates as a
single, distinct band, while an intermolecular G4 (involving multiple strands)

displays slower migration due to its larger size and higher molecular weight[248].

115



EMSA analysis of Afg full-length and truncated sequences was performed to
investigate their molecularity by allowing their migration on polyacrylamide gels
along with their respective mutants. It was observed that 4fg RNA and truncated
hfg RNA both migrated slower than their mutants, thereby suggesting
intermolecular G4 structure formation in the presence of all four cations (K", Na®,
Li*, Mg*") (Figure 4.3). The migration was observed to be faster in the case of
hfg DNA and truncated hfg DNA, suggesting an intramolecular G4 structure
formation in the presence of all four cations (K*, Na®, Li*, Mg?") (Figure 4.3). A
reported intramolecular G4-forming sequence (bcl2), and its mutant counterpart,

which served as a positive control alongside 4fg DNA sequences, also displayed a

similar pattern[249].
% + ‘tw % + *w . i'an
B > s g % = =2 =
= = = =
E = = 2 =z 3z = =

bcl2 Mutant
bel2 WT
Mutant K*

WT K*

T 7 e

tru,n'édted hfq DNA

Figure 4.3. Native PAGE analysis depicting molecularity hfq RNA and DNA G4
sequences.
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4.3.4 Thioflavin T fluorescence displacement as a readout for ifg G4-ligand
binding

Thioflavin T (ThT) is a benzothiazole dye that exhibits weak fluorescence in
solution but shows fluorescence intensity enhancement upon binding to G-
quadruplexes. The ThT probe displacement assay is a fluorescence-based technique
used to monitor the binding of small molecules or ligands to G4 structures. The
ThT probe displacement assay was employed to evaluate the interaction of well-
known G4 binding ligands, BRACO-19 and TMPyP4, with the selected ifqg G4
sequences.

A concomitant increase in fluorescence was observed upon ThT binding for all the
full-length and truncated Afg RNA/DNA sequences, in contrast to the
corresponding mutant sequences. Upon addition of the ligands, a reduction in
fluorescence intensity was observed, indicative of ThT displacement from its
binding sites. This decrease was quantified and expressed as a percentage,
providing a sensitive readout for ligand interaction and binding affinity. All the
hfq G4s displayed a comparative better displacement with BRACO-19, in
comparison to TMPyP4 (Figure 4.4). Overall, the ThT probe displacement assay
proved to be an effective tool in both the confirmation of G4 structure formation

and the analysis of G4-ligand interaction.
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Figure 4.4. ThT displacement assay showing percentage displacement by BRACO-
19 and TMPyP4 across wild-type and mutant hfqg RNA and DNA G4 sequences.

4.3.5 Ligand responsiveness of hfqg G4 validated through BRACO-19 binding
To assess the effect of the G-quadruplex-binding ligand BRACO-19 on the folding
and stability of Afqg G4 structures, CD spectra were recorded across increasing
ligand-to-nucleic acid molar ratios (D:N) for 4fg G4 RNA/DNA sequences. In
hfg RNA, the intensity of the positive peak at ~265 nm exhibited minimal shift
with increasing BRACO-19 concentration (up to D:N = 4), indicating ligand-
independent stabilization of the parallel G-quadruplex topology (Figure 4.5). For
truncated hfqg RNA, there was a progressive decrease in the overall ellipticity
(Figure 4.5). For ifg DNA, the CD signal showed a moderate increase in ellipticity
upon BRACO-19 addition, suggesting a ligand-induced stabilization, and the same
was observed for truncated hfqg DNA (Figure 4.5). These results collectively
demonstrated the inherent stability of the 4fg RNA G4 as compared to other Afg

G4 variants, where the structure was stabilized upon ligand addition.
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Figure 4.5. CD titration spectra of hfq RNA (i) and truncated hfq RNA (ii) with
increasing BRACO-19 concentrations (D:N ratios 0 - 4), indicating G4

stabilization.

The CD melting profile provides insights into the stabilizing effect of ligands on
G4 structures by evaluating changes in their melting temperature (Tm). To assess
the thermal stability of the 4fg G4s and the stabilizing effect of BRACO-19 on the
same, CD melting assays were performed. CD melting spectra were acquired by
monitoring the ellipticity at the characteristic wavelength corresponding to the G4
topology, over a temperature range of 25 °C - 95 °C at a controlled rate.

The thermal denaturation was carried out at a ligand-to-nucleic acid molar ratio of
2:1, wherein the Tm showed a significant increase in the presence of BRACO-19
for ifg RNA (3.5 °C), truncated ifg RNA (2.1 °C), hfg DNA (19.6 °C), while a
very minimal increase was observed for truncated 4fg DNA (0.7 °C) (Figure 4.6).
The drastic elevation in T, reflects a ligand-induced stabilization of the DNA G4
conformation, whereas, 4fg RNA G4 showed considerate stability even in absence
of the ligand, as evident from the thermal denaturation results. The stabilization of
G4 and increase in T, is consistent with the ability of BRACO-19 to stack at the
terminal ~ G-quartets and enhance the structural rigidity of G-

quadruplexes[250,251].
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Figure 4.6. Melting temperature shifts (ATm) of hfg RNA and DNA sequences in the
absence and presence of BRACO-19 (D:N =0, 1, 2).

EMSA can also be adapted to investigate the influence of ligands on G4 formation
and stability, providing insight into the interaction and affinity of the ligand with
these structures. The assay exploits the principle that ligand binding to nucleic acid
leads to a reduced electrophoretic mobility on native polyacrylamide or agarose
gels due to slower migration of the resulting complex compared to the free nucleic
acid, providing a visual readout of interaction between the two[130]. To validate
the interaction between BRACO-19 and Afq full-length and truncated DNA and
RNA G4s, EMSA was performed using increasing concentrations of BRACO-19
(0 - 50 uM). At 50 uM, a shift in mobility was observed for all the bands
corresponding to ifqg G4s-protein complexes in comparison to the free G4 controls
(0 uM), indicating a stable complex formation (Figure 4.7)[252]. This shift suggests
binding of BRACO-19 to G4 structure formed in the selected sequences.
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Figure 4.7. EMSA of hfq RNA and DNA sequences with BRACO-19 showing
retardation in presence of ligand (50 uM) with respect to free nucleic acid (0 uM).

4.3.6 Robust affinity of BRACO-19 for hfq_G4 structures

Fluorescence titration was employed to evaluate the binding of BRACO-19 to
hfg G4 RNA/DNA. BRACO-19 exhibits measurable shifts in fluorescence
intensity (AF) upon interaction with nucleic acids, which, when fitted using a two-
site saturation model, yield dissociation constants (Kq). #fg RNA exhibited strong
binding with BRACO-19 (K4 =0.017 uM) indicating a high-affinity interaction. In
contrast, truncated hfg RNA showed a comparatively weaker binding (Kq = 1.094
uM), suggesting that structural elements in the full-length RNA enhance better
ligand stabilization. These results are consistent with CD NMR data showing an

inherently stable parallel G4 topology in the Afg RNA[253,254]. The binding
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affinity of BRACO-19 towards 4fg DNA was found to be less than 4fg RNA (Kq
= 0.066 uM). In contrast, truncated hfq DNA showed a comparatively weaker
binding (K¢ = 0.2 uM). Overall, BRACO-19 displayed preferential and stronger
binding to full-length 4fg RNA, with lower affinity for truncated or DNA sequences

(Figure 4.8).
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Figure 4.8. Fluorescence titration studies of BRACO-19 with hfg RNA/DNA G4
sequences. Plot after fitting the data obtained due to the interaction of BRACO-19
with the respective hfq by two-mode binding.

Isothermal titration calorimetry (ITC) was utilized to assess the thermodynamic
profile of the interaction of BRACO-19 with full-length and truncated 4fg RNA and
DNA G4 sequences. The sequence hfg RNA exhibited a strong exothermic
interaction with a sharp sigmoidal binding curve, indicating a high-affinity (Kq=
3.5 nM) and specific recognition by BRACO-19. In contrast, the truncated
hfg RNA exhibited a lower dissociation constant (K¢ = 0.87 uM), suggesting a
probable effect of truncation on ligand accessibility. Similarly, BRACO-19
displayed moderate affinity towards Afg DNA (Kq = 0.58 uM) compared to
hfg RNA, whereas the truncated hfg DNA construct exhibited significantly
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weaker and less cooperative binding (Kq¢= 5.4 uM). These results demonstrated that
BRACO-19 preferentially interacts with full-length RNA G-quadruplexes, in line
with other result analyses (Figure 4.9, Table 4.2). The less pronounced interaction
with truncated constructs underscored the role of sequence length in G4 stability
and determining ligand affinity. Titration was also performed with corresponding
mutant RNA and DNA sequences to evaluate the significance of G4 structure in the
binding with BRACO-19, which displayed high Kq4 values (Table B3).

Table 4.2. Table depicting the values of thermodynamic parameters obtained

through Isothermal Titration Calorimetry (ITC) Analysis of the hfg RNA and DNA
G4 sequences with BRACO-19.

Parameters hfqg RNA truncated hfqg DNA truncated
hfg RNA hfg DNA

Kal (uM) 0.004 0.870 5.435 0.581

AG1 (cal/mol) -5.550 -6.051 -5.178 -78.840

AS1 (cal/mol/°C) | 21.900 8.140 7.340 -258.000

AH1 (cal/mol) -5.002%x10° | -5.847x10° | -4.994x10° | -8.529%x10*
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Figure 4.9. (A) ITC binding isotherms of titration of hfq RNA and DNA G4
sequences with BRACO-19. (B) K. values represented on a log scale for
comparative assessment of BRACO-19 affinity from ITC study.

To investigate the molecular interaction between BRACO-19 and 4fg RNA/DNA
G4, 1D proton NMR spectroscopy was employed to monitor chemical shift
perturbations and line broadening in the aromatic proton region (6.5 - 8.8 ppm) of
BRACO-19 NMR spectrum upon nucleic acid titration. Broadening of proton
resonances is indicative of ligand binding, or complex formation, often attributed
to intermediate exchange on the NMR timescale. Progressive titration of 4#fg RNA
in BRACO-19 solution resulted in significant line broadening and intensity loss of
well-resolved signals (H1, H3, H2/H4, HS), and the consequent appearance of new
resonances, indicating strong binding of the ligand to a well-structured 4fg RNA
G4 structure (Figure 4.9). For truncated hfg RNA, similar broadening was
observed, but the effect was less intense and more gradual, suggesting slightly
reduced affinity, consistent with fluorescence titration assay results (Figure 4.10).
In contrast, #fg DNA showed minimal peak broadening at the same D:N ratio

(Figure 4.10), and less intense additional resonances, indicating a comparative
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weaker interaction, which may be attributed to the comparatively less stable folding
of DNA G4s compared to their RNA counterparts[255]. Similarly, in case of
truncated hfg DNA, negligible changes in peak broadening were observed (Figure
4.10), reinforcing the conclusion that BRACO-19 does not significantly interact
with this sequence under the tested conditions. Altogether, these NMR results
highlight the preferential interaction of BRACO-19 with Afg RNA G4, as

compared to the other sequences.
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Figure 4.10. ID IH NMR peak broadening analysis of BRACO-19 with hfqg RNA
and DNA G4 sequences.

4.3.7 Recognition of hfg_G4 structures by Hfq Protein

To investigate the recognition potential of the full-length and ACTD Hfq protein
towards G4 structures, CD titration spectroscopy was performed with full-length
and truncated hfg DNA and RNA sequences. Upon titration with Hfq FL, a dose-
dependent decrease in the positive CD signal at ~265 nm was observed for
hfg RNA and truncated hfg RNA, suggesting an interaction of both protein
variants with RNA G4 (Figure 4.11). A less pronounced decrease was seen with
DNA counterparts, indicating weaker or less specific interactions (Figure 4.11). In
contrast, titrations with Hfq ACTD showed modest and similar spectral changes

with all the G4s (Figure 4.11). This may suggest the lack of recognition or
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specificity towards RNA/DNA structures due to the truncation of the CTD. The CD
titration analysis demonstrated that both the /L and ACTD Hfq variants maintain
functional interaction with all nucleic acid targets, though ACTD with moderately
reduced specificity, in comparison to Hfq FL. It is also noteworthy to mention that
the Hfq CTD may be responsible for the differential binding enhancement of RNA
G4s in case of titration with Hfq FL, consistent with its known role in RNA

chaperone activity and multivalent binding[256-258].
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Figure 4.11. CD titration spectra of hfq RNA and DNA G4 sequences with
increasing concentrations Hfqg FL and ACTD protein (P:N = 0 - 5), showing

protein-induced conformational changes in G4 structure.

Electrophoretic Mobility Shift Assay (EMSA) was performed to determine the
interaction between Hfq protein variants (FL and ACTD) and hfq G4 sequences. A

clear shift in RNA mobility was observed for #fg RNA in the presence of increasing
Hfq FL protein concentrations, and clear bands corresponding to complex and free

nucleic acid were observed for truncated hfg RNA (Figure 4.12), indicating stable
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complex formation. Notably, the intensity and shift pattern diminished with the
ACTD protein, suggesting reduced affinity or altered binding dynamics without the
C-terminal domain. In contrast, the 4fg DNA and truncated hfg DNA sequences
(Figure 4.12) showed minimal to no shift with either protein variant, indicating a
lack of significant interaction under the tested conditions.

These findings strengthened the selective binding property of Hfq towards RNA
and highlighted the role of Hfq C7D in enhancing RNA G4 recognition and
binding, while DNA counterparts appeared largely unbound.
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Fig 4.12. EMSA of RNA and DNA G4 sequences with increasing concentrations of
FL and ACTD Hfq.

4.3.8 Fluorescence Spectroscopy revealed Hfq-G4 interaction

To validate the interaction between Hfq (FL and ACTD variants) and 4fg DNA and
RNA G4 structures, fluorescence emission spectra of the proteins were recorded
with subsequent titration of nucleic acid. Upon titration of Hfq FL with Afg RNA,
a significant red shift in emission maxima was observed with an increase in the
fluorescence intensity of the maxima (Figure 4.13). The fluorescence enhancement
likely arises from shielding of the fluorophore from solvent or quenching groups

which may be an indication of a strong interaction and probable stabilization or
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structural rearrangement of protein structure. The overall difference in fluorescence
intensity and shift upon titration with 4fg RNA were found to be less pronounced
in case of ACTD compared to the FL protein, indicating a comparatively weaker
interaction (Figure 4.13). In case of truncated hfg RNA, a similar pattern was
observed, but the intensity increase was somewhat less and there appeared a lack
of cooperative binding pattern (Figure 4.13). For 4Afg DNA, both FL and ACTD
Hfq proteins show little to no significant change in fluorescence emission intensity,
suggesting weak or non-structural binding that does not induce major
conformational changes in the protein (Figure 4.13). However, for truncated
hfg_DNA, both protein variants showed an increased fluorescence intensity and
emission maximum exhibiting red shift with increasing N/P ratio. This effect was
robust for both FL and ACTD proteins, suggesting that CTD may not be solely
responsible for this interaction with truncated DNA.

Altogether, fluorescence data revealed that both FL and 4CTD Hfq bind RNA far
more readily than DNA. The muted response of the ACTD mutant underscores the
CTD’s contribution to high-affinity RNA recognition. #fg DNA, by contrast,
displayed little to no binding under these conditions. An exception to this was the
truncated hfqg DNA construct, which elicited appreciable fluorescence shifts with
both Hfq variants, indicating a dispensable role of CTD and possibly a non-specific

interaction between the two.
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Figure 4.13. Fluorescence titration spectroscopy analysis of Hfq FL and Hfq ACTD
upon increasing concentrations of hfg RNA and DNA sequences (N/P = 0 - 2.0),
indicative of RNA-protein interaction.

4.3.9 Regulation of /ifq gene expression by BRACO-19

To determine the impact of BRACO-19-mediated G4 stabilization on hfq gene
expression constructs, an RT-PCR assay was performed. The RT-PCR analysis
examined the transcriptional response of three 4fg gene constructs: full-length 4fg,
C-terminal truncated Afg (ACTD), and the glycine-rich region (GRP), following
treatment with BRACO-19 at ICos (12.5 uM) and IC125 (6.25 uM). The ICsg value
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was selected according to a study performed earlier[251]. Full-length Afqg transcript
levels showed a clear dose-dependent reduction following BRACO-19 treatment
with a ~20% decreased expression observed at IC125, and ~60% of control levels
at ICys (Figure 4.14). A slightly less downregulation pattern was observed for
ACTD hfg region (Figure 4.14). The most substantial repression was observed for
the GRP &fg construct, where transcript levels dropped below 20 % at the higher
BRACO-19 concentration (ICz2s). This suggested the sensitivity of the glycine-rich
CTD region alone towards BRACO-19, possibly due to G-rich sequences or a
structural predisposition that enabled ligand binding and consequent transcriptional

inhibition.
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Figure 4.14. RT-PCR analysis of hfq transcript variants (full-length, ACTD, GRP
domain) upon BRACO-19 treatment (IC;2.5 and IC>s) relative to untreated control.

4.4 Conclusion

The comprehensive exploration of G4 structures within the Afg gene of
Acinetobacter baumannii has illuminated a previously unacknowledged level of
regulation in bacterial gene expression. By integrating in silico, biophysical, and

biochemical approaches, this study demonstrated that both full-length and
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truncated hfg RNA and DNA sequences can form two-tetrad G4 structures in the
presence of K*, particularly RNA G4s being more stable. These G4 structures were
recognized and stabilized by the well-characterized G4 ligand BRACO-19 and
exhibited a good binding affinity. They also displayed interaction with the Hfq
protein, especially its full-length variant, with preferential binding towards RNA
G4s over DNA, highlighting the critical role of the glycine-rich C-terminal domain
in high-affinity RNA binding. Importantly, the stabilization of 4fqg G4s by BRACO-
19 was shown to result in significant expressional downregulation of Afg gene
fragments, with the most pronounced effect observed in the glycine-rich C-terminal
region. This finding underscored the potential of G4-Hfq complexes as dynamic,
ligand-responsive regulatory switches in bacterial physiology. The data collectively
suggested that G4 structures within the Afg transcript could operate as structural
roadblocks or protein-binding platforms in the alteration of gene expression, and
that targeting these motifs may offer a novel strategy for antimicrobial intervention.
Overall, this work revealed the functional versatility of non-canonical nucleic acid
structures in microbial adaptation and pathogenicity. It also aided in formulating a
basis for future exploration of RNA-—protein interactions in clinically relevant
bacteria and highlighted the therapeutic potential of G4-targeting ligands in

controlling multidrug-resistant pathogens.
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RNA G-QUADRUPLEXES IN THE
JAPANESE ENCEPHALITIS VIRUS
GENOME: UNCOVERING TARGETS
FOR ANTIVIRAL INTERVENTION

135



136



Chapter 5

RNA G-quadruplexes in the Japanese Encephalitis virus

genome: uncovering targets for antiviral intervention

5.1 Introduction

G-quadruplexes (G4s) constitute a subset of non-canonical secondary nucleic acid
structures formed by Guanine-rich DNA or RNA sequences. The architecture of
G4s comprises a stacked arrangement of G-quartets, wherein four guanine bases
are hydrogen-bonded in a planar configuration via Hoogsteen interactions. The G4
structure is stabilized by the co-ordination of certain physiologically relevant
monovalent cations, such as Na"and K" depending upon their ionic radii[260]. G4s
can adopt intramolecular conformations originating from a single strand or
intermolecular conformations facilitated by the association of different strands. The
orientation of the guanines in the tetrad is further defined by the anti or syn
conformation of the N-glycosidic bond which dictates the topology exhibited by
the G-quadruplex structures, parallel, anti-parallel, and mixed/hybrid[193]. RNA
G4s exclusively exhibit parallel topologies due to their anti-glycosidic
conformation, and despite their increased stability compared to DNA G4s, they
have received relatively less attention. Recent studies have expanded our
understanding of potential G-quadruplex (G4)-forming sequences (PGQPGQs)
dispersed across various biologically significant regions, suggesting a widespread
presence of RNA PGQPGQs and their pivotal role in the regulating a myriad of
cellular functions[261-263].

RNA G-quadruplexes have been identified as key regulators of gene expression
having implications in cancer[264,265] and neurological disorders[266]. Another
intriguing aspect is the presence of RNA G4s in the viral genome which have been
extensively reported in positive as well as negative sense single-stranded RNA
viruses such as flaviviruses, filoviruses, and coronaviruses[267]. For instance,
RNA-G4s have been noted to play a crucial role in the HIV-1 viral life cycle,

specifically in the viral replication system and the initiation of reverse
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transcription[268]. Similarly, RNA G4 structures have been implicated in the
expression of Ebola virus L gene as well as the C gene of the Hepatitis C
virus[269,270]. Additionally, RNA synthesis in HCV is also found to be regulated
by the formation of an RNA-G4 structure in the negative sense strand of the
virus[271]. The Zika virus, a member of the Flaviviridae family, has also been
documented to harbor potential G4s within its RNA genome, spanning both
structural and non-structural protein genes[2,272]. These G4s were found to be
conserved across the whole flavivirus genus, thereby hinting at their probable role
in the viral lifecycle. It is also noteworthy to mention the involvement of RNA G4s
in the reduction of viral mRNA translation, in turn affecting antigen presentation
and contributing to immune evasion in Epstein-Barr virus[273]. Additionally, the
presence of conserved RNA G4s in SARS-CoV-2, SARS-CoV, and MERS-CoV
has been observed, and the same has also been validated through biophysical
approaches[274]. The importance of RNA G4 structure in hindering SARS-CoV2
infection through limiting the entry of the virus has also been elucidated[275].
Nonetheless, several well-reported G-quadruplex binding ligands have been found
to effectively stabilize these viral RNA G4s, consequently exhibiting anti-viral
activity. In particular, Phen-DC3, a distinct G-quadruplex ligand demonstrated the
ability to impede viral replication in HCV-infected cells[271]. Similarly, another G-
quadruplex binding ligand, BRACO-19 has been associated with the inhibition of
promoter activity in HIV-1[276]. In another study, TMPyP4 has been identified as
a potent inhibitor of RNA G4s involved in replication and gene expression of
SARS-CoV-2 virus[277]. Subsequently, in another study directed towards SARS-
CoV-2, TMPyP4 was found to present efficacy as an antiviral agent through the
stabilization of RNA G-quadruplex structures in the viral genome[278]. Similar to
its effect on SARS-CoV-2, the ligand was also found to hinder the growth,
replication, and translation of ZIKA virus-infected cells via binding to RNA G4s
present in the viral genome[2]. In another recent investigation, PDS, another G-
quadruplex binder also demonstrated antiviral efficacy against ZIKV infection
through effective binding and stabilization of ZIKV RNA G-quadruplexes in

vitro[279]. Given the robust conservation of putative G-quadruplex forming
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sequences in the RNA among the respective viral isolates, G-quadruplex binding
ligands could be of compelling interest for new antiviral therapies against RNA G-
quadruplexes.

