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1.1 INTRODUCTION

Studies on viruses and their pathogenicity for the past few years led to the major advancement
in the field of virology. This advancement led virologists to study the basic genome
organization of viruses, their mode of action, pathogenesis, host-virus interactions and
developing antiviral molecules and vaccines. In spite of the above studies, viruses are known
to play a crucial role in the global ecosystem and pose a huge burden on host species [1]. Host-
virus interaction results in the evolution of escape mechanisms in host species and alters the

prey-predator relationship [2].

There are many different viruses, classified as RNA and DNA viruses, that infect multiple host
species and are major threats to human lives. One such group of RNA viruses are the
Flaviviruses of the family Flaviviridae. These are single-stranded RNA (ssRNA) viruses, that
cause major disease illnesses, and few of them are transmitted by arthropods. These arthropod-

borne viruses, also termed as arboviruses, have evolved from common ancestors. These include

the Japanese Encephalitis Virus (JEV), Yellow Fever Virus (YFV), Dengue Virus (DENV),

Zika Virus, Tick-Borne Encephalitis Virus (TBEV), West Nile Virus (WNV) and Usutu virus

(USUV) [3-5]. Among the above viruses, the dengue virus is the subject of this study.

1.2 EPIDEMIOLOGY

Dengue virus is a flavivirus of the family Flaviviridae. Over the past thousand years’ dengue
has been reported worldwide. Epidemiologically, dengue virus has been circulating for the past
seven decades remarkably. The spread of dengue virus has been reported from tropical and
subtropical regions of the world, and more than 130 countries are endemic to dengue virus
infection. It has been reported that 400 million infections occur every year and half of the

population is being affected worldwide [6-8]. The first dengue outbreak occurred in 1779 in




Jakarta, Indonesia [9]. Since then, there have been continuous outbreaks worldwide. The first
strain of dengue virus was isolated in 1943, from an acutely ill patient. In 1944, dengue virus
was isolated from India, New Guinea, and Hawaii [10]. These strains were identified as
DENV1 serotypes. Another virus strain from New Guinea was reported as DENV 2. Later, in
1956, DENV 3 and 4 were isolated subsequently from hemorrhagic patients during an epidemic
in Manila, the Philippines. Since the year 1980, till date, all the serotypes (DENV1-4) circulated
globally, mainly covering the regions in Asia, South America and the Caribbean [10-12]. The
World Health Organization (WHO) reported an eight-fold increase in dengue cases in the past
two decades, with approximately 5.2 million cases in the year 2019 alone [7, 12]. According
to the European Centre for Disease Prevention and Control Report-2023, the most affected
regions were Bolivia, Argentina, Peru, and Brazil. All DENV 1-4 serotypes were circulated in

America also (Figure 1.2.1) [13, 14].

European Centre for Disease Prevention and Contro

Figure 1.2.1: The world map showing the geographical distribution of dengue virus infections
[14].




Reports also suggest an exponential increase in dengue virus infections worldwide.
Approximately, 400 million infections occur yearly, and 90 million infections have been

reported clinically.
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Figure 1.2.2: (A) The pie chart shows the percentage of serotype distribution in Telangana,
India, during 2017-2020. DENV1 (59%) showed the major portion, followed by co-infection,
DENV3, DENV4 and others [18]. (B) Graphical presentation of the number of sequences
analyzed suggests the existence of all serotypes in a particular year [15].

India alone reports one-third of the above infections. India showed hyper endemicity with all
the circulating serotypes causing infections and co-infections in North, South, East, West, and
Central India and entitled as the hotspot of dengue virus infections. In North India, DENV-2
was the predominant serotype circulating in Delhi, and later the changes were observed in the
serotype trend with DENV-1 & 3 [15]. In Southern India, DENV-1, 2 & 3 were found to be the
pre-dominating serotypes until 2015, and DENV-4 appeared as one of the dominant serotype
later on, as presented in (Figure 1.2.2) [16, 17].

Another report suggested that DENV-1 and 2 serotypes excelled in 2010 and 2013. DENV-3
was at its peak during the 2006 outbreak (Figure 1.2.3) [18]. DENV-4 emerged in Southern

India in later years while, DENV2 showed dominancy in all parts of India [17-19].
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Figure 1.2.3: Representation of dengue virus distribution in different geographical regions of

India during 2000-18 [15].

Number ot sequences

1.3 CLINICAL MANIFESTATIONS

Dengue is transmitted through the bite of female mosquito species Aedes aegypti and Ades
albopictus. According to WHO, clinical symptoms of dengue virus infection have been
classified as Dengue without warning signs, dengue with warning signs and severe dengue.
Dengue shows acute illness during infection and manifests symptoms of Dengue Fever (DF),

Dengue Hemorrhagic Fever (DHF) and Dengue Shock Syndrome (DSS) [20]. Dengue fever

symptoms include rashes, headache, joint pain, muscle soreness, retro-orbital pain, and

abdominal cramps. DHF is characterized by red or purple blisters on the skin, epistaxis, and
gingival bleeding, circulatory failure. Some patients show symptoms of hypovolemic shock
resulting in severe plasma leakage leading to dengue shock syndrome [21, 22]. Symptoms of
dengue are characterized in patients by their immune system profile. In pediatric patients,
primary infections or initial infections cause mild or unidentified symptoms like dengue fever.
Secondary infections or co-infections with any of the serotypes may cause severe symptoms
with acute illness and plasma leakage, leading to shock syndrome while subsequent infections

in adults lead to severe hemorrhages and organ failure [21, 23].




THROMBOCYTOPENIA : A MAJOR CLINICAL SYMPTOM DURING INFECTION
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Figure 1.3: Schematic representation showing the causes of thrombocytopenia during virus
infection [20, 24].

According to WHO, thrombocytopenia is the ‘hallmark’ symptom of dengue virus infection
causing a rapid decline in the platelet count i.e. less than 1,50,000/ul of blood [20, 24]. There
are several hypotheses proposed, but the mechanism behind the sudden decrease in platelet
count has not yet been explained to date. Some hypothesized that thrombocytopenia is due to
decreased platelet production and increased platelet activation [25]. DENV affects naive or
progenitor bone marrow cells, thereby inhibiting their proliferation. In earlier reports, it is
evident that during acute illness, dengue causes bone marrow suppression or hypoplasia.
Another study reported direct interaction with platelets, platelet destruction, apoptosis, lysis by

the complement system and generation of anti-platelet antibodies (Figure 1.3) [25-28].

1.4 DENGUE VIRUS STRUCTURE, GENOME ORGANIZATION AND

ITSLIFE CYCLE

Dengue virus is roughly spherical with a size of 40-50 nm consisting of an outer envelope lipid

bilayer membrane and inner nucleocapsid enclosing the viral genome. Dengue virus is




transmitted by the bite of female mosquito Aedes aegypti and by a few other species such as

Aedes albopictus, Aedes polynesiensis, Aedes scutellaris [29].
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Figure 1.4.1: Dengue virus replication cycle: (1) DENV attaches and binds to its host
receptors via receptor-mediated endocytosis, (2) Virus internalizes with the clathrin-coated
vesicles, (3) The clathrin coated virus reaches to cytoplasm and fuses with the early endosomes,
(4) The early endosome with pH ~ 6.5, are the site of virus maturation, (5) The mature
endosome with lower pH, 5.5, causes conformational changes, (6) Due to low pH, fusion of
the viral envelope begins, (7) In the cytoplasm, virus disassembles and releases the viral
genome (capsid-bound RNA), (8) Viral RNA starts translation and replication in the ER, (9) In
the ER, new viral proteins and genome are assembled forming new immature virus, (10)
Immature virus undergoes furin-mediated maturation in the Trans-Golgi Network (TGN), (11)
The mature virus progeny gets exocytosed from the infected cells [29].

When an infected mosquito bites, during the intake of blood, the virus gets transmitted to
humans. Dengue virus is present in the saliva of the mosquitoes, which gets released into the
skin of an individual. The virus starts its replication in the vector itself prior to transmission in
hosts, thus transmitting virion progenies. This virus binds to different types of cells like
fibroblast monocytes, epithelial cells, macrophages, hepatocytes, B & T-cells, dendritic and

endothelial cells. This virus enters and binds to the host cell surface by surface attachment and

22




internalization process. DENV binds to numerous cell-type receptor molecules like the
mannose receptor (MR) (monocytes, macrophages, fibroblast), glycosaminoglycan (GAG)
(epithelial cells), the lipopolysaccharide (LPS)-( monocyte and macrophages) and c-type lectin,
known as Dendritic cell-intercellular adhesion molecule 3-grabbing non-integrin (DC-SIGN)
(dendritic cells). After attachment, the virus gets internalized into host cells via, a clathrin-
coated vesicle-like structure in the endosomes. Virus particle internalizes into host cells by the
early endosome, later matures and fuses with the late endosomes. In the late endosomes due to
acidic pH, the envelope and pr-membrane envelope protein encounters conformational changes
and dissociate leading to the fusion of viral envelope with the host’s endosomal membrane.
Later, the nucleocapsid gets released into the cytoplasm. The viral RNA genome is transported
to the endoplasmic reticulum (ER) for the replication of viral genome and synthesis of viral
proteins. DENV replication commences with the formation of a replication complex in the ER
lumen. The positive-sense RNA strand act as template for synthesizing viral proteins, as well

as the complimentary negative strand. The translation and maturation of viral proteins form ER

vesicle packets in ER membrane required for RNA replication. The new immature viral protein

particles proceed for assembly of new viral particles in the Trans Golgi Network (TGN),
followed by exocytosis of new virion progenies, thus completing its infection life cycle (Figure
1.4.1) [11, 21, 22, 29]. Dengue virus carries 11 kbp single-stranded RNA flanked by 5’UTR
and 3’UTRs that encodes the polyprotein to yield mature functional proteins i.e. structural
proteins (Capsid, Pre-Membrane and Envelope) and non-structural proteins (NS1, NS2A,
NS2B, NS3, NS4A NS4B, NS5). 5° UTR is capped, followed by a 5’-AG-3’ di nucleotide
sequence, while 3’UTR lacks poly adenylate tail (poly-A), terminating with a 5’CU-OH-3
sequence. Both the 5” and 3’ UTRs form a large stem-loop A structure (SLA) and 3’UTR forms

stem-loop (3’SL) structure [21, 30-32].
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Figure 1.4.2: Dengue virus genome structure and organization. (A) Mature dengue virus
structure showing the outer envelope and inner capsid oligomers enclosing the viral genome.
(B) Virus subgenomic segments flanked by the 5° and 3 UTR sequences. Structural (Capsid,
Membrane, Envelope) and non-structural (NS1- NS5) gene segments were also shown [30].

Structural proteins

Capsid, a 12 kDa, highly positively charged basic protein. This protein plays an important
function in viral assembly during infection by encapsulating the viral genome. The capsid
forms homo-oligomers with binding affinities to both nucleic acid and lipid membranes [33].
The three-dimensional structure of capsid was resolved using NMR and crystallography
studies. The capsid form dimers which, shows unequal charge distribution i.e. basic amino acid
residues residing on one face of the molecule and a hollow hydrophobic surface on the opposite
side [34, 35]. These structural analyses helped researchers in studying the interactions with host
proteins and functional studies contributed to understanding the viral assembly during
infection. Based on these studies, it is reported that the hollow hydrophobic region allows the
capsid protein to get associated with ER membranes. Moreover, it is reported that dengue
capsid localizes to both cytoplasm and nucleus [36, 37]. Although it plays a role in virus
assembly in cytoplasm, it was found to be distributed in the nucleus, majorly in nucleoli [38,

39]. However, the significance of its nuclear localization has not yet been understood. Several
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shreds of evidences reported that capsid accumulates in lipid droplets that are necessary for
particle formation during capsid assembly. Its interaction with lipid droplets might impact host

lipid metabolism during infection [40, 41].

Pre-Membrane, an 8 kDa protein, containing 166- amino acid glycoprotein. During virus maturation,
two subunits, pr and M constitute the prM protein, where the pr protein is cleaved by the host
enzyme i.e. furin to release the pr peptide (1-91 amino acid residues) thereby releasing the
mature M protein with ectodomain and a transmembrane region. Dengue virus particles occur
in both mature and immature forms that have distinct morphology. In the immature virion, prM
heterodimerizes with the envelope and inhibits the formation of afusogenic envelope during
virion secretion. A report showed the development of cell-based assay that detects pre-M

processing during its classical secretory pathway [42, 43].

Envelope, ~55 kDa protein is a highly immunogenic structure present on the surface of dengue

virus. The host cell receptors recognize these immunogenic structures which help in fusion

with endosomal membrane for cell entry. It is reported that this protein occurs in dimeric form,

when exposed to low pH, it rearranges to form trimers. Envelope protein is composed of -
strand organized into three domains: the central domain I, the dimerization domain 11, and the
C-terminal Ig G-like domain Il1l. Two monomers direct itself in a head-to-tail orientation to
form dimers. The fusion loop of the 1l domain interacts with the endosomal membrane during
the fusion event. The fusion of envelope protein allows the internalization of the virus into the

host cells [44-46].
Non-Structural Proteins

Non-structural protein 1 (NS1), ~48 kDa, mostly conserved among all the flaviviruses group.
NS1 protein occurs in the monomeric form initially during infection. Later, during the post-

translational modification in ER-lumen, it exists as homodimers [47]. NS1 is the only secretory




protein in hexameric form that is secreted constitutively during infection and enters into the
bloodstream of the infected individuals [48]. It is reported that NS1 mimics the host
lipoproteins and intervenes with the endogenous lipogenesis process. The levels of NS1 are
more profound in the DHF and DSS infected cases compared to the dengue fever. NS1 mediates
complement activation that leads to the generation of anaphylatoxins leading to vascular
leakage [49]. Due to the early secretion of NSL1, it has been reported as one of the potential
diagnostic methods to detect dengue virus infections. A recent report showed the efficacy of
NS1 protein by generating the anti-NS1 monoclonal antibodies as a safe and effective

therapeutic against all serotypes during the infection [50].
Non-structural proteins 2A and 2B (NS2A & NS2B)

NS2A is ~22 kDa protein consisting of a hydrophobic transmembrane region. It is reported that
NS2A behaves as viroporin. Due to the presence of hydrophobic regions, it interacts with host
membranes and causes cytopathic effect. NS2A forms a crucial component during the viral
particle formation. This protein interacts with the Capsid-prM and NS2B for the viral assembly.