We investigated the presence of potential G-quadruplex sequences in the Japanese
encephalitis virus (JEV) genome, the most prevalent cause of severe flaviviral
encephalitis. JEV is a mosquito-borne arbovirus, particularly widespread in East
and Southeast Asian countries and certain regions of the Western Pacific[280]. The
global incidence of JEV cases remains uncertain due to inadequate monitoring but
reported JEV infections reach approximately 68,000 annually, with around 20,000
fatal cases[281]. The primary demographic affected by JEV is children, carrying a
mortality rate of up to 30 %[281]. Survivors, numbering up to 50%, may endure
persistent and severe neuropsychiatric complications such as recurrent seizures,
memory loss, convulsions, and paralysis[282]. JEV is an enveloped, positive-sense,
single-stranded RNA virus with a genome of approximately 11,000 nucleotides,
comprising a substantial open reading frame (ORF) flanked by 5’ and 3’
untranslated regions (UTRs). The polyprotein encoded by the ORF, upon cleavage
by either viral or cellular proteases yields three structural proteins (SPs) (the capsid,
C; pre-membrane, prM; envelope, E) and seven nonstructural proteins (NSPs)
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5)[283]. Despite evidence
indicating significant anti-JEV activity of various compounds both in vitro and
animal models, there lies a paucity of clinical trials conducted in the past
decade[281,284]. The limited availability of anti-JEV therapeutics underscores the
insufficient understanding of the molecular underpinnings of JEV pathogenesis. At
present, there lies a dearth of specific antiviral therapies for JEV infection,
necessitating the identification of novel targets for the development of effective
antiviral strategies.

The study in this chapter explored the existence of G-quadruplex structures in the
JEV genome using a comprehensive approach, integrating bioinformatics,
biophysical, and biological techniques. Initially, G4-prediction algorithms were
employed to analyze the JEV genome, predicting the occurrence of putative G4

motifs, followed by an exploration of motif conservation across various JEV
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isolates. The conserved motifs were then characterized in terms of their topology
and thermodynamic stability using circular dichroism. The interactions between
these motifs and the G4-binding ligand BRACO-19 were extensively evaluated
through fluorescence probe displacement assay, gel retardation, titration assays
utilizing RNA-induced changes in ligand fluorescence, isothermal titration
calorimetry (ITC), and NMR peak broadening analysis. Furthermore, cell-based
assays were conducted to assess the cytotoxic and antiviral effects of BRACO-19,
revealing a dose-dependent reduction in infectious virus titers, viral replication, and
translation in JEV-infected cells. The cell-based assay results therefore
demonstrated the impact of G-quadruplex-specific ligand on G4-mediated
biological processes. This study provides insights into the structural characteristics
of RNA G-quadruplexes in the JEV genome, and the elucidated G4-ligand binding
represents progress toward the development of potential antiviral targeting JEV

infection.
5.2 Material and Methods

5.2.1 Genome-mining studies using bioinformatics analysis
All 378 JEV genome sequences were downloaded from the NCBI genome database
and used for the prediction of the putative G4-forming motifs utilizing our in-house
G-quadruplex prediction tool (G4IPDB)[99]. The prediction was performed using
the algorithm:

G=2N17G=22N1.7G=2 N7 G=2
where G refers to Guanine, and N is any nucleotide including Guanine. Both sense
and antisense strands were explored for PGQPGQ prediction. The predicted
PGQsPGQ were then functionally annotated in the JEV genome using NCBI
Database Graphics mode. G-quadruplex prediction was also performed using
G4Hunter. Sequence logos of selected RNA G4s were prepared using the WebLogo
tool[122].

5.2.2 In vitro transcription
DNA templates containing T7 RNA promoter and forward and reverse primers

were designed and purchased from Sigma-Aldrich (St. Louis, MO, USA) (Table
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C1). DNA templates for in vitro transcription were produced via PCR
amplification. RN As were transcribed using in-house purified T7 RNA Polymerase
and the synthesized transcripts were purified by running 15 % denaturing PAGE.
The concentration of the oligonucleotides used for each experiment was determined
from UV absorption at 260 nm using molar absorption coefficients as calculated

from IDT OligoAnalyzer tool.

5.2.3 'H Nuclear magnetic resonance (NMR) spectroscopy

"H NMR spectra were recorded at 25 °C using a 400 MHz Bruker Avance III
(BioSpin International AG, Switzerland) spectrometer equipped with a 5 mm
broadband inverse (BBI) probe. The RNA oligonucleotides were annealed in KPO4
buffer (10 mM, pH 7.5, 100 mM K") at a final concentration of around 0.3-0.5 mM.
DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) was used as an internal
reference. The samples were annealed by heating at 95 °C for 10 min and slowly
cooled to room temperature. The titration experiments of BRACO-19 were
performed with the successive addition of RNA till a ligand to RNA (D:N) ratio of
100:8 was achieved. The acquired NMR spectra were processed and analyzed using

Topspin v4.0.6 software (academic license).

5.2.4 Circular Dichroism (CD) Spectroscopy and Melting Analysis

J-815 spectropolarimeter (JASCO) was used to perform the CD experiments. The
required temperature was maintained with a continuous supply of nitrogen gas to
prevent condensation around the cuvette. The concentration of RNA sample for CD
Spectral analysis was maintained at 5 uM in KPO4 buffer (10 mM, pH 7.5)
supplemented with the required concentration of K*. The sample was heated at 95
°C for 10 minutes and then left to reanneal at room temperature. The spectra were
recorded with a wavelength range set to 220 — 300 nm with a scanning speed of 50
nm/min and 0.1 nm interval. For CD Spectroscopy in the presence of ligand, the
buffer was supplemented with 100 mM K. Ligand was gradually added to the RNA
solution till a ligand to RNA (D:N) ratio of 2:1. Baseline correction was performed

before each experiment and data were normalized by buffer subtraction. The
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obtained data was plotted using SigmaPlot 15.0 software (Systat Software,
Chicago, IL, USA).

CD Melting experiments were conducted using a J-815 Spectropolarimeter
(JASCO) equipped with a Peltier temperature programmer and water Peltier system
PCB-1500. RNA solution (10 uM) was prepared in KPO4 buffer (10 mM, pH 7.5,
100 mM K¥), heated at 95 °C for 10 mins, and then allowed to cool down at room
temperature for 30 mins. The melting curves were monitored at a wavelength of
~265 nm with a temperature range of 25 °C to 95 °C at the rate of 1 °C/min. The
melting analysis was carried out till a ligand to RNA (D:N) ratio of 2:1 was attained.
The normalized absorbance changes at 265 nm against temperature were plotted

using the SigmaPlot 15.0 software (Systat Software, Chicago, IL, USA).

5.2.5 Fluorescence intercalator displacement (FID) assay

FID assay was performed using Thioflavin T (ThT), a fluorescent G-quadruplex
probe. The solution of RNA oligonucleotide (5 uM) and their respective mutants
was prepared in KPO; buffer (10 mM, pH 7.5, 100 mM K). 10 uM ThT solution
was prepared in the same buffer and fluorescence intensities were collected at 495
nm using an excitation wavelength of 425 nm. The oligonucleotide solution was
then added to the ThT solution and fluorescence emission was recorded after 10
mins. Next, 25 pM ligand solution, also prepared in the same buffer was added to
the above mixture and incubated for 30 mins, and fluorescence intensity was
recorded. All the steps were carried out at 25 °C in a Corning half-area 96-well
black plate and fluorescence intensity was measured using the BioTek microplate
reader Synergy H1 system.

The experiment was performed in duplicate and fluorescence intensity was
averaged. To calculate the percentage of ThT displacement, the following formula
was used:

F, Fb]

ThT Displacement (%) = 100 — [100 X F,+F,

where F stands for fluorescence with ligand, Fi, for fluorescence without ligand,

and Fy, for fluorescence of ThT alone.
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5.2.6 Gel mobility shift assay

Gel mobility shift assay was performed with 15 uM of JEV-PGQ RNAs prepared
in KPOys buffer (10 mM pH 7.5; 100 mM K*) after heating at 95 °C for 10 mins and
then allowed to cool down at room temperature. The PGQ RNA solution was then
titrated with a high concentration of BRACO-19 solution (100 - 0 uM) and
incubated for 30 mins at room temperature. The samples were then resolved on 3
% agarose gel prepared in 1X TBE buffer and run under cold conditions in ice at
55 V and stained by ethidium bromide. The gel image was visualized and analyzed

using ImageQuant LAS 4000 (GE Healthcare, Biosciences Ltd, Sweden).

5.2.7 Fluorescence titration assay

The Fluorescence titration assays were performed on Synergy™ H1 multi-mode
microplate reader using a Corning half-area 96-well black plate at 25 °C. Each
sample was prepared in duplicates with a final volume of 75 pl in each well. The
JEV PGQ and mutant RNAs prepared at a concentration of 20 uM were serially
diluted and the last well was taken as blank (no RNA). For the detection of
fluorescence change of BRACO-19 upon titration with RNA, fluorescence
emission was recorded at the maximum emission wavelength of 440 nm after being
excited at a wavelength of 360 nm. The obtained data were analyzed using Sigma
Plot 15.0 software (Systat Software, Chicago, USA) according to the following

equation:

_ Bmaxi X abs (x) Bmax2 X abs (x)
Kq1 X abs (%) Kg, X abs (x)

f

where Bmax = maximum number of binding sites. Kq = equilibrium binding constant

5.2.8 Isothermal titration calorimetric (ITC) analysis

The ITC experiments were carried out using a MicroCal iTC200 isothermal titration
calorimeter (GE Healthcare, Biosciences Ltd., Sweden). The RNA solutions were
prepared at a concentration of 10 uM and BRACO-19 at a concentration of | mM
in KPO4 buffer (10 mM, pH 7.5, 100 mM K). All the calorimetric titrations were
carried out at 25 °C by injecting 1.6 ul aliquots of BRACO-19 solution into RNA
solution at 120 s intervals, for a total of 22 injections. The titration curves were

buffer corrected by titrating the same ligand concentration into buffer solution for
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calculating the heat of dilution. The obtained values were used to generate the
binding isotherms using the Origin scientific software version 7 (Microcal Software
Inc. Northampton, MA, USA). A two-site binding mode was used for fitting the

data and to determine the binding constants.

5.2.9 mTFP-based reporter assay

The Human Kidney (HEK293T) cell line was procured from the National Centre
for Cell Science (NCCS), Pune, India. The JEV-PGQ sequences were cloned in the
pCAG-mTFP vector, just after the ATG start codon of the mTFP gene. The forward
primers were designed to contain the EcoRI cleavage site at the 5’ end followed by
the respective PGQ sequence with the mTFP gene N terminus sequence at the 3’
end. A common reverse primer was used for all the sequences comprising the Xhol
cleavage site at the 3’end and the TFP C-terminus sequence at the 5’ end (Table
C2). The forward and reverse primers were then used to amplify the ~708 bp
fragment comprising the whole mTFP gene along with the JEV-PGQ sequence,
using the pCAG-mTFP plasmid as the PCR template. The amplified fragment
which is the desired insert, and the plasmid were then individually digested with
EcoRI and Xhol, and ligated together to generate the plasmid constructs pCAG-
JEV-PGQ-Env_2-mTFP, pCAG-JEV-PGQ-NS3 2-mTFP and pCAG-JEV-PGQ-
NS5 1-mTFP. Similarly, the forward and reverse primers were designed to generate
the mutant construct pCAG-JEV-Mut-mTFP. The sequence of the constructs was
verified by gene sequencing and then transfection was performed in HEK293T
cells. The transfected cells were subsequently treated with 5 uM and 10 uM of
Braco-19 after 4 h of transfection and the mTFP expression level was observed
after 24 h of treatment using a microscope. Statistical significance was calculated
using Two-Way ANOVA to determine significant differences between untreated
and BRACO-19-treated sets of wild-type and mutant samples. Data was analyzed

using GraphPad Prism software version 8.0.2, and represented as mean + SD.

5.2.10 Cell lines and Virus
Neuro2a (mouse neuroblastoma), C6/36, and Vero cell lines were obtained from

the cell repository at the National Centre for Cell Sciences (NCCS), Pune, India.
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These cells were tested and found negative for mycoplasma. Neuro2a cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM), Vero cells were
cultured in Eagle’s minimum essential medium (MEM) and C6/36 cells were
cultured in Leibovitz’s (L-15) medium. All media were additionally supplemented
with 10% fetal bovine serum (FBS), 100 pg/ml penicillin-streptomycin cocktail,
and 2 mM L-glutamine. JEV isolate Vellore P20778 (GenBank accession no.
AF080251) was propagated in C6/36 cell line and Vero cells were used to titrate

the virus using plaque assays as described earlier[285].

5.2.11 Virus infection, cell treatment and cell viability assay

All virus infection studies were performed by giving JEV infection in incomplete
media at indicated MOI for 1 h. Cells were then washed with 1X PBS and complete
medium was added. Cells were treated with BRACO-19 at indicated concentrations
for 24 h post-infection. Cells were harvested for cell viability assays, RNA
isolation, and Western blotting. Culture supernatants were used for virus titration
through plaque assay. Every experiment had biological triplicates.

Cell viability assays were performed using the CellTiter-Glo® assay kit as per
manufacturer’s instructions. The percentage of cell viability was calculated as:
[(ATP luminescence for experimental condition)/(ATP luminescence for untreated

condition)] X 100 and normalized to untreated control.

5.2.12 RNA isolation, quantitative Real time (qRT)- PCR and Western
Blotting

RNA was extracted using Trizol reagent. cDNA was prepared using Bio-Rad
iScript cDNA synthesis kit (Cat. # 1708891), and used to set up qRT-PCR on
QuantStudio 6 (Applied Biosystems). JEV RNA level and GAPDH (loading
control) were determined with SYBR green reagents. QqRT-PCR for each sample
was done in technical duplicates. The primer sequences used for qRT-PCR are
listed in Table C3.

For Western Blotting, cells were lysed using ice-cold lysis buffer for 1 hour (4 °C)
and protein was collected in the supernatant. The composition of cell lysis buffer

used is: 150 mM NacCl, 1 % Triton X-100, 50 mM Tris-HCI pH 7.5, 1 mM PMSF,
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and protease inhibitor cocktail. Protein concentration in cell lysates was estimated
by using a BCA assay kit. Before loading, cell lysates were boiled at 95 °C (10
minutes) with 5X loading dye (40 % glycerol, 20 % B-mercaptoethanol, 0.04 %
bromophenol blue, 6 % SDS, 0.25 M Tris-HCI pH 6.8) to denature proteins. Equal
amount of cell lysates were run on SDS-PAGE and separated proteins were
transferred to PVDF membranes for immunoblotting. The blots were visualized
using Bio-Rad Gel Doc XR" gel documentation system and protein expression was

calculated by measuring the band intensity using Image J software.
5.3  Results and Discussion

5.3.1 Identification of putative G-quadruplex forming motifs (PGQs) in the
JEV genome
The existence of PGQs has been reported in other flaviviruses such as Zika, and
TBEV, and thus we aimed to evaluate the same in JEV having a GC content of 51.5
%. We performed a genome-wide screening of 378 JEV isolates from the NCBI
database using our established G-quadruplex prediction tool, examining both the
positive (sense) and negative (antisense) strands. While the JEV genome is
composed of positive-sense RNA, which acts as a template for both transcription
and translation, we also considered the negative antisense strand, synthesized later,
which plays a crucial role in viral genome replication. According to computational
bioinformatics studies, it has been observed that the density of G-quadruplexes in
viruses exhibits a moderate correlation with the G/C content of the viruses.
Moreover, a comprehensive analysis indicates that PGQs with short loops are more
prevalent and exhibit conservation across various viral taxonomic groups[286].
Hence, our criteria for identifying PGQs included >2 guanine tracts and loop
lengths of 1-7, resulting in 26 motifs in the sense strand and 12 in the antisense
strand. We then conducted a BLAST search to identify highly conserved PGQs
across JEV strains, yielding eight conserved PGQs (=90 %) in essential genes,
including NSP (NS3 and NS5) and SP (Envelope protein E) genes with six in sense
and two in antisense strand (Figure 5.1). These PGQs were located within the ORF

region of crucial genes, including two in the Envelope protein (E), a crucial
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mediator of host-cell viral infection. Furthermore, three PGQs were positioned in
the NS3 protein gene, contributing a functional role in viral replication and protein
maturation[287]. The remaining three PGQs were situated in the coding region of
the NS5 gene, i.e. the RNA-dependent RNA polymerase coding gene. It is
responsible for the viral genome replication and capping and is one of the highly

conserved proteins among JEV and the flavivirus genus[288].
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Figure 5.1. WebLogo representation of the predicted PGQ motifs in the JEV
genome.

Moreover, viral genomic sequences have been found to harbor G4 motifs that
diverge from the conventional criteria of canonical G4s, instead incorporating non-
canonical features, including bulges, base pair mismatches, and stem-loop
conformations, thereby highlighting the structural diversity and complexity of viral
G4s[289-291]. In particular, flaviviruses have been observed to encompass both
canonical and non-canonical G4s, with JEV genome embedding more than a
hundred such PGQs in their genomes[292]. Although various algorithms are
currently accessible for G4 prediction, there exist certain non-canonical G4-
forming motifs that evade detection through conventional G4 prediction tools, as

reported by investigations[293,294]. To address this, we employed G4-Hunter
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assesses G4 propensity based on G/C skewness and G-tract presence, providing a
score[98,294]. We set threshold values between 1.0 and 2.0, with a 25-nucleotide
window size, considering the typical size of reported G4-forming sequences [294].
A concomitant decrease in the number of G4s with increasing threshold was
observed resulting in G4 densities of 29 per kb at threshold 1.0, 8.7 at 1.2, 1.0 at
1.4, 0.09 at 1.6, and none beyond 1.6 (Figure 5.2 A, B). The observed increased
density may denote an increased prevalence of non-canonical G-quadruplex motifs
relative to their canonical counterparts. In addition, we also predicted the number
of G4s using G4IPDB with G-tract >2 and varying loop lengths (LL) of <15, <10,
<7, <5, <3 and noted a decrease in the number of GQs with decreasing loop length
(LL) (Figure 5.2 C, D). Surprisingly, we did not obtain any PGQs in the sense or
anti-sense strands when parameters were set to G-tract >3 and loop lengths (LL) of

<15, <10, <7, <5, <3.
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Figure 5.2. Prediction of putative G-quadruplex motifs in JEV reference strain
(NC 001437.1) (A) and (C) Heat map representing the number of GQs/kb predicted
using G4 Hunter and G4IPDB tool respectively (B) Bar graph representing the GO
density from G4 Hunter and G4IPDB predictions respectively.

5.3.2 Predicted JEV-PGQs form RNA G-quadruplex structures in vitro

Nuclear magnetic resonance (NMR) spectroscopy is widely used for the structural
study of macromolecules, such as nucleic acids. It has a unique strength in studying
G-quadruplex secondary structures under physiologically relevant solution
conditions. The guanine H1 imino protons involved in G-quadruplex structure

formation have a characteristic shift when Hoogsteen hydrogen-bonded (G:G),
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giving rise to characteristic resonance peaks around 10.0 - 12.5 ppm[128]. This
chemical shift region is distinct from imino chemical shifts corresponding to other
DNA conformations that appear in the upfield region between 12.5 - 14.0 ppm due
to Watson-Crick hydrogen bonding (A:U; G:C)[126]. Hence, the appearance of
imino proton resonances in the NMR spectrum provides a clear indication of the
formation of G-quadruplex structures in a sequence. To proceed with the
determination of G4 structure formation in JEV-PGQs in vitro, we performed 1D
"H NMR spectroscopy. The emergence of characteristic imino proton peaks
between 10.0 — 12.0 ppm confirmed the formation of a predominant RNA G-
quadruplex structure in the predicted JEV-PGQs (Figure 5.3). While no additional
peaks were observed for sequences NS5 1, NS5 2, and NS5 3 beyond 12.5 ppm,
some additional peaks were observed for Env_1, Env 2, NS3 1, NS3 2, and
NS3 3 PGQs in the region 12.5 - 14.0 ppm. These additional peaks can be
attributed to the Watson-Crick base pairing between the bases present in the loop

sequences and/or sequences flanking the G4 motif] 183,290].
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Figure 5.3. 1D 1H NMR Spectra of JEV-PGQs.

5.3.3 The structural topology of JEV-PGQs remained intact in the presence
of cations
To experimentally validate the formation of G-quadruplex structures in the selected
PGQs, we carried out Circular Dichroism (CD) spectroscopy of the synthesized
RNA PGQ sequences. CD spectroscopy is a well-established method used to
determine the topology of G-quadruplex structures. RNA G-quadruplexes are
reported to exhibit predominantly parallel topology, as compared to the DNA G-
quadruplexes which exhibit varied topology, with few exceptions (34, 35). A
parallel GQ topology is characterized by the appearance of a positive peak around
~265 nm and a negative peak around ~240 nm[295]. The spectra for each of the
PGQs were recorded in an increasing concentration of K* ranging from 0 - 200 mM
in KPOj4 buffer solution at room temperature. The emergence of signature peaks
representative of parallel G-quadruplexes with positive and negative bands at ~265

nm and ~240 nm respectively, for all the PGQs further confirmed the formation of
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G-quadruplex in these motifs (Figure 5.4), whereas these signature peaks were
absent in the CD spectrum of the mutant sequence (Figure 5.4). It is also noteworthy
to mention that, no significant alteration in the CD ellipticity was observed at higher
concentrations of K (200 mM), indicating that the PGQs were stabilized in the

presence of potassium ions.
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Figure 5.4. CD-Spectra of JEV-PGQs in increasing KCI (0 — 200 mM)
concentration.

5.3.4 Presence of JEV-PGQs results in fluorescence enhancement of ThT
Thioflavin T (ThT), a benzothiazole has been reportedly used as a fluorescence
light up probe for validating the G4 conformation adopted by sequences due to its
increased selectivity towards RNA G-quadruplex structures[296]. A heightened
enhancement in fluorescence of ThT serves as a distinctive characteristic of the
majority of G4-forming sequences[297]. This property of ThT was employed to
determine the interaction and affinity of ligands towards G4s through their
competitive ability to displace bound ThT from G4-forming sequences. This
approach is based on the G-quadruplex Fluorescent Intercalator Displacement (G4-
FID) assay, developed in 2006, where the displacement of ThT from G-quadruplex
structures is measured to assess ligand binding.[298,299].

We performed the G4-FID assay to verify G4 structure formation in the identified

motifs and to evaluate the interaction of G-quadruplex binding ligands with the
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former. The fluorescence intensity of ThT was found to significantly increase upon
the addition of JEV-PGQs while the emission intensities of the linear mutant unable
to adopt G4 structure was comparable to that of ThT alone (Figure 5.5 A).
Henceforth, this confirmed the adoption of G4 structure by the motifs. BRACO-19
and TMPyP4 were selected as representatives of conventional G4 ligands for the
displacement assay, both of which exhibit antiviral activity [255,300]. The
fluorescence emission decreased drastically upon the addition of these two
distinctive G-quadruplex binders, thereby showcasing their ability to displace the
ThT bound to the PGQs. This confirmed the interaction of G-quadruplex binding
ligands to the PGQs. Additionally, the displacement percent of BRACO-19 was
found to be better as compared to TMPyP4, which led us to select BRACO-19 as a
potent G4 binding ligand throughout the study (Figure 5.5 B).
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Figure 5.5. Fluorescence Intercalator Displacement (FID) Assay. (A) The
fluorescence of Thioflavin T (ThT), obtained by the addition of JEV-PGQs with
respect to (w.r.t.) mutant and ThT alone. (B) The percent displacement of ThT from
JEV-PGQs with the addition of BRACO-19 and TMPyP4.

5.3.5 Gel retardation assay of JEV-PGQs with BRACO-19 reveals their
interaction

Gel retardation assay is a technique initially delineated in 1981, widely employed

for evaluating essential details concerning protein-nucleic acid interactions[301—

303]. The fundamental principle of the assay lies in the differential electrophoretic

mobilities exhibited by molecules based on varied sizes and charges when separated

on a native polyacrylamide or agarose gel. This technique is now widely adopted

to investigate interactions between ligand and nucleic acids. Typically, binding of
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the ligand to free nucleic acid molecules affects the electrophoretic mobility of the
latter, yielding slower-migrating species in comparison to unbound nucleic
acids[130]. Therefore, the mobility of the ligand-nucleic acid complex is retarded
relative to the free nucleic acid and, thus the assay is regarded as gel retardation
assay which provides valuable information regarding the binding interactions
between them. The aforementioned results offer insights into the interacting
capability of BRACO-19 with JEV-PGQ RNAs. To corroborate these observations,
we performed a gel retardation assay of each of the JEV-PGQs with BRACO-19.
Upon increasing the concentration of BRACO-19 (100 pM), a noticeable
retardation in the migration of the band was observed in JEV-PGQ RNAs as
compared to ligand unbound PGQ RNA (0 uM) (Figure 5.6 A). The observed
alteration in mobilities associated with each PGQ can be attributed to sequence-
specific interactions facilitating the formation of a stable complex between
BRACO-19 and JEV-PGQ RNAs[252]. In contrast to JEV-PGQs, no significant
retardation was observed in the mobility of the mutant taken as negative control.
Moreover, we also examined the mobility of JEV-PGQs w.r.t. the mutant, where the

mutants were observed to migrate faster than PGQs (Figure 5.6 B).
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Figure 5.6. Gel retardation assay. (A) with increasing concentration of BRACO-19
(0 - 100 uM) (B) Comparison of mobility of G4 forming sequences w.r.t. mutants.

5.3.6 BRACO-19 induces the stabilization of JEV-PGQs

The impact of the ligand BRACO-19 on the stability of JEV-PGQs was assessed
by performing titration of the ligand, BRACO-19 through CD spectroscopy and CD
melting experiments. CD spectral analysis stands as a viable method for
investigating the RNA secondary structure, offering insights into alterations in the
conformation resulting from the introduction of a ligand. An effective G-
quadruplex binding ligand is expected to exert a robust stabilizing influence on G-
quadruplex structures. We performed CD spectroscopy with all the JEV-PGQs, and
BRACO-19 was gradually added to the RNA solution until it reached a 2:1 ligand-
to-RNA molar ratio. Remarkably, with the addition of BRACO-19, the positive
band at ~265 nm and the negative band at ~240 nm in the CD spectra of JEV-PGQs
remained unaltered (Figure 5.7). Therefore, it can be said that the topology of each

of the G4 motifs was maintained in presence of BRACO-19.
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Figure 5.7. CD spectra of JEV-PGQs in increasing BRACO-19 concentration.
[(Ligand:RNA) i.e. D:N = 0, D:N = 1 and D:N = 2].

CD melting profile gives information about the stabilizing effect of ligands on G4s
in terms of melting temperature (Tm). The acquisition of the CD melting spectra
typically involves monitoring the changes in the RNA secondary structure at the
wavelength associated with maximum ellipticity (~265 nm) across a temperature
range (25 °C to 95 °C). This idea is based upon the presumption of having a fully
folded structure at the initial lower temperature and the subsequent complete
unfolding of the molecular structure on reaching the highest temperature[304]. In
this work, a CD melting study was carried out using BRACO-19 with the ligand-
to-RNA ratio of 2:1 as in CD spectroscopy. Subsequently, an increase in melting
temperature was observed for all the JEV-PGQs (Figure 5.8 A, B, Table C4).
Hence, the elevation in the melting temperature of the PGQs with increasing ligand
concentration prompted an interpretation of a stabilizing effect on the former,

making it challenging to undergo unfolding.
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Figure 5.8. CD Melting Assay with increasing BRACO-19 concentration (100 mM
K"). (4) CD Melting spectra of JEV-PGQs. (B) ATm values of JEV-PGQs.
[(Ligand:RNA) i.e. D:N = 0, D:N = 1 and D:N = 2].

To fully acknowledge the effect of BRACO-19 on PGQ stability, we performed CD
Melting Analysis at a lower K™ concentration (25 mM). We observed an increase
in T in this case as well, for all the JEV-PGQs, except NS5 1, which could not be
determined (5.9. A, B, Table C5). This can be explained by the possible presence
of multiple conformations for this sequence at such a low K' concentration. CD
melting profiles typically assume the presence of a single folded conformation in
solution and the presence of multiple conformations can lead to biphasic melting
profiles, as observed at D:N = 0[305]. If different conformational species have
similar melting temperatures, their melting profiles are bound to overlap and appear
as a single phase transition, though with a lower slope, as observed at D:N =1, and

D:N = 2[306].
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5.3.7 Binding of BRACO-19 with JEV-PGQs with high affinity

The fluorescence titration assay of ligands with nucleic acids (DNA/RNA) serves
as a valuable assay to evaluate the binding affinity of the ligand towards the latter.
Small molecules, such as BRACO-19 which exhibit intrinsic fluorescence,
attributable to the presence of delocalized = electrons, are significantly affected by
the addition of nucleic acids. An observable shift in fluorescence intensity (AF)
upon titration of RNA is indicative of the binding between the ligand and RNA
which can be quantified in terms of dissociation constant (Kq4) value. An effective
interaction reflects an alteration in fluorescence intensity, characterized by either
enhancement or quenching. Kq value is obtained after global curve fitting of the
binding curve plotted using AF and RNA concentration using a two-site saturation
model. The binding affinity is inversely related to the K4 value, and therefore the
lower the K4 value higher the binding affinity of the ligand towards RNA. In this
study, we performed fluorescence titration assays of BRACO-19 with the selected
JEV-PGQs. It is worth mentioning that each of the PGQs displayed higher binding
affinity compared to the mutant (Figure 5.10 A, B, Table C6). The contrast in the
binding affinity of the different PGQs might arise due to differences in sequence

length and composition, folding, and loop length and composition.
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ITC is a unique and widely employed technique for studying the interactions and
binding affinities of ligands to macromolecules and the characterization of its
energetic aspects[132]. ITC is robust, and offers the advantage of providing
complete thermodynamic profiling, giving clear information about the binding
constants, free binding energy, its enthalpic and entropic components, and the
nature of the interacting forces[307,308]. This technique has also been proven
valuable in evaluating the energetics of ligand interaction with G-quadruplex
structures[309]. Following this notion, we employed ITC to investigate the
interaction between JEV-PGQs and the G-quadruplex binding ligand BRACO-19.
We selected three PGQs (JEV-PGQ-ENV 2, JEV-PGQ-NS3 2, JEV-PGQ-
NS5 1) out of the eight PGQs, exhibiting a conserved ness of >90 % to
demonstrate their ability to interact and bind with BRACO-19. The titration of
BRACO-19 with JEV-PGQs resulted in highly enthalpy-driven exothermic
reaction as observed from their thermograms (Figure 5.11). The enthalpic
contribution in these reactions may be ascribed to non-covalent interactions, such
as those arising due to the stacking of the ligand (BRACO-19) to the G-quadruplex
tetrad structure of the PGQs[310,311]. The negative enthalpy change (AH;) for the
PGQs (-2.11 x 10*joules/mol for ENV_2, -4.186 x 10* joules/mol for NS3 2, and
-3.86 x 10* joules/mol for NS5 1) depicted their thermodynamic feasibility and
selectivity towards the ligand. In contrast, the mutant sequence lacked a putative

G-quadruplex forming sequence, precluding its interaction with BRACO-19, as
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evident from its positive enthalpy change (AH; = 17.96 x 10* joules/mol). The
dissociation constants calculated for JEV-PGQs were higher than the negative

mutant control, indicating a higher affinity of G4s towards BRACO-19 (Table C7).
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Figure 5.11. ITC thermograms of JEV-PGQs and mutant sequence obtained by
titration with BRACO-19.

5.3.8 NMR spectroscopy studies validate the binding of Braco-19 to JEV-
PGQs
"H NMR spectroscopy is a valuable technique to examine the binding interactions
between ligands and nucleic acids at the atomic level. For a more comprehensive
understanding of the interaction between BRACO-19 and JEV-PGQs, as observed
from the above experimental results, we conducted RNA titration experiments with
BRACO-19, followed by 'H NMR analysis. The NMR proton spectrum of
BRACO-19 in general exhibits proton resonances between 6.5 - 8 ppm in the
absence of the PGQs. With the subsequent addition of the oligonucleotide to the
BRACO-19 solution, in each case, a line broadening of the existing resonance
signals was observed within the same range (Figure 5.12). The broadening of the
resonance signals of the ligand confirmed the binding of the ligand with the JEV-
PGQs[312]. Moreover, notable upfield shifts were also observed in the proton
region of BRACO-19, suggesting the presence of m—n interactions between the
aromatic surface of the ligand and the G-tetrads of the JEV-PGQs[312,313]. For
almost all the PGQs, significant changes in line-broadening began to plateau upon

the addition of RNA to the ligand. Collectively, this data supports the interaction of

159



BRACO-19 and JEV-PGQs resulting in the formation of a complex in which the

G-quadruplex structure is stabilized.
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Figure 5.12. NMR Line Broadening Analysis. (A) Structure of BRACO-19 with the
allocated aromatic protons showing resonances in 1H NMR spectra. (B) NMR
spectra of BRACO-19 with consecutive addition of JEV-PGQ RNA. Orange star
marks depict the flattened proton resonances.

5.3.9 Stabilization of JEV-PGQs results in mTFP gene repression

It is plausible to consider the impact of the presence of secondary RNA structures
on gene translation[314,315]. Gene reporter assays are usually the methods of
choice to elucidate the functional role of RNA GQ structures in vivo. Besides, these
assays serve as valuable tools for evaluating small molecules targeting intracellular
RNA G-quadruplexes[139]. To assess the effect of BRACO-19 on JEV-PGQ
stabilization and its potential as an antiviral agent, we conducted an mTFP (mono
teal fluorescence protein) based reporter assay. We selected PGQ motifs present in
the JEV genes, i.e. Envelope protein E, NS3, and NS5 as representatives for each
gene and cloned them upstream of the mTFP gene in the pCAG-mTFP vector
(pCAG-JEV-PGQ-mTFP). HEK293T cells were transfected with these plasmids
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and treated with BRACO-19 (5 uM and 10 uM) 6 h post-infection and an untreated
control was kept for comparison. The expression of the mTFP gene was monitored
24 h following transfection under the microscope. On visualization, we observed a
decrease in mTFP expression in the BRACO-19 treated cells w.r.t to the untreated
control, both of which were transfected with constructed plasmids (Figure 5.13 A,
B). To ascertain whether the decreased expression stems from the interaction
between BRACO-19 and JEV-PGQs, we proceeded to construct a plasmid
containing a mutant sequence (pCAG-JEV-Mut-mTFP) incapable of adopting the
G-quadruplex structure. HEK293T cells transfected with this plasmid showed no

change in expression under the same conditions (Figure 5.13 A, B).
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Figure 5.13. mTFP-based reporter assay. (A) Fluorescence microscopy images of
untreated and treated HEK293T cells transfected with pCAG-JEV-PGQ-mTFP and
PCAG-JEV-Mut-mTFP plasmids. (B) Relative fluorescence intensity of the treated
and untreated transfected cells.
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Figure 5.14. mTFP-based reporter assay. (A) Fluorescence microscopy images of
untreated and treated HEK293T cells transfected with pCAG-JEV-PGQ-mTFP and
pCAG-JEV-Mut-mTFP plasmids. (B) Relative fluorescence intensity of the treated
and untreated transformed cells.

All the sets were also subsequently stained with DAPI (4',6-diamidino-2-
phenylindole) to monitor the cell viability upon treatment with BRACO-19 (Figure
5.14 A, B). Therefore, it was judicious to conclude that BRACO-19 substantially
affected the expression of mTFP gene through the stabilization of JEV-PGQs,

thereby suggesting potential antiviral efficacy.
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5.3.10 BRACO-19 exerts potent antiviral effects against JEV

The biophysical experiments suggested that BRACO-19 interacts with and
stabilizes the G4 structures derived from the JEV genome. To assess its biological
properties and impact on JEV replication, we conducted cell-based experiments.
We first evaluated the cytotoxic effect of BRACO-19 on Neuro-2a cells, a mouse
neuronal cell line commonly used for JEV studies. The cell viability assay showed
no adverse effects at concentrations of 50 uM or lower (Figure 5.15 A); hence, these
concentrations were used to test anti-JEV effect. To evaluate the effect of BRACO-
19 on JEV-replication in Neuro-2a cells infected with P20778 JEV strain, cellular
RNA level was quantified using RT-qPCR after treatment with 0-50 uM ligand
concentration. When tested against the virus infection at 1 MOI, it was observed
that BRACO-19 reduced the JEV RNA levels at 5, 10, 20, and 50 uM in a dose-
dependent manner. The strongest anti-JEV effect was observed for 50 uM BRACO-
19. showing the maximal inhibition at 24 h post-infection (Figure 5.15 B).
Similarly, infectious virus titers in the culture supernatants at 24 hpi were measured
by plaque assay. In response to 50 uM BRACO-19 treatment, the total infectious
virus yield showed a significant reduction compared to the untreated control (Figure
5.15 C). Since BRACO-19 affected JEV growth inhibiting the replication of the
viral progeny, we sought to determine the impact of the ligand on viral protein
levels in virus-infected cells. We selected two of the three viral proteins, NS3 and
NS5 as the indicators of viral protein expression. JEV-infected Neura-2a cells were
treated with 10, 20 and 50 pM BRACO-19 for 24 h. Cellular NS3 and NS5 protein
levels were analyzed by Western blotting at 24 hpi, which was found to reduce the
expression of both viral proteins in a dose-dependent manner (Figure 5.15 D).
These observations confirmed that BRACO-19 exerts potent antiviral effects

against JEV.
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Figure 5.15. Antiviral effect of BRACO-19 on neuronal cells.

5.4 Conclusion

Unlike other viruses, JEV owing to its complex enzootic nature cannot be
completely eradicated and thus there is a frequent resurgence of the virus[316].
Currently, only palliative care is available for managing JEV-associated infections,
with no specific antiviral therapies approved. Most of the therapeutic strategies
aimed at tackling JEV infections include the targeting of viral proteins as it stands
out as one of the most appealing antiviral strategies and has been extensively
investigated. However, the major challenge is the development of antiviral drug
resistance, which is particularly prevalent in viruses that possess RNA-dependent
RNA polymerase[317]. It is therefore imperative to devise novel therapeutic
strategies to combat JEV infections.

In this work, we first retrieved all the accessible genomes of the Japanese
Encephalitis virus (JEV) from the NCBI Database and executed a genome-wide
mining study to identify putative G-quadruplex forming motifs through the G4
prediction tool. We obtained eight highly conserved putative G-quadruplexes in the
JEV genome, located in the open reading frames of structural (Envelope Protein;

E) and non-structural protein (NS3, NS5) coding genes. To validate the formation
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of G4 structures by these predicted motifs in vitro, we used an array of biophysical
and cell-based tools. 1D "H NMR and CD Spectroscopy experiments carried out in
the presence of potassium ions, confirmed the formation of RNA GQ structures
with a parallel topology by all the predicted PGQs. Further validation arrived from
the increase in fluorescence emission intensity of ThT on binding with JEV-PGQs.
Moreover, well-characterized G4 binders, such as BRACO-19 and TMPyP4 were
able to displace ThT associated with G4 structures showcasing their interaction
with G4 structures forming in JEV-PGQs. BRACO-19 was selected for further
study as it displayed a better percentage displacement. To further assess the
interaction of BRACO-19 with JEV-PGQs, we performed a gel retardation assay,
which showed retardation in the mobility of bands of all the PGQs w.r.t to the
mutant sequence which was incapable of folding into G4 conformation.
Fluorescence titration assays were performed utilizing the intrinsic fluorescence
ability of BRACO-19, wherein, BRACO-19 exhibited a higher binding affinity
towards the PGQs, unlike the mutant. We also carried out an NMR resonance
broadening study of BRACO-19 with the JEV-PGQs, where the broadening of
characteristic resonance peaks of BRACO-19 and the emergence of new peaks
indicated the possible formation of ligand-RNA complexes. To elucidate the
binding of BRACO-19 with JEV-PGQs on gene expression, and the antiviral
potency of BRACO-19, we conducted mTFP reporter assay studies. The dose-
dependent decrease in mTFP gene expression in the presence of the ligand,
confirmed the binding of JEV-PGQs with BRACO-19. BRACO-19 was also able
to cause suppression of infectious virus yield, viral RNA synthesis as well as NS3
and NS5 protein expression in JEV-infected Neura-2a cells, thereby illustrating its
effect on cell-based systems. Collectively, these findings provide the first
comprehensive experimental evidence supporting RNA G-quadruplexes as
pharmacologically actionable elements within the JEV genome and establish a
foundation for developing structure-guided antiviral agents that exploit non-
canonical viral RNA architectures. Targeting conserved RNA structural motifs

therefore represents a promising strategy to overcome classical resistance
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mechanisms and enables the development of broad-spectrum antiviral therapeutics

for JEV and related flaviviruses.
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Chapter 6

Conclusion and Future Perspectives

6.1 Conclusion of the thesis

This thesis focuses on the structural and functional significance of G-quadruplex
(G4) motifs, and focuses on their potential as therapeutic targets within pathogenic
bacterial and viral genomes. The emergence and re-emergence of diseases, coupled
with the rapid evolution of multidrug-resistant strains and limited efficacy of
current antiviral agents, underscore the immediate requirement for novel
therapeutic strategies. The work presented in the thesis highlights a focused effort
to address both aspects of antimicrobial resistance through targeted intervention.
The current strategies to tackle infections associated with multi-drug-resistant
pathogens remain compromised, necessitating the exploration of novel targets. One
such promising alternative is non-canonical nucleic acid secondary structure, such
as G-quadruplexes (G4s). G4s attract attention as promising targets owing to their
evolutionary conservation and involvement in crucial intracellular biological
mechanisms. These structures also offer two major advantages including, the
regulation of gene expression at transcriptional or post-transcriptional level and the
reduced susceptibility to mutation, therefore reducing the likelihood of
antimicrobial resistance development. By combining in-silico genome mining,
biophysical and cell-based studies, the studies performed in the thesis present G4
structures and G4 binding proteins (G4BPs) as plausible targets for therapeutical
intervention in the context of antimicrobial resistance (AMR) and viral
pathogenesis. Here, we explored the presence of G-quadruplex motifs in a bacterial
and a viral pathogen actively involved in the rise of emerging infectious diseases.
Our initial investigation focused on Acinetobacter baumannii, a multidrug-resistant
nosocomial pathogen, where we identified eight conserved G4 motifs. To confirm
G4 structure formation, an array of biophysical assays were performed. Cellular
assays demonstrated that ligand-mediated stabilization of these motifs resulted in

altered gene expression, suggesting a direct regulatory role. Moreover, the
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recognition and structural validation of stable two-tetrad G4 motifs within the Afg
gene in A. baumannii revealed a unique layer of post-transcriptional regulation via
selective recognition by the Hfq protein. This regulatory axis presents a promising
avenue for the targeting of G4BPs in wake of alternative antibacterial strategies, in
addition to G4s in bacteria.

Expanding the relevance of G4s in viral systems, we explored the presence and
significance of RNA G4s (rG4s) in the genome of Japanese Encephalitis Virus
(JEV). Bioinformatic predictions identified eight conserved G4 motifs, which were
structurally characterized and validated using biophysical experiments. Cellular
assays depicted the suppression of viral gene replication and expression upon
stabilization of these motifs, reinforcing the potential of viral rG4s as antiviral
targets. Collectively, these findings emphasize the evolutionary conservation and
structural flexibility of G4s across bacteria; and viral genomes and establish their
functional importance in modulation of infection-linked gene networks. The
present study provides the framework for development of improved therapeutic

strategies to tackle the ongoing challenge of antimicrobial resistance.

6.2 Future Perspectives

Based upon these findings, several avenues warrant further exploration. In A.
baumannii, the identified G4 motifs are present in essential genes involved in the
pathogen’s survival and pathogenicity. However, the exact mechanisms elucidating
G4 role in the genes harboring them and the functional impact of G4 motif
stabilization remains elusive and requires in vivo validation.

In context of viral genomes, in vivo validation in appropriate animal models would
be beneficial to establish the translational potential of G4 stabilization as an
antiviral strategy. Future strategies focusing on the broader G4 interactome,
particularly G4-binding proteins (G4BPs) is also advantageous, which play crucial
roles in specific recognition and binding to G4 structures. Targeting of such
proteins, either by inhibiting their binding or regulating their activity, may offer an
additive or synergistic approach towards G4 stabilization. Moreover, high-
throughput screening and development of selective G4-stabilizing or targeting

small molecules could lead to the development of novel antimicrobial agents with
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reduced risk of resistance. The advancement of ligand development alongside
G4BP-targeted interventions present a new hope in the direction of rational design
of next-generation antimicrobial and antiviral therapeutics.

Collectively, this thesis builds a foundation for G4 targeting in infectious diseases.
It presents a breakthrough in utilization of non-canonical nucleic acid secondary
structures for antimicrobial and antiviral intervention, offering new directions in

combating AMR and emerging viral threats.
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APPENDIX A

Table Al. List of forward and reverse primers used in RT-PCR analysis.

Motif Primers Primer Sequence (5> 3’)

16s rRNA Forward Primer GTGCGTAGGCGGCTTATTA
Reverse Primer TCTACCATCCTCTCCCATACTC

AB PGQ1 Forward Primer CAAGCGAAAGTCACTCAAGAAG
Reverse Primer GCTAAACCTGTAATCGGTAGGG

AB PGQ2 Forward Primer GCTTGTCGGTTGTGATTCAAG
Reverse Primer ATCGGTGCTGGTTCAATAGG

AB PGQ3 Forward Primer CAGCGATTACAAGCAAATGG
Reverse Primer AACCACCGGATCATCCATAAC

AB PGQ4 Forward Primer | ACCGTATGGCAATCGAGATAG
Reverse Primer ACCATATCGGCATCAGGTTT

AB PGQ5 Forward Primer TCCGGTGTTATCGGTAGATAGT
Reverse Primer GGTGAGCACGGCTTAAATTG

AB PGQo6 Forward Primer | ATCAGAACAACTCGCCCATAG
Reverse Primer GAACGTTGGACCTGATCTCTT

AB PGQ7 Forward Primer CCGAAAGGTTTATGGCAAGAAG
Reverse Primer GGTGCTACCTTATGCATGGTAT

AB PGQ8 Forward Primer GGACAAGCCGACAGTGTAAATA

Reverse Primer

CCGGATATTGTTCTGGTGTATAGG

177



Table A2. List of predicted PGQ motifs with G-tract 23 and loop length of 20 nts.