NS2A is known to inhibit innate immune signaling to enhance virus replication [51-53].

NS2B is the smallest ~14-15 kDa membrane-associated protein that acts as a catalytic factor
for dengue viral NS3 protease. Structurally, NS2B possesses four hydrophobic transmembrane

domains and a central hydrophilic domain [54]. Based on NMR and X-ray studies, it is reported

that the N-terminal region of NS2B binds to the NS3 protease domain in a tightly regulated

manner to allow NS3 to perform its proper catalytic activity. NS2B also possesses a C-terminal
region with B-hairpin structure that binds to the substrate binding site of the protease domain.
Such binding forms closed conformation resulting in the constitution of an active protease [55,
56]. Apart from performing co-factor function, NS2B also helps NS3 in sequestering to the cell

membrane where NS3 can perform its function during the viral assembly. A recently published




study stated that NS2B solely can degrade the cyclic GMP-AMP Sensor (cGAS), a cytosolic
DNA sensor, for type | Interferon signaling in the host, thereby inhibiting the host antigenic

response and increasing the viral replication [55].
Non-structural protein 3 (NS3)

NS3 is a 70 kDa, a multifunctional protein that possesses protease, RNA helicase and 5’
triphosphatase activities. The N-terminal domain of NS3 protein contains a serine protease (1-
180 a.a) and C-terminal helicase domains (181-618 a.a). The protease and helicase domains
are linked via linker conserved domain. NS3pro possesses a conserved catalytic triad (His-51,
Asp-75, Ser-135) with enzyme-like catalytic activity. The C-terminal helicase domain
possesses helicase and nucleoside triphosphatase activities. Many studies have reported that
the central hydrophilic domain of NS2B (49-96 a.a) is necessary for efficient protease
enzymatic activity [56] and cleaves off polyprotein at NS2A/NS2B, NS2B/NS3, NS3/NS4A,
NS4B/NSS5 junctions. During virus replication, NS3 helicase is also involved in unwinding the
dsRNA which is driven by ATP hydrolysis [57]. Furthermore, recent studies have
demonstrated its role in the formation of infectious virions during infection. NS3 interacts with

multiple host cellular factors for well regulated virus replication.
Non-structural proteins 4A and 4B (NS4A & NS4B)

NS4A, a 16 kDa, highly hydrophobic integral membrane protein. Although very few studies
have characterized this protein, it is reported that the N-terminal region of NS4A extrude out

in the cytoplasm during proteolytic cleavage by NS2BNS3, whereas the C-terminal amino acid

residues act as a signal sequence for the translocation of NS4B to the ER lumen [58-60].

Another study shows that NS4A interacts with NS1 and might have some role in viral

replication complex which is still unclear. Further studies gave evidence that it alters the host




membrane and interacts with other viral proteins thus favoring the virus replication and

replication organelle formation [61, 62].

NS4B, a 28 kDa protein, is an endoplasmic reticulum-associated membrane protein containing
many conserved hydrophobic residues among all four DENV serotypes [63]. It has been
reported that NS4B has relatively high similarity among the serotypes but low sequence
similarity to other viruses such as JEV, WNV, ZIKA and hepatitis C (HCV) viruses [64].
Although the functions of membrane proteins are not yet clearly explained, a study showed
that during the dengue virus infection, N-glycosylation of NS4B occurs which may play a role
in viral replication. It is also reported that both NS4A and NS4B play a major role during IFN-
o/p induced signal transduction via blocking the immune response pathway [65, 66]. To date,
no crystal structure of NS4B has been developed because of its highly hydrophobic and
complex nature. Other reports show that during dengue virus infections, NS4B forms
homodimers. Another study reported NS4B interaction with the host protein, stress-associated

ER protein 1(SERP1), which is essentially involved in antiviral response mechanism [67].
Non-structural protein 5 (NS5)

NS5, a 104 kDa protein, is the largest and highly conserved protein with 67% identity among
the DENV serotypes. NS5 harbors two important functions i.e. methyltransferase activity
performed (MTase) by the N-terminal domain and RNA-dependent RNA polymerase (RdRp)
activity performed by the C-terminal domain [68]. MTase of NS5 acts as a capping enzyme
that synthesizes 5’ cap structure during the virus replication. It methylates at the N7 of guanine
nucleotide and the 2’-O of ribose sugar unit of the first nucleotide using S-adenosyl-L-
methionine (SAM) as methyl group donor and adds GMP to a 5’ diphosphate end of the nascent

RNA genome. NS5 RdRp synthesizes the viral RNA genome by de novo initiation mechanism,

which requires both 5’ and 3’ ends [69, 70]. NS5 contains nuclear localization signals that aid




in translocation into the nucleus, although the functional significance remains unclear. Apart
from the above functions, it is also reported that NS5 plays a major role in host-virus

interactions [71-73].

1.5 HOST-VIRUS INTERACTIONS

Viruses impose pressure on the host using different advantages they possess in order to control
the host's defense. These include the interference with the host's normal functions by the virus-
coded proteins. In this direction, dengue virus protease is involved in viral polyprotein
processing which is a crucial step in the virus life cycle. In addition to these functions, several
reports suggest its non-canonical functions contribute towards disease pathogenesis,
distribution of cellular components, and alterations in host survival mechanisms like

dysregulating the host proteins and the immune system.
1.5.1 Disease Manifestations and Host Immune Response

Dengue protease contributes to severe complicacies like hemorrhagic stroke and shock

syndrome conditions during infection. The role of dengue virus protease (NS2BNS3/NS3) is

in the first line in triggering severe disease manifestations. Studies reported that both dengue
NS3 and NS2BNS3 induce apoptosis. It was shown that it cleaves IkBa and IkBp, thereby
inducing NF-kB activation and resulting in apoptosis of endothelial cells, causing hemorrhage
[74]. To escape the host immune response, dengue viral protease has evolved strategies by
hijacking the host transcriptional and translation mechanisms. It is reported that dengue viral
protease cleaves a key adaptor protein, Mediator of IRF3 activation (MITA), also known as
Stimulator of interferon genes (STING). This protein is an ER-resident membrane spanning
protein produced during the interferon production triggered by any pathogens [75]. It is

reported that dengue virus protease also induces mitochondrial fragmentation by cleaving




mitofusins (MFN1 and MFNZ2), the mitochondrial outer membrane proteins, which are required

for efficient antiviral responses and cell survival [76].

Thrombocytopenia is one of the earliest and consistently appearing clinical features to detect
the dengue virus infection. A sudden decrease in low platelet count occurs immediately after
infection, leading to hemorrhagic conditions. The most precautionary treatment adopted by
hospital authorities is the platelet transfusion for patients suffering from thrombocytopenia.
Due to increased side effects, it is suggested that platelet transfusion is not effective and must
not be used routinely for controlling virus infections. As mentioned in reported studies, the
mechanistic insights of thrombocytopenia are not yet explained clearly and need to be
elucidated. In this direction, studies on basic research using computational and/or experimental
approaches would give new directions in detailing the viral protease functions causing
thrombocytopenia and aid in developing anti-viral drug therapeutics. In the present study we
tried to understand the role of dengue virus protease, its functional characterization and its
interaction with host proteins in the upcoming chapters. We hope that this study will explain
the significant role of the viral protease hampering in cell homeostasis and contribute towards

understanding the mechanism of thrombocytopenia.
1.5.2 Metabolic alterations

Dengue infection causes alterations in metabolic activities. It is reported that NS3 interacts
directly with GAPDH leading to suppression in glycolytic activities and thereby resulting in

alterations in hepatic functions that might cause fatal diseases during infection. Other studies

show that it plays a role in lipid metabolism also [77, 78].

1.5.3 Redistribution of Host Proteins

Dengue NS3 protein interacts with host proteins by localizing into the subcellular organelles

or by binding to the host membrane proteins. Several studies show that NS3 interacts with
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nuclear receptor binding protein (NRBP), which allows its distribution from the cytoplasm to
the perinuclear region [79]. Further, it has been reported that Caveolin-1 in the lipid rafts is
associated with NS3 protein during virus polyprotein processing and replication. This process
appears to regulate the recruitment of other cellular factors required for the sequestering of

other proteins for infection [80].

1.6 DIAGNOSIS, ANTIVIRALS AND VACCINES

Dengue diagnosis is one of the very challenging aspects for clinicians and researchers. Early
detection aids in the proper treatment of the infected individuals. The gold standard and most
conventional diagnostic method is viral isolation. After virus isolation, confirmation is done by
Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) or Immunofluorescence Assay
(IFA) [81]. Other conventional methods used routinely are serological tests, rapid
antigen/antibody detection tests, Nucleic Acid Amplification tests (NAAT), and DENV NS1
antigen based tests. Serological tests like Enzyme-Linked Immuno Sorbent Assay (Ig G/lIg M)
and Hemagglutination Inhibition (HI) tests are simple and convenient to perform [82]. But
sometimes in these tests, virus escapes the detection and show cross-reactivity. Many rapid
diagnostic kits are available in markets and confirm the detection as early as 15 minutes thus
helping immediately to diagnose the patients. However, these tests also show high cross
reactivity towards other flaviviruses. NS1 antigen test is also one of the widely used laboratory
diagnostic method as the levels of NS1 protein is relatively high during the early infection,
which allows easy and rapid detection. The NS1 antigen test has been used as an alternative
detection method for the virus culture [82, 83]. Apart from these tests, detecting biomarkers is
another method of detection. In our previously published study, anti-NS2BNS3pro antibody
based indirect ELISA test was developed as one of the diagnostic methods for detecting the

dengue virus infection [84].




Another challenge to control the dengue virus pathogenesis is the non-availability of antivirals
and vaccines. The major challenge in developing the vaccines and the antivirals is the existence
of four distinct serotypes and their cross-reactivity toward other viruses. The Antibody
Dependent Enhancement (ADE) phenomenon is one of the major obstacles to develop the
vaccines. It is reported that the high mutation rates and drug resistance have been a global
challenge to develop safe and effective vaccines. Thus, developing vaccine candidates, like
tetravalent vaccine formulations, synthetic peptides, whole-virion, recombinant live vector,
infectious cDNA clone-derived, and naked DNA-attenuated viral vaccines have been proposed

for DENV infection (Table 1.6.1) [85, 86]. To date, there have been no licensed dengue

vaccines approved. However, the first approved vaccine is Dengvaxia®, a tetravalent dengue

vaccine-CYD-TDV, by Sanofi Pasteur, was licensed in Mexico in December 2015. Different
therapeutics and strategies have been employed for developing the antivirals against all the

serotypes (Figure 1.6.1) [85, 86].
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Figure 1.6.1: Strategies for developing antivirals against dengue virus [85].




Table 1.6.1: List of vaccines developed [86].

Vaccine Type

Vaccine Name

Developer

Current Stage

Target Antigen

Strategy

Key Clinical Outcome

Live attenuated

Dengvaxia® (CYD-
TDV)(S'/.,S&W)

Sanofi Pasteur

Licensed

Live virus

DENV 1-4 genes substituted
for the YF17D virus genes
(pIM/E).

Age limit; increased risk of
severe dengue in
seronegative subjects but
high effectiveness and safe m
seropositive individuals

Tetravax; TVO03/TV003C%Y

NI (USA);
Butantan Institute
(Brazil); Panacea
Biotec Ltd. (India)

Phase [/

Live virus

Attenuation of DENVI,

DENV3, DENV4, anda

IDENV2/DENV4 chimerical by

excluding 30 nucleotides from
the 3' UTR.

Well-tolerated; balanced
[mmune response in subjects,
effective with admmistration

of a single dose. Adverse

reaction (mild rash)

TAK-003; DENVax ¢

Mahidol
University;
Inviragen; Takeda

Phase IIT

Live virus

DENV2 PDK-53 attenuated
vaceine coding sequences are
replaced with DENV,
DENV3, and DENV4 coding
sequences.

Immunogenic and well-
tolerated in multiple phase 1
and IT clinical studies,
independent of the
participants’ age or
serostatus, safety profile not
entirely known

TDEN F17/F196%)

WRAIR and GSK

Live virus

Tnvolving primary cells of dog

kidney (PDK) and hung cells off

fetal thesus (FthL) in serial
passages

Proven to be a safe, well-
tolerated, and immunogenic
DENV vaccine candidate in

phase 11 trial

Inactivated

TDEV-PIV540

GSK, Firocruz and
WRAIR Merck

Inactive virus

Employing adjuvants and
purified formalin-mactivated
virus

Well-tolerated, immunogenic
in naive and seropositive
mdividuals. Noisk of re-

activation and good immuno-

logical balance

Recombinant
subunit

V1800759

GSK, Firocruz and
WRAIR Merck

80% of the E
protein

DEN-80E-containing
recombinant truncated protein

Induce steady mmune
tesponses against all DENV
serotypes, decreasing the
likelihood of the ADE effect

Nucleic acid
(DNA)

TVDV(99=100)

U.S Naval Medical
Research Centre

Phase I

pM andE
proteins

prM/E proteins are encoded via
arecombinant plasmid vector

Stable but lack of
immunogenicity. Plasmid
modification required.