# | Length | Start End PG4 Motifs cG c¢C | Strand
(bp) | Position | Position Score | Score
1 |36 18498 18533 GGGAGGCAGCAGTGGGGAATATTGGACAATGGGGGG 190 30 +
2 |38 54007 54044 GGGCCTGCACTTTCGGGGTCTAAATCTTCGGGAAGGGG 150 80 +
3 133 240570 | 240602 | GGGTTTGAGGGGAAAGGCCTGACGGGAGTTGGG 180 30 +
4 |37 310674 | 310710 | GGGTACAAGTGGGTAACTATATGGGCATGAATCAGGG 140 |40 +
5 139 334368 | 334406 | GGGGTTCTGGGGATGAGGGGAATTATTCCACAAGAAGGG 170 | 40 +
6 |36 484293 | 484328 | GGGAGGCAGCAGTGGGGAATATTGGACAATGGGGGG 190 30 +
7 |36 516667 | 516702 | GGGAGGCAGCAGTGGGGAATATTGGACAATGGGGGG 190 30 +
8 |43 589188 | 589230 | GGGATGAACAGGGGCGTCGTATTGGGTTAAATCTGGCCTCGGG 180 70 +
9 |31 682812 | 682842 | GGGGCTTATAACGAAGGGTATGGGGCATGGG 150 30 +
10 | 32 863365 | 863396 | GGGAATTTAGGGATTTGGGAGTGTCAACCGGG 140 30 +




11 | 37 942586 | 942622 | GGGGTGCAGTTCAGAACGGGAGGGGGACACCTTTGGG 180 |60
12 | 36 1225914 | 1225949 | GGGCAAATTGAAGGCGGGTTTGTTCAAGGGATGGGG 170 | 30
13| 34 1288250 | 1288283 | GGGAAAGAAGGGCACAGCAGTTCGGGTTTAAGGG 150 |40
14 | 44 1359014 | 1359057 | GGGTTTGTTCCCGGGCATCCGATTGCGGGAAGTGAACACACGGG | 170 100
15 |42 1364784 | 1364825 | GGGACTTTATGTTGAGGGGTTCCACCTTGTAATGGGTGAGGG 170 |50
16 | 36 1414860 | 1414895 | GGGGTCAGATCAGAACGGGAGGGGGACACCTTCGGG 170 |70
17 | 37 1603432 | 1603468 | GGGGTGCAGTTCAGAACGGGAGGGGGACACCTTCGGG 180 |70

18

37

1794988

1795024

GGGATGATTGTCGGGAATACGGGCAAGATGGCACGGG

170

50

19

39

1889611

1889649

GGGGGAATGGGGCTATCGGTCGAAGCTGGGCTTTTAGGG

190

50

20

31

1941834

1941864

GGGGGATGGGGTGAGGGGGAAATAATCAGGG

180

10




21135 2322144 | 2322178 | GGGGCAGGTTTTCGGGTAGGTTGGGTCTATGCGGG 180 |40
22|33 2359599 | 2359631 | GGGCAGCGGTTATTTCAGCGGGTCCGGGCTGGG 160 70
23 | 37 2374784 | 2374820 | GGGGTGCAGTTCAGAACGGGAGTGGGACACCCTTGGG 170 70
24129 3628669 | 3628697 | GGGCTAAAGGGCACGGGTTTATGAGTGGG 140 |30
25|36 33117 33152 GGGAGGCAGCAGTGGGGAATATTGGACAATGGGGGG 190 |30
26| 18 52887 52904 GGGTTAGGGTTGGGTGGG 120 |0

27|27 139131 | 139157 | GGGTTTATTGGGCGGCCTTTAGGGGGG 140 30
28 | 36 203095 |203130 | GGGAGGCAGCAGTGGGGAATATTGGACAATGGGGGG 190 30
29 | 35 226627 | 226661 | GGGCTTTCGGGTCAGGCTGGGCATCGGCAATGGGG 170 70
30 | 41 492439 | 492479 | GGGTGGTACTTGGATGGGTGTTACGCCGCAGGGCCGATGGG 200 70




31137 567435 | 567471 | GGGTATTCGGGTGGCAATTGATGACTTTGGGACAGGG 160 |40
32140 593048 | 593087 | GGGATTTGAACTGGAAACAGCGGGGGTACTTAAAGGGGGG 180 |40
33|28 628777 | 628804 | GGGCGGGTGAGACTCCGTCATTGGGGGG 150 |50
34 | 36 669647 | 669682 | GGGAGGCAGCAGTGGGGAATATTGGACAATGGGGGG 190 |30
35|34 713962 | 713995 | GGGATGGGGATTGGCGGTATTTTGGGTGGTTGGG 190 10
36 | 39 725006 | 725044 | GGGTGGCCCAACTAAAGGGTATTACAACTTGGGCGTGGG 150 |70
37136 861056 | 861091 | GGGCTTCATAGGGCAGGGTGCCAGGTAACGCCTGGG 160 | 80
38 | 44 865391 | 865434 | GGGTATTGGGTCTTCTACATTGTACTGGGGCTTTTTGGACTGGG 160 | 60
39 | 32 948440 | 948471 | GGGGCGGGCAAATGAAAAAAGCGGGAATGGGG 160 |30
40 | 35 1174912 | 1174946 | GGGTTTACTGTATATACGGGTGGGCTAAAGATGGG 140 |30




41

37

1185418

1185454

GGGGTGCAGTTCAGAACGGGAGGGGGACACCTTCGGG

180

70

42

38

1305171

1305208

GGGCAAGGGGATGATGAGCTTACTGGCGGGTTAGAGGG

190

40

43

41

1306500

1306540

GGGGGGATTATCACGGATGAATATGGGAATAATGTTACGGG

160

30

44

44

1334788

1334831

GGGAAATTCAATTGGCTTTGGGCTTAGTGGCAGCGGGAGAAGGG

190

50

45

21

1476883

1476903

GGGCAAATTGGGACAGGGGGG

120

20

46

32

1631096

1631127

GGGAAGGGATAGACTGCGTAGTGAGGGCGGGG

180

30

47

37

1931547

1931583

GGGATTATTGCTGGGCTTTTAACGGGGATGTTAGGGG

160

30

48

44

3346330

3346373

GGGTTCTCATTTCAGGGAACCGAGATGGTGGGTGTAGCAGCGGG

190

70

49

27

3364164

3364190

GGGCGTGTTGGGTGCGGGCATGATGGG

160

30




Table A3. List of Acinetobacter baumannii strains taken into consideration for

PGQ prediction analysis.

Acinetobacter baumannii strain Accession
ID

Acinetobacter baumannii NCGM 237 DNA, complete genome AP013357.1
Acinetobacter baumannii DNA, complete genome, strain: [OMTU 433 AP014649.1
Acinetobacter baumannii NU-60 DNA, complete genome AP019685.1
Acinetobacter baumannii DNA, complete genome, strain: WP8-W18-ESBL- | AP022238.1
11

Acinetobacter baumannii ATCC19606 DNA, complete genome AP022836.1
Acinetobacter baumannii OCU_Acl6a DNA, complete genome AP023077.1
Acinetobacter baumannii NIPH17_0019 DNA, complete genome AP024415.1
Acinetobacter baumannii OCU_Ac18 DNA, complete genome AP024802.1
Acinetobacter baumannii ATCC 19606 DNA, complete genome AP025740.1
Acinetobacter baumannii ATCC 17978, complete genome CP000521.1
Acinetobacter baumannii ACICU, complete genome CP000863.1
Acinetobacter baumannii AB307-0294, complete genome CP001172.2
Acinetobacter baumannii AB0057, complete genome CP001182.2
Acinetobacter baumannii 1656-2, complete genome CP001921.1
Acinetobacter baumannii MDR-ZJ06, complete genome CP001937.2
Acinetobacter baumannii TCDC-ABO0715, complete genome CP002522.2
Acinetobacter baumannii MDR-TJ, complete genome CP003500.1
Acinetobacter baumannii BJAB07104, complete genome CP003846.1
Acinetobacter baumannii BJABO715, complete genome CP003847.1
Acinetobacter baumannii BJAB0868, complete genome CP003849.1
Acinetobacter baumannii TY TH-1, complete genome CP003856.1
Acinetobacter baumannii D1279779, complete genome CP003967.2
Acinetobacter baumannii ZW85-1, complete genome CP006768.1
Acinetobacter baumannii strain AC29, complete genome CP007535.2
Acinetobacter baumannii AC30, complete genome CP007577.1
Acinetobacter baumannii LAC-4, complete genome CP007712.1
Acinetobacter baumannii strain AB5075-UW, complete genome CP008706.1
Acinetobacter baumannii strain AB031, complete genome CP009256.1
Acinetobacter baumannii strain AB030, complete genome CP009257.1
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Acinetobacter baumannii strain AbH120-A2, complete genome CP009534.1
Acinetobacter baumannii strain 6200, complete genome CP010397.1
Acinetobacter baumannii strain XH386, complete genome CP010779.1
Acinetobacter baumannii strain A1, complete genome CP010781.1
Acinetobacter baumannii ATCC 17978-mff, complete genome CP012004.1
Acinetobacter baumannii Ab0O4-mff, complete genome CP012006.1
Acinetobacter baumannii strain PR0O7 genome CP012035.1
Acinetobacter baumannii strain CA-17 chromosome, complete genome CP012587.1
Acinetobacter baumannii strain D36, complete genome CP012952.1
Acinetobacter baumannii strain KBN10P02143 chromosome, complete | CP013924.1
genome

Acinetobacter baumannii strain YU-R612, complete genome CP014215.1
Acinetobacter baumannii strain Ab421 GEIH-2010 genome CP014266.1
Acinetobacter baumannii strain AB34299 chromosome, complete genome | CP014291.1
Acinetobacter baumannii strain XH858 chromosome, complete genome CP014528.1
Acinetobacter baumannii strain XH860 chromosome, complete genome CP014538.1
Acinetobacter baumannii strain XH859 chromosome, complete genome CP014539.1
Acinetobacter baumannii strain XH857 chromosome, complete genome CP014540.1
Acinetobacter baumannii strain XH856 chromosome, complete genome CP014541.1
Acinetobacter baumannii strain ab736, complete genome CP015121.1
Acinetobacter baumannii strain 3207 chromosome, complete genome CP015364.1
Acinetobacter baumannii strain ORABO1, complete genome CP015483.1
Acinetobacter baumannii  strain  CMC-CR-MDR-Ab4 chromosome, | CP016295.1
complete genome

Acinetobacter baumannii strain CMC-MDR-ADb59 chromosome, complete | CP016298.1
genome

Acinetobacter baumannii  strain CMC-CR-MDR-Ab66 chromosome, | CP016300.1
complete genome

Acinetobacter baumannii DU202 chromosome, complete genome CP017152.1
Acinetobacter baumannii strain KABO1 chromosome, complete genome CP017642.1
Acinetobacter baumannii strain KAB02 chromosome, complete genome CP017644.1
Acinetobacter baumannii strain KAB03 chromosome, complete genome CP017646.1
Acinetobacter baumannii strain KAB04 chromosome, complete genome CP017648.1
Acinetobacter baumannii strain KABO5 chromosome, complete genome CP017650.1
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Acinetobacter baumannii strain KAB06 chromosome, complete genome CP017652.1
Acinetobacter baumannii strain KABO7 chromosome, complete genome CP017654.1
Acinetobacter baumannii strain KAB08 chromosome, complete genome CP017656.1
Acinetobacter baumannii strain HRAB-85, complete genome CP018143.1
Acinetobacter baumannii strain AF-401 chromosome, complete genome CP018254.1
Acinetobacter baumannii strain AF-673 chromosome, complete genome CP018256.1
Acinetobacter baumannii strain A1296 chromosome, complete genome CP018332.1
Acinetobacter baumannii strain XDR-BJ83 chromosome, complete genome | CP018421.1
Acinetobacter baumannii strain ATCC 17978 chromosome, complete | CP018664.1
genome

Acinetobacter baumannii strain LAC4, complete genome CP018677.1
Acinetobacter baumannii strain 11510 chromosome CP018861.2
Acinetobacter baumannii strain AB042 chromosome, complete genome CP019034.1
Acinetobacter baumannii strain MDR-CQ chromosome, complete genome | CP019114.1
Acinetobacter baumannii strain XH731 chromosome, complete genome CP019217.1
Acinetobacter baumannii strain 15A5 chromosome, complete genome CP020574.1
Acinetobacter baumannii strain SSA12 chromosome, complete genome CP020578.1
Acinetobacter baumannii strain SAA14 chromosome, complete genome CP020579.1
Acinetobacter baumannii strain SSMA17 chromosome, complete genome CP020581.1
Acinetobacter baumannii strain JBA13 chromosome, complete genome CP020584.1
Acinetobacter baumannii strain CBA7 chromosome, complete genome CP020586.1
Acinetobacter baumannii strain 15A34 chromosome, complete genome CP020590.1
Acinetobacter baumannii strain SSA6 chromosome, complete genome CP020591.1
Acinetobacter baumannii strain USA2 chromosome, complete genome CP020592.1
Acinetobacter baumannii strain USA15 chromosome, complete genome CP020595.1
Acinetobacter baumannii strain HWBAS chromosome, complete genome CP020597.1
Acinetobacter baumannii strain WKAO02 chromosome, complete genome CP020598.1
Acinetobacter baumannii strain XH731 chromosome, complete genome CP021321.1
Acinetobacter baumannii strain XH386 chromosome, complete genome CP021326.1
Acinetobacter baumannii strain B8342 chromosome, complete genome CP021342.1
Acinetobacter baumannii strain B11911 chromosome, complete genome CP021345.1
Acinetobacter baumannii strain B§300 chromosome, complete genome CP021347.1
Acinetobacter baumannii strain ZS3 chromosome CP021496.1
Acinetobacter baumannii strain A85 chromosome, complete genome CP021782.1
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Acinetobacter baumannii strain 7804 chromosome, complete genome CP022283.1
Acinetobacter baumannii strain 9201 chromosome, complete genome CP023020.1
Acinetobacter baumannii strain 10324 chromosome, complete genome CP023022.1
Acinetobacter baumannii strain 10042 chromosome, complete genome CP023026.1
Acinetobacter baumannii strain 9102 chromosome, complete genome CP023029.1
Acinetobacter baumannii strain 7847 chromosome, complete genome CP023031.1
Acinetobacter baumannii strain 5845 chromosome, complete genome CP023034.1
Acinetobacter baumannii strain XH906 chromosome, complete genome CP023140.1
Acinetobacter baumannii strain AYP-A2 chromosome, complete genome CP024124.1
Acinetobacter baumannii strain A388 chromosome, complete genome CP024418.1
Acinetobacter baumannii strain AbPK1 chromosome, complete genome CP024576.1
Acinetobacter baumannii strain Ab4977 chromosome, complete genome CP024611.1
Acinetobacter baumannii strain Ab4653 chromosome, complete genome CP024612.1
Acinetobacter baumannii strain Ab4568 chromosome, complete genome CP024613.1
Acinetobacter baumannii isolate SMC Paed Ab BLO1 chromosome, | CP025266.1
complete genome

Acinetobacter baumannii strain ABNIH28 chromosome, complete genome | CP026125.1
Acinetobacter baumannii strain 810CP chromosome, complete genome CP026338.1
Acinetobacter baumannii strain AR_0056 chromosome, complete genome | CP026707.1
Acinetobacter baumannii strain AR_0063 chromosome, complete genome | CP026711.1
Acinetobacter baumannii strain WCHABO005133 chromosome, complete | CP026750.2
genome

Acinetobacter baumannii strain AR_0078 chromosome, complete genome | CP026761.1
Acinetobacter baumannii strain S1 chromosome CP026943.1
Acinetobacter baumannii strain AR_0056 chromosome, complete genome | CP027123.1
Acinetobacter baumannii strain AR_0070 chromosome, complete genome | CP027178.1
Acinetobacter baumannii strain AR_0052 chromosome, complete genome | CP027183.1
Acinetobacter baumannii strain WCHABO005078 chromosome, complete | CP027246.2
genome

Acinetobacter baumannii strain AR_0083 chromosome, complete genome | CP027528.1
Acinetobacter baumannii strain AR_0088 chromosome, complete genome | CP027530.1
Acinetobacter baumannii strain AR_0102 chromosome, complete genome | CP027607.1
Acinetobacter baumannii strain AR_0101 chromosome, complete genome CP027611.1
Acinetobacter baumannii strain DS002 chromosome, complete genome CP027704.2

186




Acinetobacter baumannii strain NCIMB 8209 chromosome, complete | CP028138.1
genome

Acinetobacter baumannii strain DA33098 chromosome, complete genome | CP029569.1
Acinetobacter baumannii strain Aba chromosome, complete genome CP030083.1
Acinetobacter baumannii strain DA33382 chromosome, complete genome | CP030106.1
Acinetobacter baumannii ACICU chromosome, complete genome CP031380.1
Acinetobacter baumannii strain LUH 6011 chromosome, complete genome | CP031383.1
Acinetobacter baumannii strain MDR-UNC chromosome, complete genome | CP031444.1
Acinetobacter baumannii WM99c¢ chromosome, complete genome CP031743.1
Acinetobacter baumannii strain A320 (RUH134) chromosome, complete | CP032055.1
genome

Acinetobacter baumannii strain UPAB1 chromosome, complete genome CP032215.1
Acinetobacter baumannii strain C25 chromosome, complete genome CP032743.1
Acinetobacter baumannii strain 7835 chromosome, complete genome CP033243.1
Acinetobacter baumannii strain 2008S11-069 chromosome, complete | CP033516.1
genome

Acinetobacter baumannii strain FDAARGOS 540 chromosome, complete | CP033754.1
genome

Acinetobacter baumannii strain FDAARGOS 533 chromosome, complete | CP033768.1
genome

Acinetobacter baumannii strain  MRSN15313 chromosome, complete | CP033869.1
genome

Acinetobacter baumannii strain A52 chromosome, complete genome CP034092.1
Acinetobacter baumannii isolate 09A16CRGNO0014 chromosome, complete | CP034242.1
genome

Acinetobacter baumannii isolate 09A16CRGNO03B chromosome, complete | CP034243.1
genome

Acinetobacter baumannii strain ABUH796 chromosome, complete genome | CP035043.1
Acinetobacter baumannii strain ABUH793 chromosome, complete genome | CP035045.1
Acinetobacter baumannii strain ABUH773 chromosome, complete genome | CP035049.1
Acinetobacter baumannii strain ABUH763 chromosome, complete genome | CP035051.1
Acinetobacter baumannii strain 11A14CRGNO003 chromosome, complete | CP035183.1
genome

Acinetobacter baumannii strain 11A1314CRGNO088 chromosome, complete | CP035184.1

genome
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Acinetobacter baumannii strain 11A1213CRGNO55 chromosome, complete | CP035185.1
genome

Acinetobacter baumannii strain 11A1213CRGNO008 chromosome, complete | CP035186.1
genome

Acinetobacter baumannii strain VB23193 chromosome, complete genome | CP035672.1
Acinetobacter baumannii strain VB31459 chromosome, complete genome | CP035930.1
Acinetobacter baumannii strain VB31459 plasmid unnamedl, complete | CP035931.1
sequence

Acinetobacter baumannii strain TG60155 chromosome CP036283.1
Acinetobacter baumannii strain AB053 chromosome CP037869.1
Acinetobacter baumannii strain AB048 chromosome CP037870.1
Acinetobacter baumannii strain AB047 chromosome CP037871.1
Acinetobacter baumannii strain AB046 chromosome CP037872.1
Acinetobacter baumannii strain EH chromosome, complete genome CP038258.1
Acinetobacter baumannii strain EC chromosome, complete genome CP038262.1
Acinetobacter baumannii strain CIAT758 chromosome, complete genome CP038500.1
Acinetobacter baumannii strain ACN21 chromosome, complete genome CP038644.1
Acinetobacter baumannii ATCC 17978 substr. PMR-Low chromosome CP039023.2
Acinetobacter baumannii ATCC 17978 substr. PMR-High chromosome, | CP039025.2
complete genome

Acinetobacter baumannii ATCC 17978 substr. Lab-WT chromosome CP039028.2
Acinetobacter baumannii strain TG31986 chromosome, complete genome CP039341.1
Acinetobacter baumannii strain TG31302 chromosome, complete genome CP039343.1
Acinetobacter baumannii strain TG22653 chromosome, complete genome CP039518.1
Acinetobacter baumannii strain TG22627 chromosome, complete genome | CP039520.1
Acinetobacter baumannii strain TG29392 chromosome, complete genome CP039930.1
Acinetobacter baumannii strain TG22182 chromosome, complete genome | CP039993.1
Acinetobacter baumannii strain VB958 chromosome, complete genome CP040040.1
Acinetobacter baumannii strain VB958 plasmid unnamedl, complete | CP040041.1
sequence

Acinetobacter baumannii strain VB958 plasmid unnamed2, complete | CP040042.1
sequence

Acinetobacter baumannii strain VB1190 chromosome, complete genome CP040047.1
Acinetobacter baumannii strain VB16141 chromosome, complete genome | CP040050.1
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Acinetobacter baumannii strain VB35179 chromosome, complete genome | CP040053.1
Acinetobacter baumannii strain VB35435 chromosome, complete genome | CP040056.1
Acinetobacter baumannii strain SP304 chromosome, complete genome CP040080.1
Acinetobacter baumannii strain VB33071 chromosome, complete genome | CP040084.1
Acinetobacter baumannii strain VB33071 plasmid unnamedl, complete | CP040085.1
sequence

Acinetobacter baumannii strain VB35575 chromosome, complete genome | CP040087.1
Acinetobacter baumannii strain P7774 chromosome, complete genome CP040259.1
Acinetobacter baumannii strain PB364 chromosome, complete genome CP040425.1
Acinetobacter baumannii strain 11W359501 chromosome, complete genome | CP041035.1
Acinetobacter baumannii strain CUVET-MIC596 chromosome, complete | CP041148.1
genome

Acinetobacter baumannii strain J9 chromosome, complete genome CP041587.1
Acinetobacter baumannii strain E47 chromosome, complete genome CP042556.1
Acinetobacter baumannii strain ATCC BAA-1790 chromosome, complete | CP042841.1
genome

Acinetobacter baumannii strain ABCRO1 chromosome, complete genome CP042931.1
Acinetobacter baumannii strain PG20180064 chromosome, complete | CP043180.1
genome

Acinetobacter baumannii strain N13-03449 chromosome, complete genome | CP043417.1
Acinetobacter baumannii strain 11A1314CRGNO089 chromosome, complete | CP043418.1
genome

Acinetobacter baumannii strain 11A1213CRGN064 chromosome, complete | CP043419.1
genome

Acinetobacter baumannii strain AB043 chromosome, complete genome CP043910.1
Acinetobacter baumannii strain K09-14 chromosome, complete genome CP043953.1
Acinetobacter baumannii strain CAM180-1 chromosome, complete genome | CP044356.1
Acinetobacter baumannii strain 31FS3-2 chromosome, complete genome CP044517.1
Acinetobacter baumannii strain 29FS20 chromosome, complete genome CP044519.1
Acinetobacter baumannii strain ATCC 19606 chromosome, complete | CP045110.1
genome

Acinetobacter baumannii strain AbCAN2 chromosome, complete genome CP045428.1
Acinetobacter baumannii strain 6507 chromosome, complete genome CP045528.1
Acinetobacter baumannii strain 5457 chromosome CP045541.1
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Acinetobacter baumannii strain XH1056 chromosome, complete genome CP045645.1
Acinetobacter baumannii strain XL380 chromosome, complete genome CP046536.1
Acinetobacter baumannii strain ATCC 19606 chromosome, complete | CP046654.1
genome

Acinetobacter baumannii strain A1429 chromosome, complete genome CP046898.1
Acinetobacter baumannii strain DETAB-P2 chromosome, complete genome | CP047973.1
Acinetobacter baumannii strain D46 chromosome, complete genome CP048131.1
Acinetobacter baumannii strain ABF9692 chromosome, complete genome | CP048827.1
Acinetobacter baumannii strain D4 chromosome, complete genome CP048849.1
Acinetobacter baumannii strain Ax270 chromosome, complete genome CP049240.1
Acinetobacter baumannii strain Ex003 chromosome, complete genome CP049314.1
Acinetobacter baumannii strain ATCC 17978 chromosome, complete | CP049363.1
genome

Acinetobacter baumannii strain VB82 chromosome, complete genome CP050385.1
Acinetobacter baumannii strain VB473 chromosome, complete genome CP050388.1
Acinetobacter baumannii strain VB723 chromosome, complete genome CP050390.1
Acinetobacter baumannii strain VB11737 chromosome, complete genome | CP050400.1
Acinetobacter baumannii strain VB2181 chromosome, complete genome CP050401.1
Acinetobacter baumannii strain VB2486 chromosome, complete genome CP050403.1
Acinetobacter baumannii strain PM 1912235 chromosome, complete genome | CP050410.1
Acinetobacter baumannii strain PM192696 chromosome, complete genome | CP050412.1
Acinetobacter baumannii strain PM 193665 chromosome, complete genome | CP050415.1
Acinetobacter baumannii strain VB2200 chromosome, complete genome CP050421.1
Acinetobacter baumannii strain PM 194188 chromosome, complete genome | CP050425.1
Acinetobacter baumannii strain PM194229 chromosome, complete genome | CP050432.1
Acinetobacter baumannii strain VB7036 chromosome, complete genome CP050523.1
Acinetobacter baumannii strain VB2139 chromosome, complete genome CP050526.1
Acinetobacter baumannii strain DT-Ab057 chromosome, complete genome | CP050904.1
Acinetobacter baumannii strain DT-Ab022 chromosome, complete genome | CP050907.1
Acinetobacter baumannii strain DT-Ab020 chromosome, complete genome | CP050911.1
Acinetobacter baumannii strain DT-Ab007 chromosome, complete genome | CP050914.1
Acinetobacter baumannii strain DT-Ab003 chromosome, complete genome | CP050916.1
Acinetobacter baumannii strain A24 chromosome CP051262.1
Acinetobacter baumannii strain VB2107 chromosome, complete genome CP051474.1
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Acinetobacter baumannii strain Ab-C102 chromosome, complete genome CP051862.1
Acinetobacter baumannii strain Ab-C63 chromosome, complete genome CP051866.1
Acinetobacter baumannii strain Ab-D10a-a chromosome, complete genome | CP051869.1
Acinetobacter baumannii strain Ab-B004d-c chromosome, complete genome | CP051875.1
Acinetobacter baumannii ATCC 17978 chromosome, complete genome CP053098.1
Acinetobacter baumannii strain DT0544C chromosome, complete genome | CP053215.1
Acinetobacter baumannii strain DT01139C chromosome, complete genome | CP053218.1
Acinetobacter baumannii strain MS14413 chromosome, complete genome | CP054302.1
Acinetobacter baumannii strain AB79 chromosome, complete genome CP054416.1
Acinetobacter baumannii strain YC103 chromosome, complete genome CP054560.1
Acinetobacter baumannii strain TP1 chromosome, complete genome CP056784.2
Acinetobacter baumannii ATCC 19606 = CIP 70.34 = JCM 6841 strain | CP058289.1
ATCC 19606 chromosome, complete genome

Acinetobacter baumannii strain ATCC BAA1605 chromosome, complete | CP058625.1
genome

Acinetobacter baumannii strain M164-3 chromosome, complete genome CP058729.1
Acinetobacter baumannii strain A118 chromosome, complete genome CP059039.1
Acinetobacter baumannii strain ATCC 19606 chromosome, complete | CP059040.1
genome

Acinetobacter baumannii strain ATCC 17978 chromosome, complete | CP059041.1
genome

Acinetobacter baumannii strain AC1633 chromosome, complete genome CP059300.1
Acinetobacter baumannii strain 2014TJAB1 chromosome, complete genome | CP059349.1
Acinetobacter baumannii strain 2018BJAB2 chromosome, complete genome | CP059350.1
Acinetobacter baumannii strain 2018BJAB1 chromosome, complete genome | CP059351.1
Acinetobacter baumannii strain 2014LNAB1 chromosome, complete | CP059352.1
genome

Acinetobacter baumannii strain 2016LNAB1 chromosome, complete | CP059353.1
genome

Acinetobacter baumannii strain 2014BJAB1 chromosome, complete genome | CP059354.1
Acinetobacter baumannii strain 2016BJAB1 chromosome, complete genome | CP059355.1
Acinetobacter baumannii strain 2018HBAB1 chromosome, complete | CP059356.1
genome

Acinetobacter baumannii strain 2018HLJAB2 chromosome, complete | CP059357.1

genome

191




Acinetobacter baumannii strain 2018HLJAB1 chromosome, complete | CP059358.1
genome

Acinetobacter baumannii strain 2018TJAB1 chromosome, complete genome | CP059359.1
Acinetobacter baumannii strain 36-1512 chromosome, complete genome CP059386.1
Acinetobacter baumannii strain M175-3 chromosome, complete genome CP059474.1
Acinetobacter baumannii strain 17-84 chromosome, complete genome CP059479.1
Acinetobacter baumannii strain E-011922 chromosome, complete genome | CP059542.1
Acinetobacter baumannii strain 10_4 chromosome, complete genome CP059546.1
Acinetobacter baumannii strain 10_3 chromosome, complete genome CP059547.1
Acinetobacter baumannii strain B9 chromosome, complete genome CP059548.1
Acinetobacter baumannii strain AbCTX13 chromosome, complete genome | CP059729.1
Acinetobacter baumannii strain TP2 chromosome, complete genome CP060011.1
Acinetobacter baumannii strain TP3 chromosome, complete genome CP060013.1
Acinetobacter baumannii strain AbCTX1 chromosome, complete genome CP060029.1
Acinetobacter baumannii strain XYAB2018 chromosome, complete genome | CP060285.1
Acinetobacter baumannii strain AbCTX9 chromosome, complete genome CP060504.1
Acinetobacter baumannii strain AbCTXS5 chromosome, complete genome CP060505.1
Acinetobacter baumannii strain abA1 chromosome, complete genome CP060732.1
Acinetobacter baumannii strain CAb-65 chromosome, complete genome CP060994.1
Acinetobacter baumannii strain CFSANO093710 chromosome, complete | CP061514.1
genome

Acinetobacter baumannii strain CFSANO093709 chromosome, complete | CP061517.1
genome

Acinetobacter baumannii strain CFSANO093708 chromosome, complete | CP061519.1
genome

Acinetobacter baumannii strain CFSANO093707 chromosome, complete | CP061521.1
genome

Acinetobacter baumannii strain CFSAN093706 chromosome, complete | CP061523.1
genome

Acinetobacter baumannii strain CFSANO093705 chromosome, complete | CP061525.1
genome

Acinetobacter baumannii strain XH1344 chromosome, complete genome CP061541.1
Acinetobacter baumannii strain E-072658 chromosome, complete genome | CP061705.1
Acinetobacter baumannii strain Res13-Abat-PEA21-P4-01-A chromosome, | CP062919.1

complete genome
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Acinetobacter baumannii strain SD chromosome, complete genome CP064292.1
Acinetobacter baumannii strain Partl-Abaumannii-RM8376 isolate ATCC | CP064375.1
isolate chromosome, complete genome

Acinetobacter baumannii strain 2016GDAB1 chromosome, complete | CP065051.1
genome

Acinetobacter baumannii strain ATCC 17961 chromosome, complete | CP065432.1
genome

Acinetobacter baumannii strain FDAARGOS 917 chromosome 1 CP065887.1
Acinetobacter baumannii strain FDAARGOS 1036 chromosome, complete | CP066016.1
genome

Acinetobacter baumannii strain G20AB011 chromosome, complete genome | CP066229.1
Acinetobacter baumannii strain G20AB010 chromosome, complete genome | CP066232.1
Acinetobacter baumannii strain G20AB009 chromosome, complete genome | CP066235.1
Acinetobacter baumannii strain G20AB007 chromosome, complete genome | CP066237.1
Acinetobacter baumannii strain FDAARGOS 1360 chromosome, complete | CP069840.1
genome

Acinetobacter baumannii strain FDAARGOS 1359 chromosome, complete | CP069851.1
genome

Acinetobacter baumannii strain AB5075-VUB-itrA::ISAbal3 chromosome, | CP070358.2
complete genome

Acinetobacter baumannii strain AB5075-VUB chromosome, complete | CP070362.2
genome

Acinetobacter baumannii strain Cl415 chromosome, complete genome CP071763.1
Acinetobacter baumannii strain GIMC5510:ABT-897-17 chromosome 1 CP071919.1
Acinetobacter baumannii strain KSK1 chromosome, complete genome CP072122.1
Acinetobacter baumannii strain KSK6 chromosome, complete genome CP072270.1
Acinetobacter baumannii strain KSK7 chromosome, complete genome CP072275.1
Acinetobacter baumannii strain KSK10 chromosome, complete genome CP072280.1
Acinetobacter baumannii strain KSK11 chromosome, complete genome CP072285.1
Acinetobacter baumannii strain KSK18 chromosome, complete genome CP072290.1
Acinetobacter baumannii strain KSK19 chromosome, complete genome CP072295.1
Acinetobacter baumannii strain KSK20 chromosome, complete genome CP072300.1
Acinetobacter baumannii strain KSK Sensitive chromosome, complete | CP072305.1
genome

Acinetobacter baumannii strain KSK2 chromosome, complete genome CP072398.1
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Acinetobacter baumannii strain DETAB-E227 chromosome, complete | CP072526.1
genome
Acinetobacter baumannii strain  DETAB-P39 chromosome, complete | CP073060.1
genome
Acinetobacter baumannii strain ATCC 19606 chromosome, complete | CP074585.1
genome
Acinetobacter baumannii strain ATCC 17978 chromosome, complete | CP074710.1
genome
Acinetobacter baumannii strain DD520 chromosome, complete genome CP075321.1
Acinetobacter baumannii strain UC25604 chromosome, complete genome | CP076801.1
Acinetobacter baumannii strain UC24371 chromosome, complete genome | CP076804.1
Acinetobacter baumannii strain UC20804 chromosome, complete genome | CP076807.1
Acinetobacter baumannii strain UC23022 chromosome, complete genome | CP076812.1
Acinetobacter baumannii strain UC21460 chromosome, complete genome | CP076814.1
Acinetobacter baumannii strain UC24137 chromosome, complete genome | CP076817.1
Acinetobacter baumannii strain UC22850 chromosome, complete genome | CP076821.1
Acinetobacter baumannii strain 40288 chromosome, complete genome CP077801.1
Acinetobacter baumannii strain DETAB-E108 chromosome, complete | CP077826.1
genome
Acinetobacter baumannii strain DETAB-E351 chromosome, complete | CP077828.1
genome
Acinetobacter baumannii strain DETAB-E51 chromosome, complete | CP077830.1
genome
Acinetobacter baumannii strain DETAB-P43 chromosome, complete | CP077832.1
genome
Acinetobacter baumannii strain DETAB-P65 chromosome, complete | CP077835.1
genome
Acinetobacter baumannii strain DETAB-E159 chromosome, complete | CP077837.1
genome
Acinetobacter baumannii strain  DETAB-P90 chromosome, complete | CP077840.1
genome
Acinetobacter baumannii strain DETAB-E155 chromosome, complete | CP077843.1
genome
Acinetobacter baumannii strain DETAB-P24 chromosome, complete | CP077846.1
genome
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Acinetobacter baumannii strain DETAB-P16 plasmid pDETAB15, complete | CP077849.1
sequence

Acinetobacter baumannii strain CNRAB1 chromosome CP078099.1
Acinetobacter baumannii strain Colony271 chromosome CP078525.1
Acinetobacter baumannii strain Colony319 chromosome CP078526.1
Acinetobacter baumannii strain Colony151 chromosome CP078527.1
Acinetobacter baumannii strain Colony258 chromosome CP078528.1
Acinetobacter baumannii strain Ab17978UN chromosome CP079212.1
Acinetobacter baumannii strain Ab17978VU chromosome CP079213.1
Acinetobacter baumannii strain 17978UN chromosome, complete genome | CP079931.1
Acinetobacter baumannii strain B10 chromosome, complete genome CP079942.1
Acinetobacter baumannii strain K7-3RD chromosome CP079945.1
Acinetobacter baumannii strain MRSN 56 chromosome, complete genome | CP080452.1
Acinetobacter baumannii strain ARLG 6420 chromosome, complete | CP081137.1
genome

Acinetobacter baumannii strain ARLG 6344 chromosome, complete | CP081139.1
genome

Acinetobacter baumannii strain ARLG 6295 chromosome, complete | CP081144.1
genome

Acinetobacter baumannii strain C1300 chromosome, complete genome CP082952.1
Acinetobacter baumannii strain AB43 chromosome, complete genome CP083181.1
Acinetobacter baumannii strain LHC22-2 chromosome, complete genome | CP084297.1
Acinetobacter baumannii strain HKU7 chromosome, complete genome CP084721.1
Acinetobacter baumannii strain HKU6 chromosome, complete genome CP084724.1
Acinetobacter baumannii strain HKUS chromosome, complete genome CP084727.1
Acinetobacter baumannii strain HKU4 chromosome, complete genome CP084730.1
Acinetobacter baumannii strain HKU3 chromosome, complete genome CP084733.1
Acinetobacter baumannii strain RCH52 chromosome, complete genome CP085788.1
Acinetobacter baumannii strain ACI713 chromosome, complete genome CP086759.1
Acinetobacter baumannii strain OC070 chromosome, complete genome CP087298.1
Acinetobacter baumannii strain OC061 chromosome, complete genome CP087300.1
Acinetobacter baumannii strain OC081 chromosome, complete genome CP087304.1
Acinetobacter baumannii strain OC068 chromosome, complete genome CP087309.1
Acinetobacter baumannii strain OC059 chromosome, complete genome CP087312.1
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Acinetobacter baumannii strain OC064 chromosome, complete genome CP087317.1
Acinetobacter baumannii strain OC043 chromosome, complete genome CP087321.1
Acinetobacter baumannii strain OC073 chromosome, complete genome CP087325.1
Acinetobacter baumannii strain OC074 chromosome, complete genome CP087328.1
Acinetobacter baumannii strain LMG994 chromosome, complete genome CP087331.1
Acinetobacter baumannii strain DB053 chromosome, complete genome CP087335.1
Acinetobacter baumannii strain DB0O08 chromosome, complete genome CP087340.1
Acinetobacter baumannii strain DB007 chromosome, complete genome CP087344.1
Acinetobacter baumannii strain DB006 chromosome, complete genome CP087348.1
Acinetobacter baumannii strain DB003 chromosome, complete genome CP087351.1
Acinetobacter baumannii strain DB002 chromosome, complete genome CP087354.1
Acinetobacter baumannii strain OC041 chromosome CP087357.1
Acinetobacter baumannii strain OC008 chromosome CP087362.1
Acinetobacter baumannii strain DB00S5 chromosome CP087365.1
Acinetobacter baumannii strain DB004 chromosome CP087370.1
Acinetobacter baumannii strain DB001 chromosome CP087374.1
Acinetobacter baumannii strain  SHOU-ADbO1 chromosome, complete | CP087594.1
genome

Acinetobacter baumannii strain XH1935 chromosome, complete genome CP088894.1
Acinetobacter baumannii strain DETAB-R21 chromosome, complete | CP088895.1
genome

Acinetobacter baumannii strain AB1343 chromosome, complete genome CP090182.1
Acinetobacter baumannii strain MRSN 56 chromosome, complete genome | CP090606.1
Acinetobacter baumannii strain MRSN 58 chromosome, complete genome | CP090607.1
Acinetobacter baumannii strain MRSN57 chromosome, complete genome | CP091172.1
Acinetobacter baumannii strain AB5116 chromosome, complete genome CP091173.1
Acinetobacter baumannii strain BM2333 chromosome, complete genome CP091328.1
Acinetobacter baumannii strain DSM30011-VUB chromosome, complete | CP091333.1
genome

Acinetobacter baumannii strain ATCC19606-VUB chromosome, complete | CP091334.1
genome

Acinetobacter baumannii strain ATCC17978-VUB chromosome, complete | CP091335.1

genome
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Acinetobacter baumannii strain AB233-VUB chromosome, complete | CP091336.1
genome
Acinetobacter baumannii strain AB232-VUB chromosome, complete | CP091337.1
genome
Acinetobacter baumannii strain AB231-VUB chromosome, complete | CP091338.1
genome
Acinetobacter baumannii strain AB229-VUB chromosome, complete | CP091339.1
genome
Acinetobacter baumannii strain AB227-VUB chromosome, complete | CP091340.1
genome
Acinetobacter baumannii strain AB226-VUB chromosome, complete | CP091341.1
genome
Acinetobacter baumannii strain AB224-VUB chromosome, complete | CP091342.1
genome
Acinetobacter baumannii strain AB222-VUB chromosome, complete | CP091343.1
genome
Acinetobacter baumannii strain AB220-VUB chromosome, complete | CP091344.1
genome
Acinetobacter baumannii strain AB219-VUB chromosome, complete | CP091345.1
genome
Acinetobacter baumannii strain AB217-VUB chromosome, complete | CP091346.1
genome
Acinetobacter baumannii strain AB216-VUB chromosome, complete | CP091347.1
genome
Acinetobacter baumannii strain AB214-VUB chromosome, complete | CP091348.1
genome
Acinetobacter baumannii strain AB213-VUB chromosome, complete | CP091349.1
genome
Acinetobacter baumannii strain AB212-VUB chromosome, complete | CP091350.1
genome
Acinetobacter baumannii strain AB194-VUB chromosome, complete | CP091351.1
genome
Acinetobacter baumannii strain AB193-VUB chromosome, complete | CP091352.1
genome
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Acinetobacter baumannii strain AB189-VUB chromosome, complete | CP091353.1
genome
Acinetobacter baumannii strain AB18§8-VUB chromosome, complete | CP091354.1
genome
Acinetobacter baumannii strain AB187-VUB chromosome, complete | CP091355.1
genome
Acinetobacter baumannii strain AB186-VUB chromosome, complete | CP091356.1
genome
Acinetobacter baumannii strain AB183-VUB chromosome, complete | CP091357.1
genome
Acinetobacter baumannii strain AB181-VUB chromosome, complete | CP091358.1
genome
Acinetobacter baumannii strain AB180-VUB chromosome, complete | CP091359.1
genome
Acinetobacter baumannii strain AB179-VUB chromosome, complete | CP091360.1
genome
Acinetobacter baumannii strain AB177-VUB chromosome, complete | CP091361.1
genome
Acinetobacter baumannii strain AB176-VUB chromosome, complete | CP091362.1
genome
Acinetobacter baumannii strain AB175-VUB chromosome, complete | CP091363.1
genome
Acinetobacter baumannii strain AB173-VUB chromosome, complete | CP091364.1
genome
Acinetobacter baumannii strain AB172-VUB chromosome, complete | CP091365.1
genome
Acinetobacter baumannii strain AB171-VUB chromosome, complete | CP091366.1
genome
Acinetobacter baumannii strain AB169-VUB chromosome, complete | CP091367.1
genome
Acinetobacter baumannii strain AB167-VUB chromosome, complete | CP091368.1
genome
Acinetobacter baumannii strain AB40-VUB chromosome, complete genome | CP091369.1
Acinetobacter baumannii strain AB39-VUB chromosome, complete genome | CP091370.1
Acinetobacter baumannii strain AB36-VUB chromosome, complete genome | CP091371.1
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Acinetobacter baumannii strain AB32-VUB chromosome, complete genome | CP091372.1
Acinetobacter baumannii strain AB21-VUB chromosome, complete genome | CP091373.1
Acinetobacter baumannii strain AB20-VUB chromosome, complete genome | CP091374.1
Acinetobacter baumannii strain AB16-VUB chromosome, complete genome | CP091375.1
Acinetobacter baumannii strain AB14-VUB chromosome, complete genome | CP091376.1
Acinetobacter baumannii strain AB9-VUB chromosome, complete genome | CP091377.1
Acinetobacter baumannii strain AB3-VUB chromosome, complete genome | CP091378.1
Acinetobacter baumannii strain AB329 chromosome, complete genome CP091452.1
Acinetobacter baumannii strain NCCP 16007 chromosome, complete | CP091465.1
genome

Acinetobacter baumannii strain Nord4-2 chromosome, complete genome CP091596.1
Acinetobacter baumannii strain AB2877 chromosome, complete genome CP092485.1
Acinetobacter baumannii strain NY5301 chromosome, complete genome CP094283.1
Acinetobacter baumannii strain AB4451 chromosome, complete genome CP095091.1
Acinetobacter baumannii strain Z1 chromosome CP095784.1
Acinetobacter baumannii strain F46 chromosome, complete genome CP096575.1
Acinetobacter baumannii strain 6080 chromosome, complete genome CP096681.1
Acinetobacter baumannii strain 5955 chromosome, complete genome CP096682.1
Acinetobacter baumannii strain 5847 chromosome, complete genome CP096684.1
Acinetobacter baumannii strain 5846 chromosome, complete genome CP096686.1
Acinetobacter baumannii strain 5840 chromosome, complete genome CP096688.1
Acinetobacter baumannii strain 5839 chromosome, complete genome CP096690.1
Acinetobacter baumannii strain 5779 chromosome, complete genome CP096692.1
Acinetobacter baumannii strain 5773 chromosome, complete genome CP096693.1
Acinetobacter baumannii strain 5771 chromosome, complete genome CP096696.1
Acinetobacter baumannii strain 5769 chromosome, complete genome CP096698.1
Acinetobacter baumannii strain 5768 chromosome, complete genome CP096700.1
Acinetobacter baumannii strain 5767 chromosome, complete genome CP096702.1
Acinetobacter baumannii strain 5765 chromosome, complete genome CP096704.1
Acinetobacter baumannii strain 5761 chromosome, complete genome CP096705.1
Acinetobacter baumannii strain 5760 chromosome, complete genome CP096707.1
Acinetobacter baumannii strain 5759 chromosome, complete genome CP096710.1
Acinetobacter baumannii strain 5745 chromosome, complete genome CP096714.1
Acinetobacter baumannii strain 5741 chromosome, complete genome CP096717.1

199



genome

Acinetobacter baumannii strain 5740 chromosome, complete genome CP096720.1
Acinetobacter baumannii strain 5736 chromosome, complete genome CP096722.1
Acinetobacter baumannii strain 5734 chromosome, complete genome CP096724.1
Acinetobacter baumannii strain 5732 chromosome, complete genome CP096727.1
Acinetobacter baumannii strain 5729 chromosome, complete genome CP096729.1
Acinetobacter baumannii strain 5689 chromosome, complete genome CP096731.1
Acinetobacter baumannii strain 5685 chromosome, complete genome CP096734.1
Acinetobacter baumannii strain 5683 chromosome, complete genome CP096735.1
Acinetobacter baumannii strain 5679 chromosome, complete genome CP096738.1
Acinetobacter baumannii strain 5672 chromosome, complete genome CP096740.1
Acinetobacter baumannii strain 5671 chromosome, complete genome CP096742.1
Acinetobacter baumannii strain 5670 chromosome, complete genome CP096745.1
Acinetobacter baumannii strain 5669 chromosome, complete genome CP096747.1
Acinetobacter baumannii strain 5666 chromosome, complete genome CP096749.1
Acinetobacter baumannii strain 5664 chromosome, complete genome CP096753.1
Acinetobacter baumannii strain 5663 chromosome, complete genome CP096755.1
Acinetobacter baumannii strain 5656 chromosome, complete genome CP096757.1
Acinetobacter baumannii strain 5653 chromosome, complete genome CP096759.1
Acinetobacter baumannii strain 5651 chromosome, complete genome CP096762.1
Acinetobacter baumannii strain 5634 chromosome, complete genome CP096764.1
Acinetobacter baumannii strain 5626 chromosome, complete genome CP096766.1
Acinetobacter baumannii strain 5388 chromosome, complete genome CP096768.1
Acinetobacter baumannii strain XH1820 chromosome, complete genome CP096892.1
Acinetobacter baumannii strain R4-1 chromosome, complete genome CP097875.1
Acinetobacter baumannii strain R6-1 chromosome, complete genome CP097878.1
Acinetobacter baumannii strain C1107 chromosome, complete genome CP098521.1
Acinetobacter baumannii strain 280820 chromosome, complete genome CP098791.1
Acinetobacter baumannii strain VB280821 chromosome, complete genome | CP098795.1
Acinetobacter baumannii strain NCCP 15989 chromosome, complete | CP099784.1
genome

Acinetobacter baumannii strain NCCP 15992 chromosome, complete | CP099786.1
genome