DIME100¢)

US Naval Medical
Research Center

Phase I

pM andE
proteins

tecombinant plasmid vector
encoding prM/E

No neutralizing antibody
response detected in
individuals with low-dose

Immunization

Many antivirals have been reported for inhibiting the viral infection (Table 1.6.2). Repurposed

drugs have been used in clinical trials to develop safe and effective antivirals. A report shows

that the use of Ribavirin in combination was found to be effective in inhibiting dengue

infections.




Table 1.6.2: List of Reported dengue virus inhibitors [85].

Target Antiviral Name

Envelope MLH40(102)

DET40%9)
BP34610(104
Capsid Pep14-23110%)

VGTI-A3/VGTI-A3-03(109)
NS2B/NS3
pro

Nelfinavir{197)
Diaryl (thio)ethers (Compound 7 and §)(199)
MB21199

Policresulen(®

Compound 45a1%%
Compound 104110

Compound 1411

Compound C(12)

Carnosine(!!®

AL-A5149
8 gand 8 h(1'®

Luteolin(1®)
Hesperetin!™
Epigallocatchin@®
CC 319

4-hydroxy-6-(9,13,17-trimethyldodeca- §,12,16-
trienyl)2(3 H)-benzofuranone2”
Dryobalanops aromatic®!

Diasarone-]122

Isobiflorin(123)
Compound 14124

Compound-B(125)
AM404(126)
NITD-688(127
Compound 14a('27.128)
2'-C-methylcytidine(127)
Azidothymidine-based triazoles
(9a,11a,11b,111,151,17b,19b)(128)
BG-323(129.130)

NS5 RdRp
NS5 MTase

NSC 12155030

Mechanism of Antiviral Action

Inhibit virus entry

Inhibit virus entry and binding

Inhibit virus entry
Inhibit interaction of C protein lipid
droplets
Inhibit capsid protein

Inhibit protease enzyme
Inhibit protease enzyme
Inhibit protease enzyme

Inhibit protease enzyme and
destabilization
Inhibit protease enzyme
Inhibit protease enzyme

Inhibit protease enzyme

Inhibit protease enzyme

Inhibit protease enzyme
Inhibit protease enzyme

Inhibit protease enzyme

Inhibit protease enzyme
Inhibit protease enzyme
Inhibit protease enzyme
Inhibit protease enzyme

Inhibit protease enzyme
Inhibit protease enzyme
Inhibit protease enzyme
Inhibit protease enzyme

Inhibit protease enzyme

Inhibit viral replication
Inhibit NS4B
Inhibit NS4B
Inhibit NS4B

Inhibit viral replication

Inhibit viral RNA capping
Inhibit viral RNA capping
Inhibit viral RNA capping

Method

DENV mhibition assays,
molecular docking
Molecular docking, molecular
dynamics
HTS, cell-based assay

Molecular docking

Cell-based assay
Molecular modeling, cell-based
assay, vield-reduction assay
Cell-based assay
Protease inhibition assay, cell-
based assay

Cell-based assay

Cell-based assay
Cell-based assay
Molecular docking, Protease
nhibition assay, cell-based
flavivirus immune detection, cell
viability assay
HTS, Molecular modeling,
protease mhibition, cell-based
assay
Protease assay, molecular docking,
cell-based assay
Molecular docking
Protease activity assay, protease
inhibition assay, molecular
docking
Molecular docking
Protease assay activity, cell-based
assay, molecular docking
Molecular docking
Protease assay activity, cell-based
assay
Protease assay activity, cell-based
assay
Protease assay activity
Cell-based assay, molecular
docking
Protease assay activity
Protease inhibition assay, cell
viability assay, western blot, RT-
PCR, IF microscopy
Cell-based assay
Cell-based assay
HTS, in vivo study
Cell-based assay
Cell-based assay
Cell-based assay, molecular
modeling
Cell-based assay
Molecular docking, cell-based
assay




1.7 SIGNIFICANCE OF THE STUDY

For the last seventy years, dengue virus infection has emerged continuously with the higher
multiplication rates. Most of the countries worldwide are suffering from serious dengue
outbreaks which have an alarming impact on the public health care system. In order to control
this alarming situation, virologists are conducting trials to understand the basis of disease
severity. Many studies are under progress related to virus serotyping/genotyping
characterization, developing methods for early diagnosis, high throughput screening methods
for developing antiviral molecules, structural and immunological studies for designing vaccine
candidates. Although there has been tremendous advancement in these areas of research but all
these are progressing with considerable limitations. The escape of virus infection also takes
place due to the availability of limited diagnostic methods and improper assessment of the
disease severity which leads to the death of the patients. To reduce the global burden of a viral
disease, vaccines are the most suitable approach. However, the limitations to develop a safe
and effective vaccine is challenging for scientists. In context to dengue virus infections,
Dengvaxia was licensed but the immunopathogenesis and cross-reactivity of the vaccine did
not show a higher acceptance rate. Thus, taken into consideration, it is important to understand

clearly the dengue virus replication and disease manifestation mechanisms.

1.8 SCOPE OF THE STUDY

With existing literature and considering the related aspects, we aimed to study the role of

dengue virus non-structural protein- 3 (protease) in the disease pathogenesis, particularly in
‘thrombocytopenia’. Our study focused on understanding the existing forms of viral protease
during natural infections. For this, we have first set out to understand its localization sites in
cells using localization studies, primarily focusing on the nuclear compartment. Then, we

targeted to study the protease-host protein interactions for the identification of novel substrates.




Further, we identified a few plant derived (derivatives of NDGA) anti-protease molecules that

could inhibit the virus protease function.

The following are the major questions we tried to address in the study:

1. What are the different existing forms of dengue virus protease?

2. Which form (NS2BNS3 and/or NS3) of dengue virus protease is existing during infection?
3. What is the subcellular localization site of the dengue virus protease?

4. Does the viral protease target any substrate in the nucleus during virus infection?

5. Does it play any functional role in the process of thrombocytopenia?

6. Is it possible to develop specific anti-protease molecules?

In order to address the above hypothetical questions, we have framed the following objectives

and presented in chapters 2, 3, 4 and 5:

1. To understand the dengue virus protease localization in subcellular organelles.
2. ldentification of dengue viral protease substrates.

3. Effect of protease on cellular homeostasis.

4. ldentification of the specific anti-protease molecules.




CHAPTER 2: DENGUE VIRUS PROTEASE
LOCALIZATION IN SUBCELLULAR ORGANELLES




2.1 INTRODUCTION

Dengue virus non-structural proteins play significant roles during viral multiplication. NS3
alone or along with NS2B possess a crucial role and are the prime drug targets for developing
anti-virals. NS2B (14 -15 kDa) possesses a hydrophobic domain and a hydrophilic central
domain. In the hydrophilic region of NS2B, 40 amino acid residues linked with G4-S-G4 linker

to the N-terminal part of NS3 and form the NS2BNS3pro active protease (Figure 2.1.1) [132,
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133].

NS2B/NS3 Protein

Figure 2.1.1: Dengue Virus protease scaffold structure with protease domain linked via a linker
region to the helicase domain. NS2B acts as a co-factor in the NS2BNS3 protein complex
[132].

NS3isa 70 kDa, a multifunctional serine protease consisting of a conserved catalytic triad with
Histidine (H-51), Aspartate (D-75), and Serine (S-135) (Figure 2.1.2). Its helicase and NTPase
activities are required for unwinding the double-stranded form of RNA during the virus genome
replication. The N-terminal region (1-180 residues) represents the protease domain. NS3
helicase (181-618 residues) belongs to the helical superfamily 2 domain. NS2BNS3pro

complex processes the polyprotein into mature functional proteins which are required for virus

assembly and replication [133, 134]. The C-terminal of NS3 forms a subdomain with essential

motifs, subdomains 1 and 2: RecA-like fold and structural motifs required for ATP hydrolysis

and RNA binding activities. The other subdomain 3 is involved in forming a single-stranded




DNA (ssDNA) binding tunnel during the formation of the replication complex. The viral

protease shares 60-70% similarity among the four dengue serotypes [135].

Prateace and the catalutic triad

Figure 2.1.2: Folded structure of dengue viral protease carrying the catalytic triad H-51, D-75
and S-135 [80].

Unlike other proteases like trypsin (a serine protease), the binding pockets of dengue protease
are shallow and superficial and therefore substrate binding is highly specific. The cleavage site
for DENV protease is the dibasic amino acids (Lys-Arg, Arg-Arg, Arg-Lys, GIn-Arg) at P1/P2
followed by a small residue (Gly/Ala/Ser) at P1° position. Reports further support that the
substrate cleavage site for dengue protease is Arg/Lys-Ser-Arg-lle/Val-Leu at P1-P4 [136, 137,
138]. This protease cleaves at the juncture of C/prM, NS2A/NS2B, NS2B/NS3, NS3/NS4A,
NS4B/NS5. Host proteases like furin mediated-cleavage occur at the junctions of (Cpr/M) and
signal peptidase cleave at the remaining junctions i.e. C/prM, M/E, E/NS1, NS1/NS2,
NS4A/NS5 [139-141]. It is reported that NS3 has self-proteolytic activity and cleaves itself at

an internal cleavage site [459 a.a] within the helicase domain (Figure 2.1.3) [139].

In addition to being involved in the processing of self-polypeptide, DENV protease is known

to cleave host cellular proteins like, FAM134B (Endoplasmic Receptor), Nucleoporins (Nups),

thereby enhancing the viral replication and affecting host metabolism [142, 143]. During
natural infections, the dengue virus primarily infects bone marrow cells, myeloid lineages,

macrophages, dendritic cells, B and T cells, neuronal cells and hepatocytes [144, 145]. NS3




was found to accumulate in phagocytes of the spleen and lymph node, liver hepatocytes, and
myeloid cells in bone marrow [146]. Among these cells, bone marrow megakaryocytes (MKs)

are highly permissible to infection [145].

Internal self
cleavage site

Figure 2.1.3: Dengue virus polypeptide showing viral protease cleavage sites. The black
arrows represent the sites cleaved by proteases [141].

Virus-mitochondria interaction is being revealed in several reports suggesting mitochondrial
dysfunction. Reports also indicate that the virus-coded proteases cleave the mitochondrial
proteins. In the case of the dengue virus non-structural proteins like NS4B, NS2BNS3 target
the mitochondrial membranes. The study from our laboratory reported NS3 targets the
mitochondrial matrix and cleaves the GrpEL1, a co-chaperone of mitochondrial HSP70
(mtHSP70) [147]. Thus, the cleavage sites in the dengue virus polyprotein [141] and the nature
of the protease activity appear to yield two forms of the protease i.e. NS2BNS3 and NS3 alone.
In addition to the mitochondrial targeting by the dengue virus protease, it was also detected in
the host nucleus. But, whether it is NS2BNS3 or NS3 or both is not known. Hence in this
chapter, we made an attempt to understand the existing forms of dengue virus protease and to
reveal the localization of NS2BNS3 and NS3 in subcellular organelles. In this context, we have
generated different recombinant constructs of protease and dengue virus cultures and

subcellular studies were carried out.




2.2 MATERIALS AND METHODS

Serotyping and genotyping analysis of dengue virus strains circulating in South India has been
carried out in our laboratory for the past 15 years. Complete nucleotide sequences of serotypes
1, 2 and 4 characterized in our laboratory are deposited in the NCBI gene bank database
[KX618706, KX845005, KX618706, MG560144]. The sub-genomic parts of serotype 1
(Figure 2.2.1) are used as templates for generating the recombinant constructs necessary in the

present study.
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Figure 2.2.1: Agarose gel image depicting different sub-genomic parts of the genome of
DENV1 serotype (Accession no: KX618706) characterized in-house.

2.2.1 Prediction of Nuclear Localization Signals (NLS)

To identify the nuclear localization signals in NS2BNS3 and NS3, the amino acid sequences
were retrieved from the NCBI database of the in-house characterized DENV1 with Accession
no. KX618706.1, Protein id. ASD49618.1. NLS in both the sequences were determined using
the cNLS mapper software with a cutoff score of 0.4 and also identified the residues that show

the monopartite and bipartite NLS sequences based on classical nuclear localization signal.

2.2.2 Generation of Dengue Virus Protease recombinant constructs

The following plasmid constructs were generated and used for the present study:




1. pPRSET-A NS2BNS3pro.

2. pEGFP-N1 NS2BNS3pro.

3. pPEGFP-N1 NS2BNS3pro (S135A) mutant.

4. pEGFP-N1 NS2BNS3.

5. pEGFP-N1 NS3pro-helicase (NS3).

Below is the description of cloning of each construct:

PRSET-A NS2BNS3pro (46+185 a. a.), clone was generated earlier in our previous study
[84]. Briefly, NS2BNS3pro consists of the hydrophilic domain of NS2B (46 a.a) and the
protease domain of (NS3 185 a.a) was linked via a G4-S-G4 linker sequence. NS2B was
amplified using NS2B Forward- 5° TATGGGATCCGCTGATTTATCATTGGAGAAA and
NS2B Reverse 5
CCCGCCTCCACCACTACCTCCGCCCCCGAGCGTGTCATCTCTCTCTTCAT 3
primers. NS3pro was amplified using NS3 Forward-
5’"GGGGGCGGAGGTAGTGGTGGAGGCGGGAGAGCAGTTCTTGATGATGGTA and
NS3 Reverse 5S’ATCGAGAATTCTTACCTAAACACCTCGTCCTCAATC3’ primers. The
obtained gene products were used as templates with external primers (the above forward primer
of NS2B and the reverse primer of NS3) for overlap extension PCR (OE PCR) to generate
NS2B-G4-S-G4-NS3pro. This amplified DNA was digested with EcoRI and BamHI enzymes

and then ligated to the similarly digested pRSET-A vector.