Acinetobacter baumannii strain NCCP 15995 chromosome, complete | CP099788.1
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Acinetobacter baumannii strain NCCP 15996 chromosome, complete | CP099790.1
genome
Acinetobacter baumannii strain NCCP 16006 chromosome, complete | CP099793.1
genome
Acinetobacter baumannii strain NCCP 16011 chromosome, complete | CP099795.1
genome
Acinetobacter baumannii strain 17978R chromosome, complete genome CP099855.1
Acinetobacter baumannii strain 17978S chromosome, complete genome CP099856.1
Acinetobacter baumannii strain A54R chromosome, complete genome CP099857.1
Acinetobacter baumannii strain A54S chromosome, complete genome CP099858.1
Acinetobacter baumannii strain F-1629 chromosome, complete genome CP099969.1
Acinetobacter baumannii strain KBN10P04593 chromosome, complete | CP099989.1
genome
Acinetobacter baumannii strain KBN10P05679 chromosome, complete | CP100305.1
genome
Acinetobacter baumannii strain CCBH31270 chromosome CP101887.1
Acinetobacter baumannii strain CCBH31258 chromosome, complete | CP101889.1
genome
Acinetobacter baumannii strain AB3927 chromosome, complete genome CP102831.1
Acinetobacter baumannii strain AB105 chromosome, complete genome CP103338.1
Acinetobacter baumannii strain AB2369 chromosome, complete genome CP103413.1
Acinetobacter baumannii strain 2021CK-01408 chromosome, complete | CP104335.1
genome
Acinetobacter baumannii strain 2021CK-01409 chromosome, complete | CP104340.1
genome
Acinetobacter baumannii strain 2021CK-01300 chromosome, complete | CP104342.1
genome
Acinetobacter baumannii strain 2021CK-01332 chromosome, complete | CP104347.1
genome
Acinetobacter baumannii strain 2021CK-01333 chromosome, complete | CP104350.1
genome
Acinetobacter baumannii strain 2021CK-01335 chromosome, complete | CP104351.1
genome
Acinetobacter baumannii strain  2021CK-01407 plasmid unnamedl, | CP104448.1

complete sequence
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Acinetobacter baumannii strain 37662 chromosome, complete genome CP104751.1
Acinetobacter baumannii strain Ab-3556 chromosome, complete genome CP104786.1
Acinetobacter baumannii strain Ab-3557 chromosome, complete genome CP104907.1
Acinetobacter baumannii strain YZM-0314 chromosome, complete genome | CP104908.1
Acinetobacter baumannii strain YZM-0406 chromosome, complete genome | CP104912.1
Acinetobacter baumannii strain ARC6851 chromosome, complete genome | CP106943.1
Acinetobacter baumannii strain NY 13623 chromosome, complete genome | CP106988.1
Acinetobacter baumannii strain GIMC5507:ABT-52Ts18 chromosome CP107032.1
Acinetobacter baumannii strain GIMC5509:ABT-52Ts19 chromosome CP107034.1
Acinetobacter baumannii strain 1326359 chromosome, complete genome CP107577.1
Acinetobacter baumannii strain 1326525-1 chromosome, complete genome | CP107579.1
Acinetobacter baumannii strain 1326525-2 chromosome, complete genome | CP107581.1
Acinetobacter baumannii strain 1326525-3 chromosome, complete genome | CP107583.1
Acinetobacter baumannii strain 1326527-1 chromosome, complete genome | CP107585.1
Acinetobacter baumannii strain 1326527-2 chromosome, complete genome | CP107587.1
Acinetobacter baumannii strain 1326569 chromosome, complete genome CP107590.1
Acinetobacter baumannii strain 1326580 chromosome, complete genome CP107593.1
Acinetobacter baumannii strain 1326581-1 chromosome, complete genome | CP107595.1
Acinetobacter baumannii strain 1326581-2 chromosome, complete genome | CP107597.1
Acinetobacter baumannii strain 1326584 chromosome, complete genome CP107599.1
Acinetobacter baumannii strain 1326589 chromosome, complete genome CP107601.1
Acinetobacter baumannii strain 1326595 chromosome, complete genome CP107603.1
Acinetobacter baumannii strain 1326924-1 chromosome, complete genome | CP107605.1
Acinetobacter baumannii strain 1326924-2 chromosome, complete genome | CP107608.1
Acinetobacter baumannii strain 1326924-3 chromosome, complete genome | CP107610.1
Acinetobacter baumannii strain 1326927-1 chromosome, complete genome | CP107612.1
Acinetobacter baumannii strain 1326927-2 chromosome, complete genome | CP107614.1
Acinetobacter baumannii strain 1326932 chromosome, complete genome CP107616.1
Acinetobacter baumannii strain AB44 chromosome, complete genome CP107728.1
Acinetobacter baumannii strain Z198 chromosome, complete genome CP109836.1
Acinetobacter baumannii strain RBH2 chromosome, complete genome CP110462.1
Acinetobacter baumannii str. AYE, complete genome CU459141.1
Acinetobacter baumannii SDF, complete genome CU468230.2
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Acinetobacter baumannii strain SGHO701 genomic resistance island | KX011025.2
AbGRI3 genomic sequence

Acinetobacter baumannii strain  SGH1111 genomic resistance island | KX011027.1
AbGRI3 genomic sequence

Acinetobacter baumannii strain THIT7853 plasmid IHIT7853-OXA-23, | KX118105.1
complete sequence

Acinetobacter baumannii genome assembly CIP70.10, chromosome : I LN865143.1
Acinetobacter baumannii genome assembly R2090, chromosome : I LN868200.1
Acinetobacter baumannii genome assembly R2091, chromosome : I LN997846.1
Acinetobacter  baumannii  strain  NCTC13421 genome assembly, | LS483472.1
chromosome: 1

Acinetobacter baumannii strain BAL062 genome assembly, chromosome: 1 | LT594095.1
Acinetobacter baumannii strain NCTC7364 genome assembly, chromosome: | LT605059.1

1
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APPENDIX B

Table B1. List of primer sequences used for gqRT-PCR.

Gene Primers Primer Sequence (5’ - 3’)

16s rRNA Forward Primer | GTGCGTAGGCGGCTTATTA
Reverse Primer | TCTACCATCCTCTCCCATACTC

Hfq full-length | Forward Primer | AGCTCAGGGTGGTAGTCA
Reverse Primer | CCACCTTGACCACCGAAG

ACTD Forward Primer | TCTCCGTAAAGAACGCATCC
Reverse Primer | TGCGTGTTTGTAAACCATTTGA

GRP Forward Primer | GGTGGTCAAGGTGGCTT
Reverse Primer | CCTTGATGTCCGCCGAA

Table B2. Structural details of hfq constructs used in qRT-PCR assay.

Construct Coding Sequence (CDS) C-terminal Domain
Hfq full-length Complete CDS Included
ACTD CTR truncated Absent
GRP Glycine-rich domain only Only
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Table B3. Table depicting the values of thermodynamic parameters obtained
through Isothermal Titration Calorimetry (ITC) Analysis of the hfq and mutant
sequences with BRACO-19.

Paramet | hfq R | truncat | hfq_D | truncat | Mutant | Mutant | truncat | truncat
ers NA ed NA ed RNA DNA ed ed
hfq_R hfq_ D Mutant | Mutant
NA NA RNA DNA
Kyl 0.004 0.870 5.435 0.581 62.893 | 273.973 | 518.135 | 75.188
(M)
K42 10.235 | 6.803 43.668 | 4.255 12.578 | 235.294 | 0.826 38.760
(M)
AGl1 -5.550 | -6.051 -5.178 | -78.840 | 7.265x | 1.002x | 1.577x | 0.449
(cal/mol) 106 104 10°
AG2 -0.112 | -2.651 61.210 | 1.389 - - -65.935 | -
(cal/mol) 3.838x | 312.850 4.275%
10° 10°
AS1 21.900 | 8.140 7.340 - 2.660x | 3.670x | 5.770x | 22.200
(cal/mol/ 258.000 | 10* 10* 103
°C)
AS2 24.500 | 30.000 | 246.000 | 31.900 | - - - -
(cal/mol/ 1.40x1 | 1.130x | 211.000 | 1.560x
°0C) 0* 10° 10*
AH1 - - - - 7.930x | 1.094%x | 1.722x | 1.004x
(cal/mol) | 5.002% | 5.847x | 4.994x | 8.529%x | 10° 107 108 10°
10° 103 10° 10
AH2 500.500 | - 6.736x | 2.186X% | - - - -
(cal/mol) 1.901x | 104 10° 4.188x | 3.411x | 7.121x | 4.665X%
10° 108 10° 10* 10°
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Figure B.1. The fluorescence enhancement of Thioflavin T (ThT) upon the addition
of hfq G4 sequences with respect to (w.r.t.) respective mutants and ThT alone.
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APPENDIX C

Table C1. List of template and primer sequences used for PCR amplification of

JEV-PGOs.
Gene | Primers Primer Sequence (5’ - 3°) Template Sequences (5’ —3°)
GGCCGGATCCTAATACGACTC | GGCCGGATCCTAATACGACTCA
Env_1 Forward AC CTATAGCTCTTGGGTCACAGGA
Reverse | TGGAGGCCTCCTTCCTGTGAC | AGGAGGCCTCCA
Forward OOCCOOATCCTAATACGACTC GGCCGGATCCTAATACGACTCA
Env_2 AC CTATAGAGCCTGGGACTTTGGC
Reverse SiAGACCCCTCCAATGGAGC TCCATTGGAGGGGTCTTC
Forward | GAGATCTCTAATACGACTCAC | GAGATCTCTAATACGACTCACT
NS3_1 ATAGACCAAGGTGGAATTAGG
Reverse | TTTGCTGCCTCCCCTAATT GOAGGCAGCAAA
Forward | GAGATCTCTAATACGACTCAC | GAGATCTCTAATACGACTCACT
NS3_ 2 ATAGGCACTGGTTATGGGAGAT
Reverse | GTCATCCTTGGAAACCCATC GGGTTTCCAAGGATGAC
GGCCGGATCCTAATACGACTC | GGCCGGATCCTAATACGACTCA
NS3 3 Forward AC CTATAGAGTCAGGAAAAGGAT
Reverse | CCCCGCCTGGAACCACGGAT | CCGTGGTTCCAGGCGGGG
GGCCGGATCCTAATACGACTC | GGCCGGATCCTAATACGACTCA
NS5 1 Forward AC CTATAGGAAAAGGGGAAGGCC
Reverse | TTTTAGCGTCCTGCCCCCGG CGGGGGCAGGACGCTAAAA
Forward GGCCGGATCCTAATACGACTC | GGCCGGATCCTAATACGACTCA
NS5 2 AC CTATAGGTATTGGGTTAGTGGA
Reverse | GTGCACCACATTGCCAGCGG | GCCGCTGGCAATGTGGTGCAC
Forward | GAGATCTCTAATACGACTCAC | GAGATCTCTAATACGACTCACT
NS5_3 | Reverse | CCAAGCCACATGAACCAAAT | ATAGCTAAAGGAAGCAGGGCC
ATTTGGTTCATGTGGCTTGG
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Table C2. List of primer sequences used for mTFP reporter assay.

Sequence Primers | Primer Sequence (5’ - 3’)
Name
JEV-PGQ- ATGAGTGAATTCATGCCTGGGACTTTGGCT
Eny 2-mTFP | O™ | CCATTGGAGGGGTCTGTGAGCAAGG
CGTCTCGAGCTTGTACAGCTCGTCCATGCC
Reverse
JEV-PGQ- . q ATGAGTGAATTCATGACTGGTTATGGGAGAT
orwar
NS3 2-mTFP GGGTTTCCAAGGATGGTGAGCAAGG
CGTCTCGAGCTTGTACAGCTCGTCCATGCC
Reverse
JEV-PGQ- F d ATGAGTGAATTCATGAAAGGGGAAGGCCCGGGG
orwar
NS5 1-mTFP GCAGGACGGTGAGCAAGG
Reverse | CGTCTCGAGCTTGTACAGCTCGTCCATGCC
JEV-PGQ- . q ATGAGTGAATTCATGCCTTCTACTTTCTCTC
orwar
Mut-mTFP CATTTCACTTCTCTGTGAGCAAGG
Reverse | CGTCTCGAGCTTGTACAGCTCGTCCATGCC

Table C3. List of primer sequences used for qRT-PCR.

Gene Primers Primer Sequence (5’ - 3’)

JEV Forward Primer AGAGCACCAAGGGAATGAAATAGT
Reverse Primer AATAAGTTGTAGTTGGGCACTCTG’

GAPDH Forward Primer CGTCCCGTAGACAAAATGGT
Reverse Primer TTGATGGCAACAATCTCCAC
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Table C4. Table displaying the ATm values of JEV-PGQs in the BRACO-19
through CD Melting experiment performed in 100 mM K+ containing potassium
phosphate buffer.

Env 1| Env 2 |[NS3 1 |NS3 2 |NS33|NS51|NS52|NS53

16.8 11.2 16.8
ATw | 42°C | 21°C | 84°C 2.8°C 9.7°C
°C °C °C

Table C5. Table displaying the ATm values of JEV-PGQs in the BRACO-19
through CD Melting experiment performed in 25 mM K+ containing potassium
phosphate buffer.

Env 1| Env 2 |[NS3 1 |NS32|NS33|NS51|NS52|NS53

ATm | 42°C | 21°C | 62°C | 3.5°C | 22°C | N.D. | 2.0°C | 55°C

Table Cé6. Table depicting the equilibrium dissociation constant (K,) values of the
JEV-PGQs and mutant with BRACO-19 obtained through Fluorescence titration
assay.

Env 1| Env. 2 | NS3.1 | NS32 | NS33 | NS51 | NS5 2 | NS5 3 | Mutant

Ka(uM) | 0.099 | 2.042 0.045 0.217 5.606 | 0.0776 | 0.040 10.178 212.7
Ko (M) | 15.107 | 2.042 4.537 12.393 5.606 | 4.2669 | 3.660 10.178 212.1
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Table C7. Table depicting the values of thermodynamic parameters obtained
through Isothermal Titration Calorimetry Analysis of the JEV-PGQs and Mutant
with BRACO-19.

Parameters Env_2 NS3 2 NS5 1 Mutant
Ka (nM) 0.058 0.008 0.045 28.08
Kq: (M) 85.47 35.7 26.45 99.00
AG1(kJ/mol) -22.79 -42.23 -38.87 162.35
AG2(kJ/mol) -164.75 -70.3 -55.57 -154.275
AS1 (joules/mol/deg) 67.6 14.8 10.8 690
AS2 (joules/mol/deg) -518 -164 -108 -481
AH1 (joules/mol) 2.11x10* | -4.186x10* | -3.86x 10* 17.96 x 10*
AH2 (joules/mol) -17.77x10* | -7.44x10* | -5.827x10* | -16.63 x 10*

Table C8. List of Japanese Encephalitis Virus isolates taken into consideration
for PGQ prediction analysis.

Strain Accession ID
Japanese encephalitis virus genomic RNA, complete genome, | AB196923.1 AS
clone:JEV-AT38
Japanese encephalitis virus genomic RNA, complete genome, | AB196924.1 AS
clone:JEV-at229
Japanese encephalitis virus genomic RNA, complete genome, | AB196925.1 AS
clone:JEV-rAT
Japanese encephalitis virus genomic RNA, complete genome, | AB196926.1 AS

clone:JEV-AT38

Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/102

AB551991.1_AS

Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/103

AB551991.1_AS

Japanese encephalitis virus RNA, complete genome, strain: JaTAn2/103

AB551992.1_AS

Japanese encephalitis virus RNA, complete genome, strain: JaTAn2/104

AB551992.1_AS

Japanese encephalitis virus JaGAr 01 complete genome

AF069076.1_AS

Japanese encephalitis virus isolate Vellore P20778, complete genome

AF080251.1_AS

Japanese encephalitis virus strain HVI, complete genome

AF098735.1_AS

Japanese encephalitis virus strain TC, complete genome

AF098736.1_AS

Japanese encephalitis virus strain TL, complete genome

AF098737.1_AS

Japanese encephalitis virus isolate CH2195LA, complete genome

AF221499.1 AS
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Japanese encephalitis virus isolate CH2195SA, complete genome

AF221500.1 AS

Japanese encephalitis virus strain CH1392 complete genome

AF254452.1 AS

Japanese encephalitis virus strain T1P1 complete genome

AF254453.1 AS

Japanese encephalitis virus strain SA14-14-2, complete genome

AF315119.1_AS

Japanese encephalitis virus attenuated strain SA14-12-1-7, complete

genome

AF416457.1 AS

Japanese encephalitis virus strain TIP1-S1, complete genome

AY303791.1_AS

Japanese encephalitis virus strain TIP1-L4, complete genome

AY303792.1_AS

Japanese encephalitis virus strain CJN-S1, complete genome

AY303793.1_AS

Japanese encephalitis virus strain CJN-L1, complete genome

AY303794.1_AS

Japanese encephalitis virus strain ML17 (live

vaccine)/Japan/1981/human, complete genome

AY508812.1_AS

Japanese encephalitis virus strain  JaOH0566/Japan/1966/human,

complete genome

AY508813.1_AS

Japanese encephalitis virus strain HW, complete genome

AY849939.1_AS

Japanese encephalitis virus strain SA(V) genomic RNA, complete | D90194.1 AS
genome
Japanese encephalitis virus strain SA(A) genomic RNA, complete | D90195.1 AS

genome

Japanese encephalitis virus strain WHe, complete genome

EF107523.1_AS

Japanese encephalitis virus strain Nakayama, complete genome

EF571853.1_AS

Japanese encephalitis virus strain B58, complete genome

FJ185036.1 AS

Japanese encephalitis virus strain GB30, complete genome

FJ185037.1 _AS

Japanese encephalitis virus strain NJ 2008, complete genome

GQI18133.2_AS

Japanese encephalitis virus complete genome, genomic RNA, strain

Nakayama/MY/2009/P578669

HE861351.1_AS

Japanese encephalitis virus isolate DL04-29, complete genome

JF706272.1 _AS

Japanese encephalitis virus isolate Fj02-29, complete genome

JF706273.1 _AS

Japanese encephalitis virus isolate GSS, complete genome

JF706275.1_AS

Japanese encephalitis virus isolate HLJ02-134, complete genome

JF706276.1_AS

Japanese encephalitis virus isolate ZMT, complete genome

JF706283.1_AS

Japanese encephalitis virus isolate HB49, complete genome

JF706284.1_AS

Japanese encephalitis virus isolate HB97, complete genome

JF706285.1_AS

Japanese encephalitis virus isolate HYZ, complete genome

IN381853.1_AS

Japanese encephalitis virus isolate DL0445, complete genome

IN381854.1_AS

Japanese encephalitis virus isolate JH0418, complete genome

JN381855.1_AS
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Japanese encephalitis virus isolate SH0410, complete genome

JN381856.1 _AS

Japanese encephalitis virus isolate GZ042, complete genome

IJN381857.1_AS

Japanese encephalitis virus isolate FJ0394, complete genome

JN381858.1_AS

Japanese encephalitis virus isolate FI0339, complete genome

JN381859.1_AS

Japanese encephalitis virus isolate CBH, complete genome

JN381860.1_AS

Japanese encephalitis virus isolate YN98A151, complete genome

JN381861.1_AS

Japanese encephalitis virus isolate ZSZ, complete genome

IN381862.1_AS

Japanese encephalitis virus isolate SH3, complete genome

IN381864.1_AS

Japanese encephalitis virus isolate SH045, complete genome

IN381866.1_AS

Japanese encephalitis virus isolate Fj0276, complete genome

IN381867.1_AS

Japanese encephalitis virus isolate CH13, complete genome

JN381870.1_AS

Japanese encephalitis virus isolate YN, complete genome

JN381871.1_AS

Japanese encephalitis virus isolate DH107, complete genome

JN381873.1_AS

Japanese encephalitis virus strain SA14-14-2, complete genome

IN604986.1 _AS

Japanese encephalitis virus strain GD, complete genome

IN711458.1_AS

Japanese encephalitis virus strain HN2, complete genome

JN711459.1_AS

Japanese encephalitis virus strain YUNNANO0901, complete genome

IN864064.1 AS

Japanese encephalitis virus strain YUNNANO0901, complete genome

JQO086762.1 _AS

Japanese encephalitis virus strain YUNNANO0902, complete genome

JQ086763.1_AS

Japanese encephalitis virus isolate IND-WB-JE1, complete genome

JX050179.1_AS

Japanese encephalitis virus isolate IND-WB-JE2, complete genome

JX072965.1_AS

Japanese encephalitis virus isolate JEV/eq/India/H225/2009, complete

genome

JX131374.1_AS

Japanese encephalitis virus strain JE/vaccine/China/Chengdu-Institute-

of-Biological-Products-SA14-14-2, complete genome

KC517497.1_AS

Japanese encephalitis virus isolate JEV/SW/GD/01/2009, complete

genome

KF297915.1_AS

Japanese encephalitis virus strain RP9-190, complete genome

KF907505.1_AS

Japanese encephalitis virus isolate JEV-hubei, complete genome

KR265316.1_AS

Japanese encephalitis virus isolate Vellore P20778-T, complete genome

KT239164.1_AS

Japanese encephalitis virus strain Anyang-300, complete genome

KT447437.1_AS

Japanese encephalitis virus strain SA14, complete genome

KU323483.1_AS

Japanese encephalitis virus strain SC201301, complete genome

KU363309.1_AS

Japanese encephalitis virus isolate SA-14 CP8, complete genome

KU871338.1_AS

Japanese encephalitis virus isolate SA14_CP12, complete genome

KU871339.1_AS

Japanese encephalitis virus isolate SA-14 CP16, complete genome

KU871340.1_AS
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Japanese encephalitis virus isolate SA-14 CP20, complete genome

KU871341.1_AS

Japanese encephalitis virus isolate SA-14 CP24, complete genome

KU871342.1_AS

Japanese encephalitis virus isolate SA-14 CP28 , complete genome

KU871343.1_AS

Japanese encephalitis virus isolate BJ-1 M2R2, complete genome

KU871344.1_AS

Japanese encephalitis virus isolate BJ-1 M14R14, complete genome

KU871345.1_AS

Japanese encephalitis virus isolate BJ-1 M4R4, complete genome

KU871346.1_AS

Japanese encephalitis virus isolate BJ-1 M12R12, complete genome

KU871347.1_AS

Japanese encephalitis virus isolate BJ-1 M10R10, complete genome

KU871348.1_AS

Japanese encephalitis virus isolate BJ-1 MS8RS, complete genome

KU871349.1_AS

Japanese encephalitis virus isolate BJ-1 _M6R6, complete genome

KU871350.1_AS

Japanese encephalitis virus isolate BJ-1 BCP8, complete genome

KU871351.1_AS

Japanese encephalitis virus isolate BJ-1 BCP12 OFR, complete

genome

KU871352.1_AS

Japanese encephalitis virus isolate BJ-1 BCP28, complete genome

KU871353.1_AS

Japanese encephalitis virus isolate BJ-1 BCP16, complete genome

KU871354.1_AS

Japanese encephalitis virus isolate BJ-1 BCP24, complete genome

KU871355.1_AS

Japanese encephalitis virus isolate BJ-1 _BCP4, complete genome

KU871356.1_AS

Japanese encephalitis virus isolate BJ-1_BCP20, complete genome

KU871357.1_AS

Japanese encephalitis virus isolate BJ-1_CP4, complete genome

KU871358.1_AS

Japanese encephalitis virus isolate BJ-1_CP28, complete genome

KU871359.1_AS

Japanese encephalitis virus isolate BJ-1_CP8, complete genome

KU871360.1_AS

Japanese encephalitis virus isolate BJ-1 _CP12, complete genome

KU871361.1_AS

Japanese encephalitis virus isolate BJ-1_CP16, complete genome

KU871362.1_AS

Japanese encephalitis virus isolate BJ-1_CP20, complete genome

KU871363.1_AS

Japanese encephalitis virus isolate BJ-1_CP24, complete genome

KU871364.1_AS

Japanese encephalitis virus isolate BJ-1_BP4, complete genome

KU871365.1_AS

Japanese encephalitis virus isolate BJ-1_BP8, complete genome

KU871366.1_AS

Japanese encephalitis virus isolate BJ-1 BP12, complete genome

KU871367.1_AS

Japanese encephalitis virus isolate BJ-1 BP16, complete genome

KU871368.1_AS

Japanese encephalitis virus isolate BJ-1 BP20, complete genome

KU871369.1_AS

Japanese encephalitis virus isolate BJ-1 BP24, complete genome

KU871370.1_AS

Japanese encephalitis virus isolate BJ-1 BP28, complete genome

KU871371.1_AS

Japanese encephalitis virus isolate JEV/SC/2016-2, complete genome

KX779520.1_AS

Japanese encephalitis virus isolate JEV/SC/2016-1, complete genome

KX779521.1_AS

Japanese encephalitis virus isolate JEV/SC/2016-3, complete genome

KX779522.1 _AS

Japanese encephalitis virus isolate C17, complete genome

KX945367.1_AS
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Japanese encephalitis virus isolate JEV/sw/GD/2008, complete genome

KX965684.1_AS

Japanese encephalitis virus Bo/Kochi/211/2018 RNA, complete genome

LC705012.1 AS

Japanese encephalitis virus (strain JaAOArS982), complete genome

M18370.1_AS

Japanese encephalitis SA-14 virus, complete genome

M55506.1_AS

Japanese encephalitis virus isolate FC792, complete genome

MF002373.1_AS

Japanese encephalitis virus strain JEV/sw/GD/2008, complete genome

MF326270.1_AS

Japanese encephalitis virus isolate SA14, complete genome

MH258848.1 _AS

Japanese encephalitis virus isolate SA14-14-2 MSV, complete genome

MH258849.1_AS

Japanese encephalitis virus isolate SA14-14-2-PHK17, complete

genome

MH258850.1 AS

Japanese encephalitis virus isolate SA14-14-2 PSV, complete genome

MH258851.1_AS

Japanese encephalitis virus isolate SA14-14-2, complete genome

MH258852.1_AS

Japanese encephalitis virus isolate SA14-14-2 WSV, complete genome

MH258853.1_AS

Japanese encephalitis virus strain N28, complete genome

MH753126.1_AS

Japanese encephalitis virus strain SH1, complete genome

MH753128.1_AS

Japanese encephalitis virus strain SH15, complete genome

MH753130.1_AS

Japanese encephalitis virus strain SH19, complete genome

MH753131.1_AS

Japanese encephalitis virus strain SH18, complete genome

MH753132.1_AS

Japanese encephalitis virus strain SA14-14-2, complete genome

MK585066.1_AS

Japanese encephalitis virus isolate JEV1805M, complete genome

MN639770.1_AS

Japanese encephalitis virus isolate SA14 clone TJE302, complete

genome

MT764727.1_AS

Japanese encephalitis virus strain SA14-14-2 vaccine clone JE697,

complete genome

MT764728.1_AS

Japanese encephalitis virus strain SA14-5-3 clone TJE565, complete

genome

MT764729.1 AS

Japanese encephalitis virus strain SA14-2-8 clone TJE2330, complete

genome

MT764730.1 _AS

Japanese encephalitis virus strain SA14 clone TJE2350, complete

genome

MT764731.1 _AS

Japanese encephalitis virus strain SA14-4-2 clone TJE2359, complete

genome

MT764732.1_AS

Japanese encephalitis virus strain SA14-2-8 clone TJE2365, complete

genome

MT764733.1_AS

Japanese encephalitis virus, genome

NC_001437.1_AS

Japanese encephalitis virus strain Vellore P20778, complete genome

OK257213.1_AS
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Japanese encephalitis virus strain Vellore P20779, complete genome

OK257214.1_AS

Japanese encephalitis virus strain Vellore P20780, complete genome

OK257215.1_AS

Japanese encephalitis virus strain p3, complete genome

U47032.1_AS

Japanese encephalitis virus FU strain, complete genome

AF217620.1_AS

Japanese encephalitis virus isolate LN0716, complete genome

IN381849.1_AS

Japanese encephalitis virus strain DH10M865, complete genome

KT229572.1 AS

Japanese encephalitis virus strain YNTC07172, complete genome

KT957419.1_AS

Japanese encephalitis virus strain JEV/mosq/YN/2016, complete

genome

MH385014.1 _AS

Japanese encephalitis virus isolate JEV_ASSAM 03, complete genome

MZ702743.1_AS

Japanese encephalitis virus isolate LFM, complete genome

JN381863.1_AS

Japanese encephalitis virus isolate CZX, complete genome

JN381865.1_AS

Japanese encephalitis virus isolate TLA, complete genome

JN381868.1_AS

Japanese encephalitis virus strain Beijing-015, complete genome

KY885009.1_AS

Japanese encephalitis virus (strain Beijing-1), complete genome

L48961.1 _AS

Japanese encephalitis virus JEV/sw/Bali/93/2017 RNA, complete

genome

LC461961.1_AS

Japanese encephalitis virus isolate YLG, complete genome

JF706280.1_AS

Japanese encephalitis virus strain GP78, complete genome AF075723.1
Japanese encephalitis virus isolate 014178, complete genome EF623987.1
Japanese encephalitis virus isolate 057434, complete genome EF623988.1
Japanese encephalitis virus isolate 04940-4, complete genome EF623989.1
Japanese encephalitis virus isolate 04940-4, complete genome EF623989.1
Japanese encephalitis virus strain KPP82-39-214CT, complete genome | GQ902063.1

Japanese encephalitis virus isolate IGIB-NIV-2009-01, complete | JN644310.1 AS
genome

Japanese encephalitis virus genomic RNA, complete genome, | AB196923.1
clone:JEV-AT36

Japanese encephalitis virus genomic RNA, complete genome, | AB196924.1
clone:JEV-at227

Japanese encephalitis virus genomic RNA, complete genome, | AB196925.1
clone:JEV-rAT

Japanese encephalitis virus genomic RNA, complete genome, | AB196926.1
clone:JEV-AT36

AF045551.2 Japanese encephalitis virus strain K94P05, complete | AF045551.2

genome

221




Japanese encephalitis virus JaGAr 01 complete genome AF069076.1
Japanese encephalitis virus isolate Vellore P20778, complete genome AF080251.1
Japanese encephalitis virus strain HVI, complete genome AF098735.1
Japanese encephalitis virus strain TC, complete genome AF098736.1
Japanese encephalitis virus strain TL, complete genome AF098737.1
Japanese encephalitis virus isolate CH2195LA, complete genome AF221499.1
Japanese encephalitis virus isolate CH2195SA, complete genome AF221500.1
Japanese encephalitis virus strain CH1392 complete genome AF254452.1
Japanese encephalitis virus strain TIP1 complete genome AF254453.1
Japanese encephalitis virus strain SA14-14-2, complete genome AF315119.1
Japanese encephalitis virus attenuated strain SA14-12-1-7, complete | AF416457.1
genome

Japanese encephalitis virus strain TIP1-S1, complete genome AY303791.1
Japanese encephalitis virus strain TIP1-L4, complete genome AY303792.1
Japanese encephalitis virus strain CJN-S1, complete genome AY303793.1
Japanese encephalitis virus strain CJN-L1, complete genome AY303794.1
Japanese encephalitis virus strain CC27-L1, complete genome AY303795.1
Japanese encephalitis virus strain CC27-L3, complete genome AY303796.1
Japanese encephalitis virus strain CC27-S6, complete genome AY303797.1
Japanese encephalitis virus strain CC27-S8, complete genome AY303798.1
Japanese encephalitis virus strain ML17 (live | AY508812.1
vaccine)/Japan/1981/human, complete genome

Japanese encephalitis virus strain JaOHO0566/Japan/1966/human, | AY508813.1
complete genome

Japanese encephalitis virus strain HW, complete genome AY849939.1
Japanese encephalitis virus strain SA(V) genomic RNA, complete | D90194.1
genome

Japanese encephalitis virus strain SA(A) genomic RNA, complete | D90195.1
genome

Japanese encephalitis virus strain WHe, complete genome EF107523.1
Japanese encephalitis virus strain SH0601, complete genome EF543861.1
Japanese encephalitis virus strain B58, complete genome FJ185036.1
Japanese encephalitis virus strain GB30, complete genome FJ185037.1
Japanese encephalitis virus strain GB30, complete genome FJ185037.1
Japanese encephalitis virus strain NJ 2008, complete genome GQ918133.2
Japanese encephalitis virus isolate 47, complete genome JF706269.1
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Japanese encephalitis virus isolate DL04-29, complete genome JF706272.1
Japanese encephalitis virus isolate Fj02-29, complete genome JF706273.1
Japanese encephalitis virus isolate GSS, complete genome JF706275.1
Japanese encephalitis virus isolate HLJ02-134, complete genome JF706276.1
Japanese encephalitis virus isolate YLG, complete genome JF706280.1
Japanese encephalitis virus isolate ZMT, complete genome JF706283.1
Japanese encephalitis virus isolate HB49, complete genome JF706284.1
Japanese encephalitis virus isolate HB97, complete genome JF706285.1
Japanese encephalitis virus isolate HYZ, complete genome JN381853.1
Japanese encephalitis virus isolate DL0445, complete genome IN381854.1
Japanese encephalitis virus isolate JH0418, complete genome JN381855.1
Japanese encephalitis virus isolate SH0410, complete genome IN381856.1
Japanese encephalitis virus isolate GZ042, complete genome JN381857.1
Japanese encephalitis virus isolate FJ0394, complete genome JN381858.1
Japanese encephalitis virus isolate FJ0339, complete genome JN381859.1
Japanese encephalitis virus isolate CBH, complete genome IN381860.1
Japanese encephalitis virus isolate YN98A151, complete genome IN381861.1
Japanese encephalitis virus isolate ZSZ, complete genome IN381862.1
Japanese encephalitis virus isolate SH3, complete genome IN381864.1
Japanese encephalitis virus isolate CZX, complete genome JN381865.1
Japanese encephalitis virus isolate SH045, complete genome JN381866.1
Japanese encephalitis virus isolate Fj0276, complete genome JN381867.1
Japanese encephalitis virus isolate TLA, complete genome JN381868.1
Japanese encephalitis virus isolate LYZ, complete genome JN381869.1
Japanese encephalitis virus isolate YN, complete genome JN381871.1
Japanese encephalitis virus isolate Ha3, complete genome JN381872.1
Japanese encephalitis virus isolate DH107, complete genome JN381873.1
Japanese encephalitis virus strain SA14-14-2, complete genome IN604986.1
Japanese encephalitis virus strain GD, complete genome IN711458.1
Japanese encephalitis virus strain HN2, complete genome IJN711459.1
Japanese encephalitis virus isolate IND-WB-JE1, complete genome JX050179.1
Japanese encephalitis virus isolate IND-WB-JE2, complete genome JX072965.1
Japanese encephalitis virus isolate JEV/eq/India/H225/2009, complete | JX131374.1
genome
Japanese encephalitis virus strain JE/vaccine/China/Chengdu-Institute- | KC517497.1

of-Biological-Products-SA14-14-2, complete genome
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Japanese encephalitis virus isolate JEV/SW/GD/01/2009, complete | KF297915.1
genome

Japanese encephalitis virus strain RP9-190, complete genome KF907505.1
Japanese encephalitis virus isolate JEV/SW/IVRI/395A/2014, complete | KP164498.2
genome

Japanese encephalitis virus isolate JEV-hubei, complete genome KR265316.1
Japanese encephalitis virus isolate Vellore P20778-T, complete genome | KT239164.1
Japanese encephalitis virus strain Anyang-300, complete genome KT447437.1
Japanese encephalitis virus strain SA14, complete genome KU323483.1
Japanese encephalitis virus strain SC201301, complete genome KU363309.1
Japanese encephalitis virus isolate SA-14_CPS, complete genome KU871338.1
Japanese encephalitis virus isolate SA14_CP12, complete genome KU871339.1
Japanese encephalitis virus isolate SA-14 CP16, complete genome KU871340.1
Japanese encephalitis virus isolate SA-14 CP20, complete genome KU871341.1
Japanese encephalitis virus isolate SA-14 _CP24, complete genome KU871342.1
Japanese encephalitis virus isolate SA-14_CP28 , complete genome KU871343.1
Japanese encephalitis virus isolate BJ-1_M2R2, complete genome KU871344.1
Japanese encephalitis virus isolate BJ-1_M14R14, complete genome KU871345.1
Japanese encephalitis virus isolate BJ-1_M4R4, complete genome KU871346.1
Japanese encephalitis virus isolate BJ-1_M12R12, complete genome KU871347.1
Japanese encephalitis virus isolate BJ-1_M10R10, complete genome KU871348.1
Japanese encephalitis virus isolate BJ-1_MS8RS, complete genome KU871349.1
Japanese encephalitis virus isolate BJ-1_M6R6, complete genome KU871350.1
Japanese encephalitis virus isolate BJ-1 _ BCP8, complete genome KU871351.1
Japanese encephalitis virus isolate BJ-1 BCP12 OFR, complete | KU871352.1
genome

Japanese encephalitis virus isolate BJ-1 _BCP28, complete genome KU871353.1
Japanese encephalitis virus isolate BJ-1 BCP16, complete genome KU871354.1
Japanese encephalitis virus isolate BJ-1 BCP24, complete genome KU871355.1
Japanese encephalitis virus isolate BJ-1 BCP4, complete genome KU871356.1
Japanese encephalitis virus isolate BJ-1 BCP20, complete genome KU871357.1
Japanese encephalitis virus isolate BJ-1_CP4, complete genome KU871358.1
Japanese encephalitis virus isolate BJ-1 CP28, complete genome KU871359.1
Japanese encephalitis virus isolate BJ-1 CPS§, complete genome KU871360.1
Japanese encephalitis virus isolate BJ-1_CP12, complete genome KU871361.1
Japanese encephalitis virus isolate BJ-1 _CP16, complete genome KU871362.1
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Japanese encephalitis virus isolate BJ-1_CP20, complete genome KU871363.1
Japanese encephalitis virus isolate BJ-1_CP24, complete genome KU871364.1
Japanese encephalitis virus isolate BJ-1_BP4, complete genome KU871365.1
Japanese encephalitis virus isolate BJ-1_BPS8, complete genome KU871366.1
Japanese encephalitis virus isolate BJ-1_BP12, complete genome KU871367.1
Japanese encephalitis virus isolate BJ-1_BP16, complete genome KU871368.1
Japanese encephalitis virus isolate BJ-1_BP20, complete genome KU871369.1
Japanese encephalitis virus isolate BJ-1 _BP24, complete genome KU871370.1
Japanese encephalitis virus isolate BJ-1 _BP28, complete genome KU871371.1
Japanese encephalitis virus isolate JEV/SC/2016-2, complete genome KX779520.1
Japanese encephalitis virus isolate JEV/SC/2016-1, complete genome KX779521.1
Japanese encephalitis virus isolate JEV/SC/2016-3, complete genome KX779522.1
Japanese encephalitis virus isolate C17, complete genome KX945367.1
Japanese encephalitis virus isolate JEV/sw/GD/2008, complete genome | KX965684.1
Japanese encephalitis virus strain Beijing-015, complete genome KY885009.1
Japanese encephalitis virus (strain Beijing-1), complete genome L48961.1
Japanese encephalitis virus strain Ling, complete genome L78128.1
Japanese encephalitis virus JEV/sw/Mindanao/K4/2018 RNA, complete | LC461960.1
genome

Japanese encephalitis virus Bo/Kochi/211/2018 RNA, complete genome | LC705012.1
Japanese encephalitis virus (strain JaOArS982), complete genome M18370.1
Japanese encephalitis SA-14 virus, complete genome M55506.1
Japanese encephalitis virus strain JEV/sw/GD/2008, complete genome | MF326270.1
Japanese encephalitis virus isolate SA14, complete genome MH258848.1
Japanese encephalitis virus isolate SA14-14-2 MSV, complete genome | MH258849.1
Japanese encephalitis virus isolate SA14-14-2-PHK17, complete | MH258850.1
genome

Japanese encephalitis virus isolate SA14-14-2 PSV, complete genome MH258851.1
Japanese encephalitis virus isolate SA14-14-2, complete genome MH258852.1
Japanese encephalitis virus isolate SA14-14-2 WSV, complete genome | MH258853.1
Japanese encephalitis virus strain N28, complete genome MH753126.1
Japanese encephalitis virus strain SH1, complete genome MH753128.1
Japanese encephalitis virus strain SH15, complete genome MH753130.1
Japanese encephalitis virus strain SH19, complete genome MH753131.1
Japanese encephalitis virus strain SH18, complete genome MH753132.1
Japanese encephalitis virus strain SA14-14-2, complete genome MK585066.1
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Japanese encephalitis virus isolate JEV1805M, complete genome MN639770.1
Japanese encephalitis virus isolate SA14 clone TJE302, complete | MT764727.1
genome

Japanese encephalitis virus strain SA14-14-2 vaccine clone JE697, | MT764728.1
complete genome

Japanese encephalitis virus strain SA14-5-3 clone TJE565, complete | MT764729.1
genome

Japanese encephalitis virus strain SA14-2-8 clone TJIE2330, complete | MT764730.1
genome

Japanese encephalitis virus strain SA14 clone TJE2350, complete | MT764731.1
genome

Japanese encephalitis virus strain SA14-4-2 clone TJE2359, complete | MT764732.1
genome

Japanese encephalitis virus strain SA14-2-8 clone TJE2365, complete | MT764733.1
genome

Japanese encephalitis virus, genome NC _001437.1
Japanese encephalitis virus strain Vellore P20778, complete genome OK257213.1
Japanese encephalitis virus strain Vellore P20779, complete genome OK257214.1
Japanese encephalitis virus strain Vellore P20780, complete genome OK257215.1
Japanese encephalitis virus strain p3, complete genome U47032.1
Japanese encephalitis virus isolate LFM, complete genome IN381863.1
Japanese encephalitis virus FU strain, complete genome AF217620.1
Japanese encephalitis virus strain GZ, complete genome KC915016.1
Japanese encephalitis virus isolate JEV/SW/GZ/09/2004, complete | KF297916.1
genome

Japanese encephalitis virus strain YUNNANO0901, complete genome IN864064.1
Japanese encephalitis virus strain YUNNANO0901, complete genome JQ086762.1
Japanese encephalitis virus strain YUNNANO0902, complete genome JQ086763.1
Japanese encephalitis virus isolate FC792, complete genome MF002373.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/75 | AB551990.1
Japanese encephalitis virus isolate BL06-50, complete genome JF706270.1
Japanese encephalitis virus strain K87P39, complete genome AY585242.1 AS
Japanese encephalitis virus CNU/LP2, complete genome AY585243.1 AS
Japanese encephalitis virus isolate HEN0701, complete genome FJ495189.1_AS
Japanese encephalitis virus clone CNU/LP2x, complete genome GQ199609.1_AS
Japanese encephalitis virus isolate Ha3, complete genome IJN381872.1 _AS
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Japanese encephalitis virus strain GZ, complete genome

KC915016.1_AS

Japanese encephalitis virus isolate JEV/SW/GZ/09/2004, complete

genome

KF297916.1_AS

Japanese encephalitis virus isolate ZJ82-6, complete genome

KY650724.1_AS

Japanese encephalitis virus isolate ZJ83-8, complete genome

KY650725.1_AS

Japanese encephalitis virus strain Nakayama, complete genome EF571853.1

Japanese encephalitis virus complete genome, genomic RNA, strain | HE861351.1
Nakayama/MY/2009/P578667

Japanese encephalitis virus isolate GSBY0804, complete genome IN381844.1

Japanese encephalitis virus isolate GSBY0827, complete genome JN381845.1

Japanese encephalitis virus isolate SCCZ, complete genome KU351667.1
Japanese encephalitis virus genomic RNA, complete genome, strain: | AB241118.1
JEV/sw/Mie/40/2005

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB241119.1
JEV/sw/Mie/41/2002

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB594829.1
JEV/eq/Tottori/2004

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698905.1
Sw/Mie/51/2007

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698906.1
Sw/Mie/84/2006

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698907.1
Sw/Tokyo/373/2006

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698908.1
Sw/Tokyo0/602/2006

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698909.1
Sw/Mie/34/2005

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB830335.1
JEV/Bo/Miyazaki/1/2010

Japanese encephalitis virus strain SH17M-07, complete genome EU429297.1
Japanese encephalitis virus strain XJP613, complete genome EU693899.1
Japanese encephalitis virus strain XJ69, complete genome EU880214.1
Japanese encephalitis virus strain SC04-17, complete genome GU187972.1
Japanese encephalitis virus strain 131V, complete genome GU205163.1
Japanese encephalitis virus strain 90VN70, complete genome HM?228921.1
Japanese encephalitis virus isolate GZ56, complete genome HM366552.1
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Japanese encephalitis virus isolate SX09S-01, complete genome HQ893545.1

Japanese encephalitis virus isolate TC2009-3, complete genome JF499788.1
Japanese encephalitis virus isolate YL2009-4, complete genome JF499789.1
Japanese encephalitis virus isolate TC2009-1, complete genome JF499790.1
Japanese encephalitis virus isolate YN0911, complete genome JF706267.1
Japanese encephalitis virus isolate YN0967, complete genome JF706268.1
Japanese encephalitis virus isolate BL06-54, complete genome JF706271.1
Japanese encephalitis virus isolate HN06129, complete genome JF706277.1
Japanese encephalitis virus isolate YN05124, complete genome JF706281.1
Japanese encephalitis virus isolate SD0810, complete genome JF706286.1
Japanese encephalitis virus isolate HN0411, complete genome JN381831.1
Japanese encephalitis virus isolate GX0523/44, complete genome JN381832.1
Japanese encephalitis virus isolate GSBY0861, complete genome JN381833.1
Japanese encephalitis virus isolate YN82BN8219, complete genome IN381834.1
Japanese encephalitis virus isolate GX0519, complete genome JN381835.1
Japanese encephalitis virus isolate YN0623, complete genome IN381836.1
Japanese encephalitis virus isolate HN0626, complete genome IN381837.1
Japanese encephalitis virus isolate SC0415, complete genome JN381838.1
Japanese encephalitis virus isolate SC0412, complete genome JN381839.1
Japanese encephalitis virus isolate HN0421, complete genome JN381841.1
Japanese encephalitis virus isolate GSBY0816, complete genome JN381842.1
Japanese encephalitis virus isolate GS07TS11, complete genome JN381843.1
Japanese encephalitis virus isolate SH80, complete genome JN381848.1
Japanese encephalitis virus isolate LN0716, complete genome JN381849.1
Japanese encephalitis virus isolate SH53, complete genome JN381850.1
Japanese encephalitis virus isolate YN79Bao83, complete genome JN381851.1
Japanese encephalitis virus isolate YNO5155, complete genome JN381852.1
Japanese encephalitis virus isolate HL2010-2, complete genome JQO031753.1