Ligation Reaction

The digested gel eluted products were ligated using the T4 ligase enzyme. The reactions were

performed inafinal volume of 15 pl with 1x T4 DNA Ligase Buffer, 100 ng of vector, 3 folds of
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the insert, and 1 pl T4 DNA Ligase. The reaction was carried out at 22°C for 90 minutes and

left at 4°C overnight.

Bacterial Transformation

The above ligated product was transformed into E. coli. DH5a competent cells. DH5a cells

were thawed for 5 minutes on ice, ligated product was added to thawed cells and kept on ice

further for 20 minutes followed by a heat shock at 42°C for 90 sec. After incubation on ice for 2

minutes, 1 ml of LB media was added to the cells and incubated for 1-2 hours at 37°C with
shaking. The cells were centrifuged at 6000 rpm for 2 minutes. 900 ul of LB media was
discarded, and the pelleted cells were resuspended in 100 ul LB media. 100 ul DH5¢ cell
suspension was then spread on LB agar plate containing antibiotic (ampicillin or kanamycin) and
incubated at 37°C overnight. The colonies were screened for the presence of insert by colony
PCR. Plasmid DNA was isolated from the positive transformed colonies using a Thermo
Scientific miniprep plasmid isolation kit as per the manufacturer’s instructions. The obtained

plasmids containing the inserts were confirmed by sequencing.

PEGFP-N1 NS2BNS3pro, the above pRSET-A NS2BNS3pro was used as a template with
forward 5° TATGCTCGAGATGGCTGATTTATCATTGGAC 3° and reverse 5’
TATCGGATCCGTAAACACCTCGTCCTC 3’ primers. The amplified fragment (696 bp) and
pEGFP-N1 vector were digested with Xhol/BamHI enzymes and gel purified by a gel extraction

kit (Thermofisher Scientific) [84].

PEGFP-N1 NS3pro-helicase (464 a.a) construct was also developed during our previous
study [147]. To develop this construct, NS3pro (185 a.a) was amplified using the NS3 forward
5 TATGCTCGAGATGGGATGGTATCTATAGAZ’ and reverse 5’

GGATGTAGGTCCATTATTGTTAGGT 3’ primers. Helicase was amplified using forward F




5’ACATCCAGGATCAGGAAAAACA 3 and reverse
5’TATCGGATCCCCCATGTAAATATACTGG 3’ primers. The reaction was performed in a
final volume of 25 pl containing 0.5 pl of cDNA template, 2.5 ul reaction buffer, 0.5 pul of
10mM dNTPs, 0.25U of Taq polymerase enzyme, 0.5 pl of each of 10 uM forward and reverse
primers. Cycling conditions were followed with an initial denaturation step at 95°C for 4
minutes, followed by 35 cycles of 94°C for 30 seconds, 53°C for 30 seconds and 72°C for 1
minute, and a final extension at 72°C for 10 minutes. The final products were electrophoresed
on 1% agarose gel and purified by gel extraction method. Further, overlapping extension PCR
was carried out to generate NS3pro-helicase (464 a.a) using forward primer of NS3 protease
containing Xhol restriction site at 5* end and reverse primer of helicase containing BamHI
restriction site at 3’ end as mentioned above. The plasmid construct, NS3pro-helicase, consists
of 185 amino acids protease domain of NS3 and 283 amino acids of helicase domain. The
obtained clone was ligated into the pJET 1.2 vector, transformed and further subcloned into the

pPEGFP-N1 vector using Xhol/BamHI restriction sites to obtain pPEGFP-N1 NS3pro-helicase.

PEGFP-N1 NS2BNS3 (130+464=594 a.a), NS2B fragment was amplified using NS2B
forward 5° GCCCCTCAATGAAGGAATTATGG 3° and NS2B reverse 5’

TGATCTCTGTTTCTTTTTCTGCCA 3’ primers. The reaction was performed in a final

volume of 25ul containing 0.5ul of cDNA template, 2.5ul reaction buffer, 0.5pl of 10mM

dNTPs mix, 0.25U of Taq polymerase enzyme, 0.5 ul of each 10 uM forward and reverse
primers. The pTZ57RT-NS2BTA construct that existed in lab was used as a template. Cycling
conditions were followed with an initial denaturation step at 95°C for 4 minutes, followed by
35 cycles of 94°C for 30 seconds, 53°C for 30 seconds, 72°C for 1 minute, and a final extension
at 72°C for 10 minutes. The final products were electrophoresed on 1% agarose gel and purified
by a gel extraction method and used as templates for overlapping extension PCR. The reaction

mixture was prepared by adding the templates, NS2B and NS3pro-helicase (100 ng each), 1X
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buffer, 10 mM dNTP and Q5 polymerase. Two-step overlapping extension PCR was carried
out to join NS2B at the 5* end of NS3pro-helicase: 94°C for 4 minutes, (94°C for 30 seconds,
55°C for 40 seconds, 72°C for 1.4 minutes) 10 cycles followed by 72°C for 15 minutes as a
final extension. Later, external primers (NS2B forward & helicase reverse) were added and
followed by 35 cycles of second round of PCR, 94°C for 30 seconds, 53°C for 30 seconds,
72°C for 1.4 minutes, and final extension at 72°C for 10 minutes. The obtained fusion fragment
was electrophoresed on 0.8% agarose gel and purified by gel extraction method. The
overlapping extension PCR amplified product of NS2BNS3 (594 a.a) was ligated to pJET 1.2
using T4 DNA ligase. The ligated product was transformed into E. coli. DH5a competent cells.
Plasmid was isolated, and insert was confirmed by restriction digestion. To sub-clone pJET 1.2
NS2BNS3 into pEGFP-N1 vector, pJET 1.2 NS2BNS3 and pEGFP-N1 vector were subjected
to Xhol/Hindl1l restriction enzyme digestion. 1.8 kbp digested product from pJET1.2 clone was
obtained and further ligated to linearized pEGFP-N1 vector. The ligated recombinant was
transformed into E. coli. DH5a competent cells. Plasmid was isolated, and insertion was

confirmed by restriction digestion and further by sequencing.

NS2BNS3pro (S135A) mutant (130+185 a.a), NS3pro (S135A) was generated by site-

directed mutagenesis [147]. The dengue virus NS3 protease inactive mutant was generated by

amino acid substitution Ser135 in a catalytic triad with Ala using the primers Forward, 5°-

TTTTAAACCCGGCACAGCTGGATCTCCC 3’ and Reverse, 5’-
TCACGATGGGAGATCCAGCTGTGCCGG 3’ primers. Above amplified NS2B (130 a.a)
and NS3pro (S135A) (185 a.a) were overlapped with overlapping extension PCR using forward
57 GCCCCTCAATGAAGGAATTATGG 3° of NS2B at 5° end and reverse 5’
GGATGTAGGTCCATTATTGTTAGGT 3’ primers of NS3 at 3’ end as described above. The

obtained fusion fragment was electrophoresed on 0.8% agarose gel and purified by gel

extraction method. NS2BNS3pro (S135A) mutant was ligated to pJET 1.2 blunt end vector
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using T4 ligase and clone was confirmed using Xhol/HindlIlI restriction digestion. The digested
NS2BNS3pro (S135A) mutant was further subcloned to pEGFP-N1 vector as described above.
NS2BNS3 (594 a.a) and NS3pro-helicase (464 a.a) are the naturally existing forms of dengue

virus infections.

2.2.3 Cell Lines

For the present study, we have used HEK, Vero, K562 and HepG2 cells. The cells were cultured
and maintained regularly. Routine check and sterilization practices were followed to avoid any

contamination during culturing.

2.2.4 Culturing and Maintenance of Cells

Fresh 2 ml cryovial of HEK, Vero, HepG2 and K562 cells from liquid nitrogen or -80°C were
thawed at 37°C in a water bath for 2-3 minutes. 1 ml of fresh Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco) (serum-free) was added for HEK, Vero and HepG2 cells and RPMI
for K562 cells. Cells were centrifuged for 3 minutes at 3000 rpm. The media was replaced and
the cells were resuspended in 1 ml of fresh DMEM and RPMI media containing heat-

inactivated 10% (v/v) Fetal Bovine Serum (FBS) and 1% antibiotic (penicillin and

streptomycin). The cells were seeded in 3 ml of DMEM and RPMI in T-25 flask and incubated

at 37°C in a humidified incubator for 12-16 hours with 5% CO>. The next day, the cells were
observed to check the cell adherence of HEK, Vero and HepG2 cells under an inverted bright
field microscope. The media was replaced with the fresh complete DMEM. K562 cells are non-
adherent, so the media was changed during the splitting of the cells. The cells were cultured

and splitted for at least 4-5 times to get the confluency up to 70-80%.

2.2.5 Dengue Virus Protease Localization Analysis




1. Cell Counting, Seeding and Transient Transfection

The above-maintained K562 cells were used for transfection. Prior to the day of transfection,

~5 x 10° cells were seeded in a 6-well plate. Next day, the media was replaced with the serum-

free media. Alternatively, the cells can be seeded on the day of transfection on the same day a

few hours (~4 hours) before transfection, in serum free RPMI media.

2. Transient Transfections in K562 suspension cells

» The following plasmid constructs were used for transfections and localization studies:
pEGFP-N1 vector, pEGFP-N1 NS2BNS3pro (46+185a.a), pPEGFP-N1 NS2BNS3pro
(S135A) mutant (130+ 185 a.a) and pEGFP-N1 NS2BNS3 (130 + 464 a.a) in K562
cells.

Transfection was performed using Lipofectamine 2000 reagent as per the
manufacturer’s protocol in a ratio of 1ug plasmid and 3ul Lipofectamine. Briefly, each
plasmid construct (1.5 pg) and Lipofectamine (4.5 pl) were both diluted in serum-free
OptiMEM media in two separate 1.5 ml tubes and incubated separately for 2-3 minutes.
The diluted plasmid was mixed into diluted Lipofectamine and further incubated for 20
minutes. Plasmid-Lipofectamine complex was added to the cells and allowed to grow
at 37°C incubator with 5% CO..

After 28 hours, the cells were analyzed for GFP expression using fluorescence
microscopy.

Cells were harvested and washed with 1X PBS at 3000rpm for 5 minutes.

Cells were fixed using 4% paraformaldehyde for 20 minutes.

Then the cells were permeabilized with 0.25% Triton-X 100 buffer (0.25% in1X PBS)
for 5 minutes.

Cells were washed with 1X PBS until the Triton-X 100 buffer was removed completely.
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Cells were stained using nuclear staining Hoechst 33342 stain (Molecular probes) for 3
minutes in the dark at room temperature (RT) and the cells were washed again with 1X
PBS.

Cells were resuspended in 1X PBS and Glycerol in ratio (1:1) and mounted onto glass
slide with a coverslip.

Finally, the cells were analyzed using a laser scanning confocal microscope (Carl Zeiss)
at 20X and 100X magnifications. The images were merged in order to observe the co-
localizations.

The localization color (green/blue) intensity profiles were prepared using the NIS
Elements AR software program to analyze the GFP (green peak) in the nucleus along
with the Hoechst stain (blue). The fluorescence percentage was calculated using (Mean
intensity of each channel/total intensity in nucleus X100). p- values indicated

p<0.0001, **** = significant, ns = non-significant.
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Figure 2.2.2: Schematic representation of transfection protocol in K562 cells to analyze the
GFP expression.

2.2.6 Co-transfection and dual localization of dengue virus protease

1. Preparation of the cells




For this experiment, we have used HEK cells from the above-cultured cells. One T-25 flask
of adherent HEK cells cultured at 37°C in a CO2 incubator, was trypsinised for 3 minutes.
DMEM containing 10% FBS was added to inactivate the trypsin and harvested the cells by
centrifugation at 2500 rpm for 3 minutes. The pelleted cells were washed twice with 500 ul
1XPBS/DMEM (without serum) in a ratio of 1:1, centrifuged at 2500 rpm for 3 minutes.
After washing, cells were resuspended in the complete DMEM. Cover slips were placed in
12-well plates and the cells were counted using a haemocytometer and 8 x 10"4 to 1 x 10”5
cells per well were seeded. The seeded cells were incubated to grow for 12-16 hours in a

humidified incubator at 37°C to obtain the confluency up to 70 -80 %.

2. Co-transfection in HEK cells

» HEK cells seeded in a 12-well plate, were viewed under a microscope to check the
confluency.
Plasmid constructs (pEGFP-N1 Vector, pPEGFP-N1 NS2BNS3 and pEGFP-N1 NS3pro
Helicase) were used for co-transfection. Co-transfection was performed using
Lipofectamine 2000 reagent in a ratio of 1:2 (1ug to 2ul).

Each of the above plasmid constructs were co-transfected along with the mitoRFP

vector (1pug to 2ul Lipofectamine). Briefly, each plasmid construct (400ng to 600ng)

and mitoRFP Vector (400-800 ng) were mixed together and diluted in serum-free
OptiMEM. Similarly, 2 ul of Lipofectamine2000, was also diluted in serum-free
DMEM or OptiMEM and both the above mixes were left for 2-3 minutes separately at
room temperature. Then, the diluted plasmid was mixed with the diluted Lipofectamine
to form the complex and incubated at room temperature again for 18-20 minutes. The
complex was added on to cells gently on the cell monolayer and allowed to incubate

for 4-6 hours at 37° C in CO> incubator for the transfection.




» After 4-6 hours, the serum-free media was replaced with fresh complete DMEM media
and cells were allowed to grow for 48 hours to analyse the GFP and MitoRFP
expression.

> After 48 hours, the cells were washed with 1X PBS and fixed using 4%
paraformaldehyde for 10-20 minutes and permeablized with 0.25% Triton-X 100 buffer
for 5 minutes, followed up with staining with Hoechst stain (hucleus) and mounting the

coverslip with glycerol on to glass slide.

Phosphate Buffer Saline (10X)

Reagent Stock concentrations (10X) Amount (for 1L)
NaCl 137M 80

NaH2PO4 100 mM 17.8

KH2PO4 18 mM 24

KCl 27 mM 2
H,0 - Uptoll
Note: Adjust pH to 7.4. Stock can be stored at room temperature up to 1 month. 1X PBS can

be prepared from 10X stock: Dissolve 50 ml of 10X PBS to make up the volume to 500 ml
(store at room temperature for a week).

Triton-X100 buffer

Reagent Final concentration Amount
Triton-X 100 0.25% 25 pl
1X PBS - 10 ml

Note: Stocks can be stored at room temperature for 1 week and 4°C up to 1 month.

Hoechst 33342 stain
Reagent Stock concentrations Amount

Hoechst 33342 stain 10 mg/ml 10mg
H,0 N/A 1 ml

Note: Working solution can be prepared by dissolving the stock in 1XPBS (1:1000). Stock
solution can be stored at 4°C up to 8-12 months and protected from light.
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Figure 2.2.3: Schematic presentation of co-transfection and fixation protocol in HEK cells for
co-localization analysis.

2.2.7 SUBCELLULAR FRACTIONATION

For the preparation of subcellular fractions, all steps are required to be performed at 4°C.
Buffers should be sufficient while conducting the experiments and must be pre-cooled. 1x 106
HEK cells were seeded in 60 mm dishes. After 12-16 hours’ cells attains ~80% confluency.
Transient transfection procedure followed as mentioned above, excluding the mitoRFP plasmid
construct. After 48 hours of transfection, the cells were harvested by scraping and centrifuged
at 3000 rpm for 5 minutes. Cell pellets were washed with 1ml of 1XPBS by centrifuging at

3000 rpm for 5 minutes.
(i) Preparation of whole cell lysate
1. For whole cell lysate, the cell pellet was resuspended in 100-120 ul RIPA buffer, incubated

on ice for 30 minutes and vortexed 2-3 times in intervals for 15 minutes.

2. The solubilized lysate was centrifuged at 20000x g for 15 minutes and the supernatant was

collected as whole cell lysate.




(i) Preparation of Cytoplasmic Fraction /mitochondria

1. For preparing the cytoplasmic fraction, harvested cells were washed with 1ml of ice-cold

1XPBS.

2. Cells were incubated for 5 minutes or mildly homogenized in hypotonic buffer and further
incubated for 10 minutes. The homogenized lysate was centrifuged at 2000-3000x g at 4°C for
10 minutes. The supernatant was collected as cytoplasmic fraction and the pellet was used for

nuclear extraction.

Hypotonic Buffer

Reagent Stock concentrations Final concentrations Amount
HEPES (pH 7.9) 1M 20 mM 1 ml
KCl1 1M 10 mM 500 pl
EDTA 100mM 1 mM, 500 pl
Glycerol 100% 10% S ml

Triton-X100 100% 0.5% 250 pl

H20 N/A - 40.50 ml

Note: EDTA can be stored at -20°C up to 1-3 months. Stocks can be stored at 4°C up to 1
month.

(i) Preparation of Nuclear Extract
1. For preparing the nuclear extract, the nuclear pellet obtained from above fractionation was
further washed twice with 1ml 1XPBS and resuspended in 100 ul RIPA buffer.

2. The resuspended pellet was incubated for 30 minutes on ice and vortexed at 5-minute

intervals.

3. The completely dissolved pellet was allowed for centrifugation at 20,000 x g for 15 minutes

and the supernatant was collected as a nuclear fraction.




For nuclear fraction, the hypertonic buffer can be used. The lysates (whole cell lysates,
cytoplasmic and nuclear fractions) were quantified using Bradford reagent and resolved on
10% SDS PAGE and immunoblotted with NS2BNS3pro antibody (1:1000), anti-GFP antibody

(1:1000) and actin (1:2500), or can be stored in -80°C until use.

Hypertonic Buffer

Reagent Stock concentrations Final concentrations Amount

HEPES (pH 7.9) iM 20 mM 1ml

KCI iMm 10 mM 500 pl
NacCl iMm 240 mM 12 ml
EDTA 100 mM 1mM, 500 pl
Glycerol 100% 20% 10 ml
Triton-X100 100% 1% 0.5 ml
H20 N/A - 25.50 ml

Stocks can be stored at 4°C up to 1 month.

RIPA Buffer (1X) Ready-to-use buffer containing 150 mM NaCl, 1.0% IGEPAL® CA- 630,
0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris. pH 8.0 can be stored at 4°C up to 3-4
months.

Protease Inhibitor Cocktail (10X)

Reagent Stock Concentrations Amount for 1 ml
Protease Inhibitor Cocktail 100X 100 pl
H20 900 l

Note: Aliquots of 10X Stock can be stored at -20°C up to 3-4 months or at 4°C for 1 month.
Donot repeat freeze thaw.10X stock can be directly used to make 1X (final concentration)
according to the volume of RIPA buffer required for the extraction procedure.
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Figure 2.2.4: Schematic protocol briefing the procedure of transfection followed by subcellular
fractionation.

2.2.5 Dengue Protease Localization in Nucleus of virus infected K562 cells

K562 cells were seeded in a 12-well plate at a density of 1 x 10”5 cells per well. Cells were
infected with viral supernatant at 0.09 multiplicity of infection (Mol). After 2-3 hours of viral
adsorption, the media was replaced with RPMI containing 4% FBS and further incubated for
72 hrs. The cells were fixed using 4% paraformaldehyde and permeabilized using 0.25%
Triton-X 100. The cells were allowed for blocking with BSA for 1 hour 30 minutes and

incubated overnight with primary antibody (NS2BNS3pro raised in-house) in 1:1000 followed




up by fluorescent conjugated secondary antibody Alexa flour 488. Cells washed by 1X PBST
and stained with Hoechst stain (1:1000). Cells were analyzed using immunofluorescence
microscope and analyzed at 60X magnification. The viral supernatants collected, aliquoted for

quantification by focus forming assay or stored at -80°C for further use (Figure 2.2.5).
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Figure 2.2.5: Represents the protocol describing the infection in K562 cells and detecting the
virus infection by indirect immunofluorescence assay.

2.3 RESULTS

2.3.1 ldentification of Nuclear Localization Signals (NLS) and development of

recombinant constructs

Using in silico method, NLS sequences were identified in both NS2BNS3 (594 a.a) and
NS3pro-helicase (464 a.a). In NS2B (130 a.a), three basic amino acid residues "' KKKQR4"
at position 1471-1475 were identified which are similar to classical monopartite NLS stretch
that consists of basic amino acid residues with motif K (K/R) X (K/R). In the NS3 sequence,
two stretches of bipartite signal (2 to 3 positively charged amino acid followed by 9-12 linker
sequence containing proline residue) were identified at positions (a.a 1656-1716 and 1839-
1856) with a score of 4-4.1 (Figure 2.3.1) [148]. The mitochondrial targeting sequence (MTS)

was identified in NS3 during our earlier study [147].




A) | NS2BNS3
LNEGIMAVGIVSILLSSLLKNDVPLAGPLIAGGMLIACYVISGSSADLSLEKAAEVLWEEEAEHSGASHNILVEVQDDGTMKIKDEERDDTLTILLKATL
LAVSGVYPMSIPATLFVWYFWQKKKQRSGVLWDTPSPPEVERAVLDDGIYRILQRGLLGRSQVGVGVFQDGVFHTMWHVTRGAVLMYQGKRLEPSW
ASVKKDLISYGGGWRLQGSWNTGEEVQVIAVEPGKNPKNVQTTPGTEK TPEGEVGAIALDFKPGTSGSPIVNREGKIVGLYGNGVVTTSGTYVSAIAQ
TKASQEGPLPEIEDEVFKKRNLTIMDLHPGSGKTRRYLPAIVREAIKRKLRTLILAPTRVVASEMAEALKGMPIRYQTTAVKSEHTGREIVDLMCHATFT
MRLLSPVRVPNYNMIIMDEAHFTDPASIAARGYISTRVGMGEAAAIFMTATPPGSVEAFPQSNAVIQDEERDIPERSWNSGYDWITDFPGRETVWEV PSIK
SGNDIANCLRANGKRVIQLSRKTFDTEYQKTKNNDWDYVVTTDISEMGANFRADRVIDPRRCLKPVILKDGPERVILAGPMPVTVASAAQRRGR
NS3
MDGIYRILQRGLLGRSQVGVGVFQDGVFHTMWHVTRGAVLMYQGKRLEPSWASVKKDLISYGGGWRLQGSWNTGEEVQVIAVEPGKNPKNVQT
TPGTFKTPEGEVGAIALDFKPGTSGSPIVNREGKIVGLYGNGVVTTSGTYVSAIAQTKASQEGPLPEIEDEVFKERNLTINDLHPGSGKTRRYLPAIVR
EAIKRKLRTLILAPTRVVASEMAEALKGMPIRYQTTAVKSEHTGREIVDLMCHATFTMRLLSPVRVPNYNMIIMDEAHFTDPASIAARGYISTRVGMG
EAAAIFMTATPPGSVEAFPQSNAVIQDEERDIPERSWNSGYDWITDFPGE TVWEVPSIKSGNDIANCLRENGKRVIQLSRKTFDTEYQK TKNNDWDY
VVTTDISEMGANFRADRVIDPRRCLKPVILKDGPERVILAGPMPVTVASAAQRRGR . Ns2B

. Nuclear Localisation Signal
. Mitochondrial Targeting Signal

. ProteaseHelicase

Figure 2.3.1: Amino acid sequences of existing forms of protease (A) NS2BNS3 (NS2B-
130+NS3-464 = 594 a.a), (B) NS3pro-helicase (464 a.a). Amino acid sequence showing the
nuclear localization sequence (NLS) in green and mitochondrial targeting sequence (MTS) in
red. Full length NS2B sequence in (blue) and NS3 sequence in (black).

Based on the in silico analyses, the recombinant constructs NS2BNS3pro (46 + 185 a.a),
NS2BNS3pro (S135A) mutant (130 + 185 a.a), NS2BNS3 (594 a.a) and NS3pro-helicase (464

a.a) were generated in pEGFP-N1vector (Figure 2.3.2).
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Figure 2.3.2: Diagrammatic presentation of recombinant constructs generated in the present
study. (i) Dengue virus genome (RNA) (ii) Dengue virus mature polypeptide showing
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structural proteins (capsid, pre-membrane and envelope) and non-structural proteins (NS1 —
NS5) (iii) Dengue virus full length protease with NS2B and NS3 fragments. (iv) NS2B (46 a.a)
Glycine linked (G4-S-G4) NS3 protease (185 a.a) (v) Mutant form of NS2BNS3pro (S135A)
(NS2B -130 a.a and NS3pro-185 a.a) (vi) NS2BNS3 (130 + 464 a.a) (vii) NS3 pro-helicase
(464 a.a).

The construction of NS2NS3pro (46+185a.a) as mentioned in materials and methods (Figure
2.3.3 A). The nucleotide sequences corresponding to 46 amino acid hydrophilic domains of
NS2B and N-terminal 185 amino acids of NS3 were amplified (Figure 2.3.3 A). Both the
domains were fused by overlapping extension PCR. A 696 bp fragment was obtained for the
recombinant construct of NS2NS3B3pro. Further, the pRSET-A expression vector with N-
terminal 6X His-tag containing the above recombinant segment of NS2BNS3 pro was also
generated used (Figure 2.3.3 A). We have also generated the mutant form of the above
NS2BNS3pro (S135A). This form was developed to study the functional analysis. The clone
was generated by mutating the Serine-135 to Alanine thereby inactivating the functionally
active site of protease (Figure 2.3.3 B). Further, we generated the NS3pro-helicase and
NS2BNS3, which are naturally occurring forms of protease existing during virus infection.
Both the clones were developed by overlapping extension PCR as detailed in materials and
methods 1.3kbp and 1.8kbp recombinant clones were generated and confirmed by sequencing

(Figure 2.3.3 C&D) [148].
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Figure 2.3.3: Representative images showing the cloning strategy of each construct in pEGFP-
N1 vector. (A) pEGFP-N1 NS2BNS3pro (46+185 a.a), (B) pEGFP-N1 NS2BNS3pro (S135A)
mutant (130+185 a.a), (C) pEGFP-N1 NS3 (464 a.a) (D) pEGFP-N1 NS2BNS3 (594 a.a).

2.3.2 Protease Localization Studies

We have performed transfections in K562 cells and analyzed the cells at 10X and 20X
magnification for the transfection efficiency and the data suggested that 50-60% of the cells

were positively transfected (Figure 2.3.4 A and B).
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Figure 2.3.4: Representative images of transfected K562 cells analyzed using the confocal
microscope. (A) 10X and (B) 20X-100um, analyzing the transfection efficiency of the GFP-
tagged recombinant constructs.