Japanese encephalitis virus strain JEV/CNS769/Laos/2009, complete | KC196115.1

genome

Japanese encephalitis virus isolate SCYA201201, complete genome KM658163.1
Japanese encephalitis virus strain DH10M978, complete genome KT229573.1
Japanese encephalitis virus strain YNOIMS57, complete genome KT229574.1
Japanese encephalitis virus strain DHL10M62, complete genome KT229575.1
Japanese encephalitis virus strain DHL10M62, complete genome KT229575.1
Japanese encephalitis virus strain YNTC07172, complete genome KT957419.1
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Japanese encephalitis virus strain YNTCO07018, complete genome KT957420.1
Japanese encephalitis virus isolate SCMY, complete genome KU351668.1
Japanese encephalitis virus clone SCYA201201-1, complete genome KU508408.1
Japanese encephalitis virus clone SCYA201201-86, complete genome KU508409.1
Japanese encephalitis virus isolate ZJ10-7, complete genome KY650726.1
Japanese encephalitis virus isolate ZJ10-10, complete genome KY650727.1
Japanese encephalitis virus JEV/MQ/Yamaguchi/804/2016 RNA, | LC461957.1
complete genome

Japanese encephalitis virus sw/Kochi/167/2013 RNA, complete genome | LC708273.1
Japanese encephalitis virus sw/Kochi/230/2013 RNA, complete genome | LC708274.1
Japanese encephalitis virus sw/Kochi/240/2017 RNA, complete genome | LC708276.1
Japanese encephalitis virus clone SCYA201201-0901, complete genome | MF124315.1
Japanese encephalitis virus clone SCYA201201-0901-SN5, complete | MF124316.1
genome

Japanese encephalitis virus isolate JNSBr/01/2017, complete genome MK495877.1
Japanese encephalitis virus isolate Pig/India-Assam/36/2015-JEV, | MT232844.1
complete genome

Japanese encephalitis virus isolate 0945054, complete genome MT859415.1
Japanese encephalitis virus clone JEV-0945054-RV, complete genome | MT859416.1
Japanese encephalitis virus isolate HEN0701, complete genome FJ495189.1
Japanese encephalitis virus strain XZ0938, complete genome HQ652538.1
Japanese encephalitis virus isolate GSBY0801, complete genome JF706274.1
Japanese encephalitis virus isolate LN02-102, complete genome JF706278.1
Japanese encephalitis virus isolate GSBY0810, complete genome JN381840.1
Japanese encephalitis virus isolate SH03105, complete genome IN381846.1
Japanese encephalitis virus isolate SH03103, complete genome IN381847.1
Japanese encephalitis virus strain SD12, complete genome MH753127.1
Japanese encephalitis virus strain SH7, complete genome MH753129.1
Japanese encephalitis virus strain SH2, complete genome MH753133.1
Japanese encephalitis virus isolate SD12-F120, complete genome MN544779.1
Japanese encephalitis virus isolate SD12-F120-VC, complete genome MN544780.1
Japanese encephalitis virus strain NX1889, complete genome MT134112.1
Japanese encephalitis virus strain JEV-SC-2020-1, complete genome OK423757.1
Japanese encephalitis virus isolate HB49, complete genome JF915894.1
Japanese encephalitis virus isolate ME802, complete genome KY927819.1
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Japanese encephalitis virus genomic RNA, complete genome, | AB196923.1
clone:JEV-AT32

Japanese encephalitis virus genomic RNA, complete genome, | AB196924.1
clone:JEV-at223

Japanese encephalitis virus genomic RNA, complete genome, | AB196926.1
clone:JEV-AT32

Japanese encephalitis virus clone 130K206 envelope protein mRNA, | KM079174.1
partial cds

Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/76 | AB551990.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/92 | AB551991.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/93 | AB551991.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn2/93 | AB551992.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn2/94 | AB551992.1
Japanese encephalitis virus strain K87P39, complete genome AY585242.1
Japanese encephalitis virus CNU/LP2, complete genome AY585243.1
Japanese encephalitis virus clone CNU/LP2x, complete genome GQ199609.1
Japanese encephalitis virus clone CNU/LP2x, complete genome GQ199609.1
Japanese encephalitis virus complete genome, genomic RNA, strain | HE861351.1
Nakayama/MY/2009/P578663

Japanese encephalitis virus isolate CH13, complete genome JN381870.1

Japanese encephalitis virus isolate ZJ82-6, complete genome KY650724.1
Japanese encephalitis virus isolate ZJ83-8, complete genome KY650725.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/98 | AB551991.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/99 | AB551991.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn2/99 | AB551992.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn2/100 | AB551992.1
Japanese encephalitis virus JEV/sw/Bali/93/2017 RNA, complete | LC461961.1
genome

Japanese encephalitis virus genomic RNA, complete genome, | AB196923.1
clone:JEV-AT34

Japanese encephalitis virus genomic RNA, complete genome, | AB196924.1
clone:JEV-at225

Japanese encephalitis virus genomic RNA, complete genome, | AB196926.1
clone:JEV-AT34

Japanese encephalitis virus strain B-0860/82, complete genome GQ902058.1
Japanese encephalitis virus strain 1070/82 (Subin), complete genome GQ902059.1
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Japanese encephalitis virus strain 3KP"U"CV569, complete genome GQ902060.1
Japanese encephalitis virus strain B-1381-85, complete genome GQ902061.1
Japanese encephalitis virus strain 4790-85, complete genome GQ902062.1
Japanese encephalitis virus complete genome, genomic RNA, strain | HE861351.1
Nakayama/MY/2009/P578665

Japanese encephalitis virus isolate M28, complete genome JF706279.1
Japanese encephalitis virus strain M28, complete genome KT957422.1
Japanese encephalitis virus strain BN82215, complete genome KT957423.1
Japanese encephalitis virus isolate 639A37Cx-tri, complete genome KY927815.1
Japanese encephalitis virus isolate C081, complete genome KY927816.1
Japanese encephalitis virus JEV/sw/Thailand/185/2017 RNA, complete | LC461958.1
genome

Japanese encephalitis virus strain JEV/mosq/YN/2016, complete | MH385014.1
genome

Japanese encephalitis virus genomic RNA, complete genome, | AB196923.1
clone:JEV-AT31

Japanese encephalitis virus genomic RNA, complete genome, | AB196924.1
clone:JEV-at222

Japanese encephalitis virus genomic RNA, complete genome, | AB196926.1
clone:JEV-AT31

Japanese encephalitis virus complete genome, genomic RNA, strain | HE861351.1
Nakayama/MY/2009/P578662

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB241118.1
JEV/sw/Mie/40/2004

Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/90 | AB551991.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/91 | AB551991.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn2/91 | AB551992.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn2/92 | AB551992.1
Japanese encephalitis virus genomic RNA, complete genome, strain: | AB594829.1
JEV/eq/Tottori/2003

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698905.1
Sw/Mie/51/2006

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698906.1
Sw/Mie/84/2005

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698907.1

Sw/Tokyo/373/2005
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partial cds

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698908.1
Sw/Tokyo/602/2005

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698909.1
Sw/Mie/34/2004

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB830335.1
JEV/Bo/Miyazaki/1/2009

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB853904.1
JEV/Bo/Aichi/1/2010

Japanese encephalitis virus strain KV1899, complete genome AY316157.1
Japanese encephalitis virus strain JX61, complete genome GU556217.1
Japanese encephalitis virus isolate HN0621, complete genome JN381830.1
Japanese encephalitis virus isolate K10CT661 polyprotein mRNA, | JX018150.1
partial cds

Japanese encephalitis virus isolate K10CT662 polyprotein mRNA, | JX018151.1
partial cds

Japanese encephalitis virus isolate K10CB663 polyprotein mRNA, | JX018152.1
partial cds

Japanese encephalitis virus isolate K10CP371 polyprotein mRNA, | JX018153.1
partial cds

Japanese encephalitis virus isolate K10CT372 polyprotein mRNA, | JX018154.1
partial cds

Japanese encephalitis virus isolate K10CT611 polyprotein mRNA, | JX018155.1
partial cds

Japanese encephalitis virus isolate K10CT612 polyprotein mRNA, | JX018156.1
partial cds

Japanese encephalitis virus isolate K10CT613 polyprotein mRNA, | JX018157.1
partial cds

Japanese encephalitis virus isolate K10CT621 polyprotein mRNA, | JX018158.1
partial cds

Japanese encephalitis virus isolate K10CT622 polyprotein mRNA, | JX018159.1
partial cds

Japanese encephalitis virus isolate K10CT623 polyprotein mRNA, | JX018160.1
partial cds

Japanese encephalitis virus isolate K10CT631 polyprotein mRNA, | JX018161.1
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Japanese encephalitis virus isolate K10CT632 polyprotein mRNA, | JX018162.1

partial cds

Japanese encephalitis virus isolate K10CT633 polyprotein mRNA, | JX018163.1

partial cds

Japanese encephalitis virus isolate K10CT671 polyprotein mRNA, | JX018164.1

partial cds

Japanese encephalitis virus isolate K10CT672 polyprotein mRNA, | JX018165.1

partial cds

Japanese encephalitis virus isolate K10CT673 polyprotein mRNA, | JX018166.1

partial cds

Japanese encephalitis virus isolate K10CP674 polyprotein mRNA, | JX018167.1

partial cds

Japanese encephalitis virus isolate K10CT675 polyprotein mRNA, | JX018168.1

partial cds

Japanese encephalitis virus strain DH10M865, complete genome KT229572.1
Japanese encephalitis virus JEV/Mo/Kagawa/NIID09/2020 RNA, | LC623822.1

complete genome

Japanese encephalitis virus JEV-seal-UT1-2020 RNA, complete genome | LC687612.1
Japanese encephalitis virus Bo/Kochi/132/2018 DNA, complete genome | LC704880.1
Japanese encephalitis virus sw/Kochi/231/2017 RNA, complete genome | LC708275.1
Japanese encephalitis virus strain seal/china/anheal/2017, complete | MH165313.1
genome

Japanese encephalitis virus strain ZJ/52/14, complete genome MKS558811.1
Japanese encephalitis virus strain TC4E10 18-9E-Y-T-Cxt-Y-5-11, | MT254426.1
complete genome

Japanese encephalitis virus isolate GZDJ1609, complete genome MT560941.1
Japanese encephalitis virus isolate JEV_ASSAM 03, complete genome | MZ702743.1
Japanese encephalitis virus strain Muar, complete genome HM596272.1
Japanese encephalitis virus isolate Tengah, complete genome KM677246.1
Japanese encephalitis virus genomic RNA, complete genome, strain: | AB830335.1
JEV/Bo/Miyazaki/1/2012

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB594829.1
JEV/eq/Tottori/2006

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB241118.1

JEV/sw/Mie/40/2007
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JEV/eq/Tottori/2005

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB241119.1
JEV/sw/Mie/41/2003

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698905.1
Sw/Mie/51/2009

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698906.1
Sw/Mie/84/2008

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698907.1
Sw/Tokyo0/373/2008

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698908.1
Sw/Tokyo0/602/2007

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698909.1
Sw/Mie/34/2007

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB853904.1
JEV/Bo/Aichi/1/2012

Japanese encephalitis virus isolate YN83-Meng83-54, complete genome | JF706282.1

Japanese encephalitis virus strain DH10M58S5, complete genome KT957421.1
Japanese encephalitis virus strain JEV/sw-22-00722-11/Q1d/2022, | ON624132.1
complete genome

Japanese encephalitis virus genomic RNA, complete genome, | AB196923.1
clone:JEV-AT35

Japanese encephalitis virus genomic RNA, complete genome, | AB196924.1
clone:JEV-at226

Japanese encephalitis virus genomic RNA, complete genome, | AB196926.1
clone:JEV-AT35

Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/78 | AB551990.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/96 | AB551991.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/97 | AB551991.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn2/97 | AB551992.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn2/98 | AB551992.1
Japanese encephalitis virus complete genome, genomic RNA, strain | HE861351.1
Nakayama/MY/2009/P578666

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB241118.1
JEV/sw/Mie/40/2006

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB594829.1
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Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698905.1
Sw/Mie/51/2008

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698906.1
Sw/Mie/84/2007

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698907.1
Sw/Tokyo0/373/2007

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB698909.1
Sw/Mie/34/2006

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB830335.1
JEV/Bo/Miyazaki/1/2011

Japanese encephalitis virus genomic RNA, complete genome, strain: | AB853904.1
JEV/Bo/Aichi/1/2011

Japanese encephalitis virus isolate C14-B3, complete genome KY927817.1
Japanese encephalitis virus isolate D03-B9, complete genome KY927818.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/94 | AB551991.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/95 | AB551991.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn2/95 | AB551992.1
Japanese encephalitis virus RNA, complete genome, strain: JaTAn2/96 | AB551992.1
Japanese encephalitis virus genomic RNA, complete genome, | AB196923.1
clone:JEV-AT33

Japanese encephalitis virus genomic RNA, complete genome, | AB196924.1
clone:JEV-at224

Japanese encephalitis virus genomic RNA, complete genome, | AB196926.1
clone:JEV-AT33

Japanese encephalitis virus complete genome, genomic RNA, strain | HE861351.1
Nakayama/MY/2009/P578664

Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/77 | AB551990.1

Japanese encephalitis virus strain SH0601, complete genome

EF543861.1 AS

Japanese encephalitis virus strain KPP82-39-214CT, complete genome

GQ902063.1_AS

Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/79

AB551990.1_AS

Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/100

AB551991.1_AS

Japanese encephalitis virus RNA, complete genome, strain: JaTAn1/101

AB551991.1_AS

Japanese encephalitis virus RNA, complete genome, strain: JaTAn2/101

ABS551992.1 AS

Japanese encephalitis virus RNA, complete genome, strain: JaTAn2/102

ABS551992.1 AS

Japanese encephalitis virus strain GP78, complete genome

AF075723.1_AS

Japanese encephalitis virus strain CC27-L1, complete genome

AY303795.1_AS
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Japanese encephalitis virus strain CC27-L3, complete genome

AY303796.1_AS

Japanese encephalitis virus strain CC27-S6, complete genome

AY303797.1_AS

Japanese encephalitis virus strain CC27-S8, complete genome

AY303798.1_AS

Japanese encephalitis virus isolate 014178, complete genome

EF623987.1_AS

Japanese encephalitis virus isolate 057434, complete genome

EF623988.1_AS

Japanese encephalitis virus isolate 04940-4, complete genome

EF623989.1_AS

Japanese encephalitis virus complete genome, genomic RNA, strain

Nakayama/MY/2009/P578668

HES861351.1_AS

Japanese encephalitis virus isolate 47, complete genome

JF706269.1 AS

Japanese encephalitis virus isolate LYZ, complete genome

IN381869.1_AS

Japanese encephalitis virus isolate IGIB-NIV-2009-01, complete

genome

IN644310.1

Japanese encephalitis virus isolate JEV/SW/IVRI/395A/2014, complete

genome

KP164498.2 AS

Japanese encephalitis virus strain Ling, complete genome

L78128.1_AS

Japanese encephalitis virus JEV/sw/Mindanao/K4/2018 RNA, complete

genome

LC461960.1_AS

Japanese encephalitis virus isolate JNSBr/01/2017, complete genome

MK495877.1_AS

Japanese encephalitis virus genomic RNA, complete genome, strain:

JEV/Bo/Miyazaki/1/2013

ABB830335.1_AS

Japanese encephalitis virus strain XJ69, complete genome

EU880214.1_AS

Japanese encephalitis virus JEV/MQ/Yamaguchi/804/2016 RNA,

complete genome

LC461957.1_AS

Japanese encephalitis virus JEV/Mo/Kagawa/NIID09/2020 RNA,

complete genome

LC623822.1_AS

Japanese encephalitis virus JEV-seal-UT1-2020 RNA, complete genome

LC687612.1 _AS

Japanese encephalitis virus Bo/Kochi/132/2018 DNA, complete genome

LC704880.1_AS

Japanese encephalitis virus sw/Kochi/167/2013 RNA, complete genome

LC708273.1_AS

Japanese encephalitis virus sw/Kochi/230/2013 RNA, complete genome

LC708274.1_AS

Japanese encephalitis virus sw/Kochi/231/2017 RNA, complete genome

LC708275.1_AS

Japanese encephalitis virus sw/Kochi/240/2017 RNA, complete genome

LC708276.1_AS

Japanese encephalitis virus strain seal/china/anheal/2017, complete

genome

MHI165313.1_AS

Japanese encephalitis virus strain ZJ/52/14, complete genome

MK558811.1_AS

Japanese encephalitis virus strain NX1889, complete genome

MT134112.1 _AS

Japanese encephalitis virus isolate GZDJ1609, complete genome

MT560941.1 AS
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Japanese encephalitis virus strain JEV-SC-2020-1, complete genome

OK423757.1_AS

Japanese encephalitis virus genomic RNA, complete genome,

clone:JEV-AT37

AB196923.1_AS

Japanese encephalitis virus genomic RNA, complete genome,

clone:JEV-at228

AB196924.1 AS

Japanese encephalitis virus genomic RNA, complete genome,

clone:JEV-AT37

AB196926.1_AS
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Table C9. Predicted G-quadruplex motifs in the Japanese Encephalitis Virus Reference genome (NC _001437.1) with G-tract >2 and

Loop length = 7 and their Functional annotation.

# Length Start End PGQ Motifs ¢G Score cC Gene

(bp) Position Position Score

1 21 711 731 GGACGGTGCACGCGGACCAGG 100 60 locus_tag="JEVgpl"

Product="membrane glycoprotein precursor prM"
protein_id="NP_775664.1"

2 20 1275 1294 GGGTGGGGCAACGGATGTGG 120 20 locus_tag="JEVgp1"

product="envelope protein E"
protein_id="NP_775666.1"
3 17 1743 1759 GGGTCACAGGAAGGAGG 90 20 locus_tag="JEVgp1"

product="envelope protein E"
protein_id="NP_775666.1"
4 18 1919 1936 GGCGGACACTGGCCACGG 80 60 locus_tag="JEVgpl"

product="envelope protein E"
protein_id="NP_775666.1"
5 24 2251 2274 GGGACTTTGGCTCCATTGGAGGGG 110 40 locus_tag="JEVgpl"

product="envelope protein E"
protein_id="NP_775666.1"
6 19 2552 2570 GGAAGCCTGGGTGGACAGG 100 30 locus_tag="JEVgp1"

product="non-structural protein NS1"
protein_id="NP_775667.1"
7 26 3344 3369 GGACTGTGGCAAGAGAGGCCCTTCGG 110 60 locus_tag="JEVgpl"

product="non-structural protein NS1"

protein_id="NP_775667.1"




19

3459

3477

GGCTGCTGGTACGGAATGG

90

30

locus_tag="JEVgpl"
product="non-structural

protein_id="NP_775667.1"

protein

NS1"

4269

4287

GGTGGCTTGGCCGAGTTGG

100

30

locus_tag="JEVgpl"
product="non-structural

protein_id="NP_775669.1"

protein

NS2b"

10

4845

4859

GGAGGCCCATGGAGG

80

30

locus_tag="JEVgpl"
product="non-structural

protein_id="NP_775670.1"

protein

NS3"

11

5519

5535

GGTGGAATTAGGGGAGG

100

locus_tag="JEVgpl"
product="non-structural

protein_id="NP_775670.1"

protein

NS3"

20

6239

6258

GGTGTGGCTGGCCTACAAGG

90

40

locus_tag="JEVgpl"
product="non-structural

protein_id="NP_775670.1"

protein

NS3"

13

24

6689

6712

GGGTATAGGGAAGATGGGTCTTGG

120

10

locus_tag="JEVgpl"
product="non-structural

protein_id="NP_775671.1"

protein

NS4a"

6748

6766

GGGCGGCAGAGGTTCCTGG

100

40

locus_tag="JEVgpl"
product="non-structural

protein_id="NP_775671.1"

protein

NS4a"

15

6893

6906

GGTTGGAGTGGTGG

90

locus_tag="JEVgpl"
product="2k
protein_id="NP_775672.1"

protein'

7506

7524

GGGGTATTGGTGACGGCGG

110

20

locus_tag="JEVgpl"
product="non-structural

protein_id="NP_775673.1"

protein

NS4b"




17

20

7675

7694

GGGGAAGGCCCGGGGGCAGG

130

40

locus_tag="JEVgpl"
product="RNA-dependent RNA

protein_id="NP_775674.1"

polymerase

NSs"

18

7917

7933

GGGTGTGGGCGTGGAGG

120

10

locus_tag="JEVgpl"
product="RNA-dependent RNA

protein_id="NP_775674.1"

polymerase

NS5"

27

8338

8364

GGGTTAGTGGAGCCGCTGGCAATGTGG

130

40

locus_tag="JEVgpl"
product="RNA-dependent RNA

protein_id="NP_775674.1"

polymerase

NS5"

20

24

8938

8961

GGAGCACGGCTCGTGAGGCTGTGG

120

50

locus_tag="JEVgpl"
product="RNA-dependent RNA

protein_id="NP_775674.1"

polymerase

NSs"

21

27

9090

9116

GGAAGCAGGGCCATTTGGTTCATGTGG

110

40

locus_tag="JEVgpl"
product="RNA-dependent RNA

protein_id="NP_775674.1"

polymerase

NSs"

22

9192

9204

GGAGGTGGAGTGG

90

locus_tag="JEVgpl"
product="RNA-dependent RNA

protein_id="NP_775674.1"

polymerase

NSs"

23

9481

9498

GGGGGAGTGGACAGGTGG

120

10

locus_tag="JEVgpl"
product="RNA-dependent RNA

protein_id="NP_775674.1"

polymerase

NSs5"

24

21

9554

9574

GGAGGCTGAGGGGGTCATTGG

120

20

locus_tag="JEVgpl"
product="RNA-dependent RNA

protein_id="NP_775674.1"

polymerase

NSs"




25 | 24 10740 10763 GGTGTAAGGACTAGAGGTTAGAGG 110 10 -

26 12 10815 10826 GGAGGTGGAAGG 80 0 -

27 | 25 260 284 GGCTTGGGCCGTGGGGGCTCAACGG 130 60 -

28 18 1245 1262 GGAAGTGGAGGGCTGTGG 110 10 locus_tag="JEVgp1"
product="RNA-dependent RNA polymerase NS5"
protein_id="NP_775674.1"

29 | 20 2269 2288 GGCCATGGTGGTGACGTTGG 100 30 locus_tag="JEVgp1"
product="RNA-dependent RNA polymerase NS5"
protein_id="NP_775674.1"

30 19 2656 2674 GGAGTTCCGGGACAGGGGG 110 30 locus_tag="JEVgp1"
product="RNA-dependent RNA polymerase NS5"
protein_id="NP_775674.1"

31 19 3943 3961 GGCTGTGGCTGGACGCAGG 100 40 locus_tag="JEVgp1"
product="non-structural protein NS4b"
protein_id="NP_775673.1"

32 |25 5017 5041 GGTTATGGGAGATGGGTTTCCGAGG 120 20 locus_tag="JEVgp1"
product="non-structural protein NS3"
protein_id="NP_775670.1"

33 |23 5390 5412 GGAAAAGGATCCGTGGTTCCAGG 90 40 locus_tag="JEVgp1"
product="non-structural protein NS3"

protein_id="NP_775670.1"




34

21

6409

6429

GGCGGGAACGATGGCCCAAGG

100

50

locus_tag="JEVgpl"
product="non-structural

protein_id="NP_775669.1"

protein

NS2b"

35

6986

7001

GGCATGGTGACGGAGG

90

20

locus_tag="JEVgpl"
product="non-structural

protein_id="NP_775668.1"

protein

NS2a"

36

22

7048

7069

GGCGGCATTCAGGATTCCGTGG

90

50

locus_tag="JEVgpl"
product="non-structural

protein_id="NP_775668.1"

protein

NS2a"

37

21

7530

7550

GGAATCGTAGGGGCGGAAGGG

120

20

locus_tag="JEVgpl"
product="non-structural

protein_id="NP_775667.1"

protein

NS1"

38

20

7751

7770

GGTCCGGCTATGGTATGCGG

90

40

locus_tag="JEVgpl"
product="non-structural

protein_id="NP_775667.1"

protein

NS1"
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