Further, the data indicated that the expressed proteins (GFP-tagged) of all three constructs
[(NS2BNS3pro, NS2BNS3pro (S135A) mutant and NS2BNS3)] localized to the nucleus
compared to vector alone as the GFP was found to merge with the Hoechst stain (nucleus)
(Figure 2.3.5 A & B). In pEGFP-N1 vector, the intensity of the green peak is low and does not
merge with blue peak, but in case of pEGFP-N1 NS2BNS3pro, pEGFP-N1 NS2BNS3pro
(S135A) mutant and pEGFP-N1 NS2BNS3 shows merged green peaks with blue peaks of
varying intensities indicating the GFP expression in nucleus (Figure 2.3.5 B (i-iv)). The bar
graphs further support the above observation with the high GFP/blue expression ratios which

represent the percentage mean arbitrary intensity in the nucleus (Figure 2.3.5.C) [148].
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Figure 2.3.5: Localization of expressed dengue virus protease in K562 cells. (A) pEGFP-
N1 vector (i-iv), pPEGFP-N1 NS2BNS3pro (v-viii), pPEGFP-N1 NS2BNS3pro (S135A) mutant
(ix-xii), pPEGFP-N1 NS2BNS3 (xiii-xvi) were transfected transiently and observed after 28
hours post-transfection. The images represent the bright field (Grey), Hoechst33342 (nuclear
staining blue), GFP (green) and merged at 100X (scale bar = 50 um) magnification using Carl
Zeiss confocal microscopy. (B) (i) Fluorescence intensity profiles using NIS Elements AR
software of pEGFP-NI1 vector showing GFP expression (green) in cytoplasm. (ii-iv) pEGFP-
N1 NS2BNS3pro, pEGFP-N1 NS2BNS3pro (S135A) mutant and pEGFP-N1 NS2BNS3 show
the expression in nucleus with different intensities. (C) The bar graphs represent the percentage
arbitrary mean intensity of each channel (Green and Blue) in nucleus of transfected cells
presented as mean values () SD plotted in graph pad prism 9. The percentage was calculated
using (Mean intensity of each channel/total intensity in nucleus X100). p- values indicated
<0.0001, **** = significant, ns = non-significant.

The NS2BNS3 also possesses the MTS along with NLS, hence we intended to analyze the

possibility of its localization to the mitochondria also. In this direction, the NS2BNS3 was

transfected along with MitoRFP, stained with Hoechst stain and analyzed for the localizations.

The data suggested GFP and the MitoRFP expression are not merged, suggesting no
localization of NS2BNS3 to the mitochondria (Figure 2.3.6 A (v-viii)). This observation is
further supported by the graphical analysis showing that the red peaks are completely separated
from the green peaks (Figure 2.3.6 B (ii)). It was further confirmed that NS2BNS3 localized in
nucleus as indicated with a high intensity peak of GFP (green peak) in the nuclear region

(Figure 2.3.6. C (ii)). But, NS3 alone was reported to be localized to the mitochondrial matrix




which shows both the MTS and NLS. In order to properly understand the localization of NS3
also, we carried the transfections along with MitoRFP, stained with Hoechst stain and analyzed
the localizations in mitochondria and nucleus (Figure 2.3.6 A (ix-xii)). The results show that
NS3pro-helicase enters both mitochondria and nucleus as indicated by the intensity profiles
where the GFP expression (green) is merging with red (mitochondria) and high GFP intensity
in blue peak region (nucleus) (Figure 2.3.6 B (iii) & C (iii)). The bar graphs which represent
the percentage mean arbitrary intensity of each channel in the nucleus indicated the GFP

expression in nucleus supporting the above observations (Figure 2.3.6 (D)) [148].
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2.3.6: Localization of NS2BNS3 and NS3pro-helicase. (A) Confocal images at 60X (scale
bar=20um) showed the localization of pPEGFP-N1 vector (i-iv), pEGFP-N1 NS2BNS3 (v-viii),
and pEGFP-N1 NS3pro-helicase (ix-xii), with both localization markers i.e. MitoRFP and
Hoechst. (B) Fluorescence intensity profiles were generated using NIS Elements AR software
of (i) pPEGFP-N1 vector (ii) pPEGFP-N1 NS2BNS3 (iii) pPEGFP-N1 NS3pro-helicase. (C) (i-iii)

Represents the intensity profiles of GFP (green) in nucleus (blue). (D) The bar graph
representing the arbitrary mean intensity of each channel (green and blue) in nucleus of
transfected cells as calculated in Figure 2.3.5 C.




With the cell lysates of the above experiments, we have carried out the western blotting analysis
(anti-NS2BNS3pro antibody) to verify the presence of protease forms that localize to the

nucleus or mitochondria or both. The immunoblotting results were found to be consistent with

the above localization experiments suggesting that the NS3pro-helicase (75 kDa) localized to

both cytoplasm (mitochondria) and nucleus (Figure 2.3.7 (ii)), whereas NS2BNS3 (92 kDa)
localized only to the nucleus (Figure 2.3.7 (i)). We also observed a 70 kDa band in the nucleus
(Figure 2.3.7 (i)), possibly due to an internal self-cleavage site in NS2BNS3. The absence of
actin (Figure 2.3.7 (iii)) and less GFP (Figure 2.3.7 (iv)) in nuclear fraction support the

fractionations.

NS2BNS3 HELICASE

| Self cleaved internal
band

NS3pro helicase

Figure 2.3.7: Western blot analysis of pPEGFP-N1 NS2BNS3 and NS3pro-helicase subcellular
fractions of transfected HEK cell lysates probed with NS2BNS3pro antibody (1:1000), Actin
(1:2500) and GFP vector (1:1000).




With these experiments we observed that the NS2BNS3 possesses both the NLS and the MTS
signals but the MTS is masked due to the presence of NS2B at N-terminal region of NS3 that

might hinder the localization of NS2BNS3 to the mitochondria (Figure 2.3.8) [148].
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Figure 2.3.8: Schematic diagram representing the forms of dengue virus protease i.e.
NS2BNS3 and NS3. NS2BNS3 and NS3 contain both NLS and MTS signal but, in NS2BNS3,
the MTS signal is masked by the NS2B at the N-terminal region of NS3 [148].

Further, we have confirmed the localization during virus infection. We observed consistent
results by immunofluorescence analysis when detected with NS2BNS3 antibody. It was
observed the NS2BNS3 localized in the nuclear region as compared to uninfected (control)

cells as observed in merged images at 60X magnification (Figure 2.3.9).
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Figure 2.3.9: Representative image showing the nuclear localization of dengue virus protease
during dengue virus infection.
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2.4 DISCUSSION

Hosts are susceptible to viruses due to the presence of multiple binding receptors on their
surfaces. Viruses bind to these receptors and enter the host cell, affecting the host mechanism.
Immature virus particles or mature functional proteins, both target the host cellular factors for
their survival. Flaviviruses replicate in cytoplasm and release viral proteins however, some
proteins get relocated to the other organelles like mitochondria, Golgi-ER (Endoplasmic
Reticulum), or nucleus for their survival in the host. JEV, Zika, YFV, TBEV and DENV share
65% similarity in their genome organization and share an almost similar mechanism of
infection [149]. These viruses hijack the protein trafficking machinery of the host but do not
completely inhibit the host’s transcription and translation mechanisms. During the normal
physiological role, some proteins are imported or exported, in and out of the nucleus. This
import and export occur due to the presence of nuclear localization signals [150]. Some viral

proteins like capsid and NS5 participate in viral assembly by translocating into the nucleus

where they might play a crucial role during the formation of replication complexes [151].

Therefore, it is hypothesized that viral proteins might play some role in nuclear trafficking.
Reports suggest that viral proteins target the nucleoporins and nuclear membrane proteins to
make their entry into the nucleus. Among the flaviviruses, it is reported that Zika and DENV
viruses affect the nuclear morphology by altering the functions or degrading some of the
nuclear proteins essential for host survival [144, 152]. Viral proteases play a significant role
during viral assembly. Previously mentioned studies on dengue viral protease (including our
report published in the Journal of Virology, 2020 [147] are puzzling the scientific community
regarding its role in disease pathogenesis. It is reported that during dengue virus infection in
insect cells (mosquito cell lines), the viral protease localizes to nucleus and forms strand-like

structures in the nucleus by altering the integrity of the nucleus. Further, the same group,




reported that the dengue virus protease protein enters in nucleus during virus infection [152,

153].

Viral protease also interacts with mitochondria for cellular processes, although it is not yet
clear which forms of viral protease are localized into the nucleus and mitochondria during
infection. In our previous study, we reported the presence of a MTS in NS3protease that
allowed its translocation in the mitochondrial matrix [147]. The self-cleavage sites in the
protease, in silico analysis of the present study suggesting the presence of MTS and NLS
sequences and the existing literature made us to speculate the existence of different forms of
dengue virus protease and their sub-cellular localization. Thus, with this analysis, in the present
study, using in silico prediction tools, NLS sequences were identified in both NS2BNS3 and
NS3 which gave a hint that these proteins might target the nucleus. We found these NLS
sequences in NS2B, NS3protease and helicase domains of NS3. We observed a single
monopartite NLS sequence in NS2B in its C-terminal end while two bipartite NLS sequences
in NS3 protease C-terminal and helicase domain of NS3 (Figure 2.3.2). To confirm this in silico
prediction, we have developed the recombinant constructs of NS2NS3 and NS3. With these
recombinant constructs, we have performed the localization studies and observed that viral
protease exists in two forms (NS2BNS3 and NS3) that may occur in two different organelles

simultaneously or at different times during the virus infection. The findings of our present study

suggest the localization of dengue virus protease in two subcellular organelles of a cell i.e.,

nucleus and mitochondria (Figure 2.3.5 and 2.3.6). This study also suggests that in addition to
the NLS sequences, MTS signals also present in both NS3 and NS2BNS3. In addition to the
above confocal microscope based studies, we have carried the subcellular fractionation
experiments that showed consistent results of the viral protease localization analysis in nucleus
and mitochondria. But we observed that NS2NS3 enters only into nucleus while NS3 enters in

both nucleus and mitochondria. In case of NS2BNS3 it appears that the MTS signal is masked
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by the NS2B which is present at the N-terminal end of NS3 in mitochondria, hence NS2BNS3

is not localized to the mitochondria (Figure 2.3.6, 2.3.7 and 2.3.8) [148]. With these findings,
we conclude that there is no such an instant indicating the dual localization of a single protein

coded by a virus genome.




CHAPTER 3: IDENTIFICATION OF DENGUE VIRUS
PROTEASE SUBSTRATES




3.1 INTRODUCTION

Viral proteins interact with many cellular proteins in order to carry out their successful
replicative cycle. As the virus enters the host cells, some host proteases or signal peptide aid
their replication by cleaving their mature polypeptide [154]. Both the structural and non-
structural viral proteins are involved directly or indirectly in virus—host interactions. It has been
observed that both the host and viral factors are involved in host cellular tropism. However,
very few host factors have been characterized that might play a role during virus infection. It
has been reported that viral proteins like Capsid, Envelope, NS1, NS2B, NS3, NS4B and NS5
interact with host cellular proteins (humans and mosquitoes) for efficient viral entry [155].
Functionally, these proteins are associated with pathogenicity and immune responses. It has
been reported that NS2A, NS4A&B and NS5 have been involved in inhibiting interferon
stimulating viral mediated defense system of the hosts [156, 157]. NS1, a secretory protein, has
a significant role in immune escape via the complement fixation pathway [158]. Dengue capsid
protein shows interaction with host cellular proteins like DEAD (Asp-Glu-Ala-Asp) BOX
helicase 3, human Death-domain Associated X-Linked protein (DAXX) and cytosolic ATP-
dependent RNA helicase that is involved in the apoptosis of liver cells and antiviral immune

responses [159]. NS5 binds directly or indirectly to interferon signaling pathway transcription

factor, Signal Transducer and Activator of Transcription 2 (STAT2), leading to STAT2

degradation during infection [160]. DENV proteases play a pivotal role in the host system by
targeting its substrates. NS3 shares similarities among flaviviruses and it has been reported to
interact with many host proteins which are common for other flavivirus including dengue virus.
It has been reported that NS3 interacts with mosquito proteins such as titin (an ortholog of
human obscurin) and nucleosome assembly protein 1 (NAP-1), an ortholog of human

Nucleosome Assembly Protein-1 like 1(NAP1-L1) [158]. Both these proteins also showed




interaction with NS3 of HCV. Dengue virus protease interacts with nuclear transcription factors

which are crucial for regulated gene expression.

Since many researchers are exploring the cause of viral protease localization into the nucleus,
the nucleus has been the targeted host organelle for identifying viral protease substrates. In
addition to this, dengue protease targets other cellular organelles like mitochondria for their
replication. Earlier reports showed that the dengue virus causes the elongation of mitochondria
by altering the fusion and fission process. It is reported that NS2BNS3pro cleaves the
mitofusins (MFN1 and MFN2), and modulates the mitochondrial dynamics by inducing
apoptosis [74]. These morphological modulations led to dysregulated mitochondria, causing
cell death and disease pathogenesis. Another host protein MITA, involved in interferon
production and antiviral signaling during virus infection, has been reported to be cleaved by
NS2BNS3 protease, subverting the host’s immune response [73]. Further, in our previous
study, it was reported that NS3 protease localizes to mitochondrial matrix and cleaves the

GrpEL1 protein [147].

It is reported that dengue virus infection in megakaryocytes causes a reduction in cell number

with depleting mature megakaryocytes suggesting the effect of infection in bone marrow

homeostasis [161]. Further, it has been reported that the dengue virus inhibits the expression
of master transcription factors GATA binding factors 1 and 2 (GATA1, GATAZ2) and nuclear
factor erythroid 2 (NF-E2) which are involved in megakaryocytic developmental processes
[162]. Moreover, the reports show that dengue virus infection in vitro, ex vivo, and in vivo
models have been studied but the cause of low platelet number leading to ‘thrombocytopenia’

remains unclear.

Hence, to the best of our knowledge, there is no clear study explaining the mechanism

involving the virus components in thrombocytopenia. In the previous chapter 2, we found that




dengue virus protease localizes in two subcellular organelles of a cell i.e., nucleus and
mitochondria. In the previously published study, we observed that protease localizes to
mitochondria due to the presence of a MTS signal and cleaves its substrate GrpEL1. In the
previous chapter, we observed that NS2BNS3 nucleus due to the presence of NLS sequences
so we made an attempt in this chapter to identify any substrate in the nucleus that might give a

plausible explanation for the cause of thrombocytopenia.

3.2 MATERIALS AND METHODS

3.2.1 In vitro pulldown assay and protein identification

K562 cells were cultured in 100 mm dishes. The cells were harvested and lysed with RIPA
buffer. The lysate was quantified by Bradford reagent (Bio-Rad) and 250-300pg protein (500
pl) lysate was used for pulldown. Purified pRSET-A NS2BNS3pro protein (200 pg) was
allowed for binding to Ni-NTA His beads for 3 hours with gentle rocking and centrifuged for
1 minute at 4°C to remove the unbound protein. K562 cell lysate was incubated with the protein
bead complex overnight with gentle rocking at 4°C. The complex was centrifuged for 1 minute
and unbound proteins were collected as flow through (FT), followed by washes of 10-50mM
imidazole (500 ul each). The interacting proteins were eluted from washed bead complex using

imidazole (100-300mM) [148].

3.2.2 Identification of proteins obtained in the above pull-down experiment

Elutes, FT washes and the bead complex were mixed with 4X Laemmli buffer and boiled for

10 minutes, centrifuged for 1 minute and resolved on 10% SDS PAGE. A similar procedure

was followed up with Ni-NTA beads bound to K562 cell extract without purified protein

(control). The gel containing the bands were eluted and followed up by MALDI TOFF mass

spectrometry analysis (Galaxy International /Sandor Life Sciences Pvt. Ltd.). Further, the




above-mentioned flow through, washes and elutes were resolved on 10% SDS PAGE,
transferred onto PVDF membrane and probed with anti-EDRF1 antibody (1:3000). The anti-
rabbit secondary HRP conjugated antibody was used (1:10000) and the developed image was

recorded (Chemidoc, Bio-Rad) [148].

3.2.3 ldentification of protease cleavage sites in EDRF1 using in silico methods

Full-length EDRF1 protein sequence accession no: Q3B7T1.1, was retrieved from NCBI
database. Protease cleavage sites were identified by using ProP-1.0 Server-DTU Health Tech.
Further, the protease and EDRF1 structures were superimposed using auto-docking tool to

identify the cleavage sites for the protease catalytic triad [148].

3.2.4 Cloning of EDRF1 (798-1238 a.a) in pGEX-6P-2 (GST tagged) and pcDNA 3.1 C-

Myc Vector

From K562 cell pellet, total RNA was isolated using Trizol as per manufacturer’s protocol. For

cDNA synthesis, total isolated RNA was mixed with oligo (dT) primers in sterile RNase-free

water and reaction was followed up with mixing: total RNA (1pg), oligo(dT) random primer

mix (0.5ug/ul), 10 mM dNTP, and RNase free water, The RNA was denatured for 5 minutes at
65°C. Then 10X AMV buffer, AMV Reverse Transcriptase (10U/pl), RNase inhibitor (40U)
and RNase free water were added. Total RNA was reverse transcribed using the reaction cycle:
45°C for 50 minutes, 80°C for 5 minutes. The cDNA generated was used as a template for the
amplification of EDRF1 with forward F- ATCGGATCCATGACTGATTTGTCTACAGACTT
and Reverse R- CGAGAATTCTCACTGAACGGCATTGCTGC primers. This amplified
product was cloned in pGEX-6P-2. In order to clone EDRF1 in pcDNA 3.1 C-Myc vector also,
Forward 5° TATCGAATTCGCCATGGCTGATTTGTCTACAGACTT 3’ and reverse 5’

TATGCTCGAGCTGAACGGCATTGCTGCT 3’ primers were used for amplifications. The




primers were designed based on the EDRF1 sequence available with accession no
NP_001189367.1. The PCR mix contains 10X buffer, 10mM dNTPs, forward and reverse
primers (10uM each), cDNA (100 ng), Tag Polymerase (0.25U) and nuclease-free water.
Cycling conditions were followed with an initial denaturation step at 94°C for 5 minutes,
followed by 35 cycles of 94°C for 1 minute, 58°C for 30 seconds, 72°C for 1.5 minutes, and
final extension at 72°C for 10 minutes. The amplified fragment was run on 1% agarose gel
and 1.3 kbp amplified product was obtained. The amplified products were gel extracted and
further cloned in to pGEX-6P-2 and pcDNA 3.1 C-Myc vectors. To clone in pGEX-6P-2
vector, the amplified product and the pGEX-6P-2 vector were digested with EcoRI/BamHI
restriction sites, ligated and transformed into E. coli. DH5a competent cells. Similarly, to clone
in pcDNA 3.1 C-Myc vector, the amplified product and the pcDNA 3.1 C-Myc vector were
digested with restriction sites Xhol/EcoRl, ligated and transformed into E. coli. DH5a
competent cells. Both the recombinant plasmids were isolated and further confirmed with

restriction digestion and sequencing [148].

3.2.5 Expression and Purification of EDRF1 Protein

Competent Escherichia coli strain BL21 cells were transformed with the recombinant
expression vector (0GEX-6P-2 EDRF1), were inoculated into LB media containing 100 ug/mL
ampicillin and incubated at 37°C overnight. Fresh LB media was incubated for 2-3 hours at
37°C with the overnight culture to reach an O.D.600=0.5. Bacterial cells were induced for
protein expression by the addition of isopropyl-BD-thiogalactoside (IPTG) to a final
concentration of 0.1 mM at 15°C for 18-22 hours or with 0.5mM at 20°C for 14 hours. After
incubation, cells were harvested at 8000 rpm for 10 minutes. Cell pellets were resuspended in
GST Lysis buffer (1x PBS pH 7.4, ImM DTT, 0.5% Triton X-100) followed by sonication and

centrifuge the lysate at 10000 rpm for 45 minutes. The supernatant was incubated with




glutathione agarose resin overnight at 4°C. After adsorption, beads were collected in gravity
flow columns and washed 3 times with wash buffer (LXPBS and 3mM DTT). Either GST or
GST- EDRF1 were eluted by competition with a free reduced glutathione elution buffer (15
mM glutathione in 100 mM Tris-HCI pH 8.0). Further, the eluted protein fractions were
analyzed on 10% SDS PAGE. The eluted fractions were pooled and dialyzed against 500-fold

volume of 1X PBS.

3.2.6 In vitro cleavage assay of GST-EDRF1 protein with NS2BNS3 (Protease)

Cleavage assay was performed with purified GST-tagged EDRF1 protein and purified
NS2BNS3. In a 50 pl reaction, purified GST-EDRF1 protein (20 pg) was incubated with
varying conc of NS2BNS3pro protein (5-25 pg/ml) at 37°C for 1 hour 30 minutes and the
cleaved products were analyzed on 10% SDS PAGE and further with western blotting with
anti-EDRF1 antibody. Alternatively, pcDNA 3.1 C-Myc EDRF1 was over expressed in HEK
cells. The cell lysate was prepared and incubated with purified NS2BNS3pro. The levels of

cleaved EDRF1 were detected by western blotting using EDRF1 antibody (1:3000).

3.2.7 EDRF1 cleavage analysis with co-transfection studies

For the co-transfection experiment, HEK cells (~ 8x 10"5) were seeded in 60 mm dishes and
allowed to grow up to 80% confluency. The next day, cells were viewed under a microscope
to confirm the cell confluency to ~80%. The recombinant plasmids (pcDNA 3.1 C-Myc

vector/pEGFP-N1 Vector) and (pcDNA 3.1 C-Myc EDRF1 and pEGFP-N1NS2BNS3pro)

were co-transfected. Briefly, pcDNA 3.1 C-Myc Vector / pEGFP-N1 Vector (1 ug each) and

pcDNA 3.1 C-Myc EDRF1/ pEGFP-N1 NS2BNS3pro (1 ug each) plasmids were mixed
together, and Lipofectamine 2000, diluted in serum free DMEM or OptiMEM for 2-3 minutes

separately. The diluted plasmids were mixed in diluted Lipofectamine to form complex and




incubated at room temperature for 18-20 minutes. Then, the complex was added onto the cell
monolayer gently and allowed to incubate the cells at 37° C in a CO: incubator for 4-6 hours.
After 4-6 hours, the serum free media was replaced with fresh complete DMEM and cells were
allowed to grow for 48 hours to analyse the expression. Media was removed, 1 ml of 1X PBS
was added gently and the cells were scraped by scrapper. The cells were collected in a fresh
1.5 ml Eppendorf tube and centrifuged at 3000 rpm for 5 minutes. The pelleted cells were
ready for preparing the whole cell lysate using Radio Immunoprecipitation Assay Buffer
(RIPA). Briefly, 200ul RIPA buffer was added to the cells along with the protease inhibitor
cocktail (1X). The cells were resuspended gently with pipette to form clear solubilized lysate.
The lysate was incubated on ice for 30 minutes and vortexed 2-3 times at 5 minutes intervals
each. Lysate was centrifuged at 13000 rpm for 15 minutes and the supernatant was collected
in fresh Eppendorf tube as whole cell lysate. The pellet was discarded. 10ul of whole cell lysate
was aliquoted for quantification and quantified with Bradford reagent. The samples were
denatured and resolved on 10% SDS-PAGE followed by western blotting to analyse the

expression of co-transfected plasmids with anti-Myc Tag (1:1000) and GFP (1:1000)

antibodies (Figure 3.2.1) [148].
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Figure 3.2.1: Schematic diagram of the protocol for co-transfection in HEK cells.




3.2.8 Analysis of EDRF1, GATAL and Spectrin levels in transfected cell extracts

Cells were seeded at conc. of 5 x 10° cells/ml in 6 well plates prior to the day of transfection in
RPMI growth media with 10% FBS without antibiotic and incubated at 37°C with 5% CO..
After 12 hours, cells were transfected with pEGFP-N1 vector, pEGFP-N1 NS2BNS3pro,
PEGFP-N1 NS2BNS3pro (S135A) mutant, pEGFP-N1 NS2BNS3 (1-5 pg/pl) and allowed to
grow for 28 hours. Cells were analyzed for GFP expression using a fluorescence microscope.
Then the cells were harvested and cell extracts prepared, resolved on 10% SDS PAGE and
probed with anti-GFP (1:1000) or anti-NS2BNS3pro (1:5000) or anti-EDRF1 (1:3000) or anti-
GATAL (1:5000) or anti-alphal spectrin (1:2500) antibodies (one blot with anti-GFP or anti-
NS2BNS3pro or anti-EDRF1; the other blot with anti-GATAL or anti-alphal spectrin). The
secondary anti-rabbit HRP-conjugated antibody (1:10000) was used. Anti-actin (1:2500) was
also used and probed with HRP-conjugated anti-mouse secondary antibody (1:10000). The blot

was developed and imaged using Chemidoc (Bio-Rad).

3.2.9 Analysis of EDRF1, GATAL and Spectrin levels in virus infected cell extracts

Virus infection in Vero cells was performed as described in our earlier studies [147]. For

infection of K562 cells, Vero cell propagated viral supernatant was used. A day before infection

four dishes of size 100mm were seeded with 10° cells. On the day of infection, cells were

harvested and counted using a hemocytometer. Suspension cells were seeded again in 60 mm
dishes (10° cells per dish) and inoculated with viral supernatant in ratio 1:4 dilutions with Mol
of 0.09 in serum free RPMI media. The virus was allowed for adsorption for 2-3 hours with
mild agitation in 15 minutes intervals. After the adsorption, the media was replaced with RPMI
media containing 4-5 % FBS and cells were allowed to grow for up to 7 days. Uninfected K562
cells were used as control which were also allowed to grow for 7 days. Infection was confirmed

by western blotting with NS2BNS3pro antibody (1:1000). The cells were harvested, cell lysates




were prepared and western blotting was carried using anti-EDRF1, anti-GATAL and anti-

alphal spectrin antibodies as described above [148].

3.2.10 EDRF1 and GrpEL1 levels in clinical samples

Clinical samples (n=44) were classified as DF, DHF and DSS as per WHO guidelines (Table
3.2.1). The samples were processed for albumin depletion. Briefly, in 100ul of serum sample,
1M NaCl was added to a final conc of 0.1M and incubated for 60 minutes at 4°C on rocking.
Ice-cold ethanol was added to the sample to a 42% concentration and further incubated for 60
min at 4°C. The sample was centrifuged at 14000 rpm for 45 min at 4°C, and the pellet was
stored. Using 0.8 M cold sodium acetate (pH 4.0), the pH of the supernatant was lowered to
5.7 and incubated for 30 min at 4°C. Again, the sample was centrifuged at 14,000 rpm for 30
min, and the supernatant containing aloumin was separated. Both pellets were re-suspended
and mixed in 10 mM Tris, pH 6.8 and 1 M urea. The protein concentrations of obtained
albumin-depleted samples were estimated by Bradford assay. Samples (10 pg) were resolved
on a 10% SDS-PAGE and immunoblotted with anti-EDRF1 antibody (1:3000) followed by
stripping and probed with anti-GrpEL1 antibodies (1:2500). Anti-rabbit secondary HRP-
conjugated antibodies (1:10000) were used and the blot was developed as described above

[147, 148].

3.3 RESULTS

3.3.1 Identification of protease interacting proteins

To identify the host factors interacting with NS2BNS3 protease, we performed in vitro Ni-

NTA pulldown assay with purified NS2BNS3pro incubating with K562 whole cell lysate
(Figure 3.3.1 A and B). Protein bands that appeared in elutes (E1-E4) were gel eluted and

identified by MALDI-TOFF mass spectrometry. The identified bands from the above elutes
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were found to be erythroid differentiation regulatory factor 1 (EDRF1) (Figure 3.3.1 C and D).
Also, the Mascot search result supported the above finding that the identified protein EDRF1
has a score of 57 which is the highest among the list (Figure 3.3.1 E). Western blot analysis
using anti-EDRF1 antibody showed the presence of EDRF1 in elutes and beads thus confirming

EDRF1 as a protease interacting host protein (Figure 3.3.1 F&G) [148].
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Figure 3.3.1: (A) In vitro pulldown assay from K562 cell lysate with pRSET-A NS2BNS3pro
purified protein and (B) Negative control. The arrows indicate the bands used for identification.
(C&D) Identification data of the protein bands obtained from above in vitro pulldown assay.
(E) The graph represents the Mascot search result showing the identified protein as EDRF1
with the top score of 57. Western blotting analysis of the fractions of pulldown assay by using
anti-EDRF1 antibody, (F) experimental and (G) negative control.

3.3.2 Identification of protease cleavage sites in EDRF1 using in silico methods

ProP-1.0 server identified a total of five cleavage sites (dibasic amino acid residues i.e. Arg/Lys
in P1/P2 position) at different amino acid sequence positions of EDRF1 (50,100,152,926,987)
(Figure 3.3.2 A). In order to know which of the above cleavage sites is located in/near the
catalytic triad of protease, we performed an in silico docking method for analyzing the
interactions of protease and EDRF1 by superimposed models (Figure 3.3.2 B). It was observed

that the cleavage site at a.a 985-988 of EDRF1 (cyan) interacted with the catalytic triad of




protease (H-51, D-75, S-135) (green) (Figure 3.3.2 B). Thus, we have developed a recombinant

pcDNA 3.1 C-Myc and pGEX-6P-2 vectors containing the c-terminal end from amino acid

798 to 1238, approximately 50 kDa of EDRF1 (encompassing a.a 985-988 cleavage site) [148].
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PLEPSYIVGHVASAPKEQNLITLFNDGEHSQGLKNDFVRNILW TFEDIHMLVGSNMPIFGGGRYPAVSLRLRDNNKPINVLTGIDYWLDN
LICNVPELVMCFHVNGIVQKYEMIKTEEIPNLENSNFSTKVIKDIAQNILSFLKSNCTKEGHTY WLFKASGSDIVKLYDLTTLCEETEDKY
QNPFTMPVAILLYKVACNMMMKKNQNKKHYGTIRTLLLNCLKLLDKSRHPQIASANYMLSELFQLDEPKKEENSESPLNENSDESYSE
EEEEMPDSDENGSYSTSSDPSDDSKAVAIIKSVGELSVPEK YKSTHQIRPSCAFPVCHDTEERCRLVLSYVLEGLKSVDSSIKKESDLPAAD
PSTPIPLKYEDESSRGGPEGLEKQMALFLDKMGSLQKGNYSSQSGMIPGSWQHKMKLQLILKSSKAYYVLSDAAMSLQKYGRALRYIK
LALQSHDTYCCLCTNMLSEVLLFLSQYLTLCGDIQLMLAQNANNRAAHLEEFHYQTKEDQEILHSLHRESSCQGFAWATDLSTDLESQ
LSVSCKCYEAANEILQFSDLKSQNPEHY VQVLKRMGNIRNEIGVF YMNQAAALQSERLVSKSVSAAEQQLWKKSFSCFEKGIHNFESIE
DATNAALLLCNTGRLMRICAQAHCGAGDELKREFSPEEGLY YNKAIDYYLKALRSLGTRDIHPAVWDSVNWELSTTYFTMATLQQDY
APLSRKAQEQIEKEVSEAMMKSLKYCDVDSVSARQPLCQYRAATIHHRLASMYHSCLRNQVGDEHLRKQHRVLADLHYSKAAKLFQ
LLKDAPCELLRVQLERVAFAEFQMTSQNSNVGKLKTLSGALDIMVRTEHAFQLIQKELIEEFGQPKSGDAAAAADASPSLNREEVMKLL
SIFESRLSFLLLQSIKLLSSTKKKTSNNIEDDTILK TNKHIYSQLLRATANKTATLLERINVIVHLLGQLAAGSAASSNAVQ

*(:\navqn sites identified by the ProP1 server

Figure 3.3.2: The full-length protein sequence of EDRF1 retrieved from NCBI database;
Protein Id. Q3B7T1.1. (A) The amino acid shows the cleavage sites (red) identified by ProP-
1.0 server. (B) (i) The in silico superimposed models of EDRF1 (Cyan) and NS3pro-helicase
(green). (ii) Enlarged version of the superimposed area showing the interactions of the catalytic
triad of NS3pro-helicase (H-51, D-75, S-135) and the cleavage site at a.a 985-988 (RK987A).




3.3.3 Cloning, Expression and Purification of EDRF1 Protein

The cloned pGEX-6P-2 vector containing the EDRF1 insert was confirmed by digestion and

sequencing. 1.3 kbp fragment was obtained. EDRF1 was expressed with 0.1mM IPTG
induction at 15°C and purified by free glutathione bound to glutathione resin. The GST fused
protein of 70 kDa was obtained in solubilized form and was eluted with 15mM free
Glutathione. Since the eluted protein contains free GST it was removed by two times dialysis

and then by using 30kDa amicon concentrators (Figure 3.3.3).
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Figure 3.3.3: (A) (i) Amino acid sequence of C-terminal end of EDRF1 with the protease
cleavage sites, cloned in pGEX-6P-2 vector. (ii) Clone was confirmed by restriction digestion.
(B) Protein Expression and purification of EDRF1. The 70 kDa fused protein purified by 15mM
and 30mM Glutathione.

3.3.4 In vitro cleavage assay of GST-EDRF1 protein with NS2BNS3protease

In order to analyse the EDRF1 cleavage by the protease we have performed in vitro cleavage

assay. For this, an increasing concentration of purified NS2BNS3pro was incubated with GST

tagged fusion EDRF1 protein at 37°C for 1 hour 30 minutes. With the SDS PAGE followed by

western blot analysis, we observed a decrease in the levels of EDRF1 concentrations from 15
to 25 pg (Figure 3.3.4 A and B). Similarly, we have overexpressed the EDRF1 in the HEK
transfected, made the lysate of the same and found the reduced levels of overexpressed pcDNA

3.1 C-Myc EDRF1 in the presence of purified protease (Figure 3.3.4 C (i & ii)).
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Figure 3.3.4 In vitro cleavage of EDRFL1 in presence of protease. (A) Coomassie staining, in
vitro cleavage assay (70 kDa) and protease (37 kDa), with increasing concentration of protease
incubated at 37°C for 1 hour 30 minutes. (B) Western blot analysis to detect in vitro cleaved
EDRF1 by anti-EDRF1 antibody (1:3000). (C) (i) Over expression of pPCDNA 3.1 C-Myc
EDRF1 in HEK transfected cells confirmed by western blotting. (ii-top) In vitro cleavage assay
of overexpressed pcDNA 3.1 C-Myc EDRFL1 protein (50 kDa) and protease (37kDa) incubated
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at 37°C for 1 hour 30 minutes and detected using EDRF1 antibodies. (ii-bottom) Ponceau S
stain of the same membrane.

3.3.5 EDRF1 cleavage in co-expressed conditions

The cell extracts co-expressed with both EDRF1 and protease were resolved on 10% SDS
PAGE and transferred onto the hydrophilic polyvinylidene fluoride (PVDF) membrane.
Western blot analysis was done to detect the levels of EDRF1 using anti-Myc tag antibody.
The blot showed no band in co-transfected vectors as the Myc tag is only 1.2 kDa (very small
to detect) (Figure 3.3.5 A lane 1). In pcDNA 3.1 C-Myc containing EDRF1 as an insert, the
EDRF1 band was detected as intact showing the presence of overexpressed EDRF1 alone
(Figure 3.3.5 A lane 2). As expected, no expression was observed in pcDNA 3.1 C-Myc vector
(Figure 3.3.5 A lane 3). Importantly, EDRF1 was completely disappeared in presence of
protease in co-transfected pcDNA3.1 C-Myc EDRF1 and pEGFP-N1 NS2BNS3pro,
suggesting EDRF1 as a substrate of protease (Figure 3.3.5 A lane 4). pEGFP-N1 vector alone
and pEGFP-N1 NS2BNS3pro lysates were loaded as controls (Figure 3.3.5 A lanes 5 &6). To
confirm the expression of NS2BNS3pro in the above experiment, we have checked the

expression of protease using anti-GFP antibody after stripping the same membrane. It was

observed that, in co-transfected vectors and pEGFP-N1 vector alone, GFP was expressed

(Figure 3.3.5 C lanes 13 & 17). No band to be observed in pcDNA3.1 C-Myc EDRF1 and
pcDNA 3.1 C-Myc vector alone (Figure 3.3.5 C lanes 14 &15). In co-transfected pcDNA 3.1
C-Myc EDRF1 and pEGFP-N1 NS2BNS3pro cell lysates, the protease was detected thus
confirming the expression of NS2BNS3pro in the co-transfected conditions (Figure 3.3.5 C
lane 16). pEGFP-N1 NS2BNS3pro was also found to be expressed alone as a control (Figure

3.3.5 C lane 18) [148].




(=)
9 10 13 14 15 16 17 18
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Figure 3.3.5: Western blot analysis of the cell lysates after 48 hrs of co-transfection. (A) HEK
cells were transfected with single or co-transfected with recombinant vectors as indicated on
the blots and probed with anti-Myc tag antibodies. (B) Ponceau S staining of the above
membrane Lanes: 7-12 and M (protein marker). (C) The above membrane was stripped and
probed with anti-GFP antibodies [ 148].

3.3.6 Analysis of levels of EDRF1, GATAL and Spectrins in protease transfected and virus

infected cell lysates

The GATAL1 expression and activity were reported to be regulated by EDRF1 [163]. GATAL

in turn controls the synthesis of spectrin proteins which are required for pro-platelet and platelet
formation [164]. EDRF1, a 138 kDa protein is reported to be expressed in megakaryocytic
(K562) and erythroid cell lineages. Hence, we intended to analyze the levels of EDRFL1,
GATAL1 and spectrins in protease transfected and virus infected K562 cells [165, 166]. For this
purpose, total cell lysates of transfected/infected were resolved on 10% SDS PAGE followed
by western blot analysis with anti-EDRF1 antibody as detailed in methods. It was observed
that EDRF1 levels were deteriorated significantly in presence of pEGFP-N1 NS2BNS3pro as
compared to the vector, concluding that EDRF1 is being cleaved by dengue virus protease

(Figure 3.3.6 A, left). The bar graph representation from the three experiments support the
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above data (Figure 3.3.6 A, right). The same cell lysates were used to check the endogenous

levels of GATAL and spectrins. It was observed that, compared to pEGFP-N1 vector alone,

GATAL and spectrin levels were found to be reduced (Figure 3.3.6 A, left). The bar graph

representation from the three experiments supports the above data (Figure 3.3.6 A, right). To
confirm the above data, we have transfected pEGFP-N1 NS2BNS3 (594 a.a) which represents
one of the forms of naturally existing dengue virus protease. A mutant of NS2BNS3pro
(NS2BNS3pro S135A) carrying the mutation in the catalytic triad was also included. The data
suggest that the levels of EDRF1 and GATAL were drastically reduced in presence of pEGFP-
N1 NS2BNS3, compared to the mutant and the vector (Figure 3.3.6 B, left). The bar graph

representation from the three experiments support the above data (Figure 3.3.6 B, right) [148].
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Figure 3.3.6: Analysis of levels of EDRF1, GATA1 and Spectrin levels: (A) pEGFP-N1
Vector and pEGFP-N1 NS2BNS3pro for 28 hrs of transient transfections with indicated
antibodies on the left. Bar diagram represents the means of 3 independent sets of experiments
for proteins indicated. (B) Western blot analysis of K562 cell lysate transiently transfected with
pEGFP-N1 NS2BNS3 and pEGFP-N1 NS2BNS3pro (S135A) mutant analyzed after 28 hours
of transfection with indicated antibodies. Bar diagram represents the means of three sets of
independent experiments for the indicated proteins.

3.3.7 Analysis of levels of EDRF1, GATAL and Spectrins in virus infected cell lysates

To further confirm the above result, we extended our study using the K562 virus infected cell
lysates (7days post infection). Supporting the transfection analyses, the levels of EDRF1,
GATAL and spectrin proteins were compromised significantly, clearly depicting the role of
protease in EDRF1 cleavage (Figure 3.3.7 A & B). It was observed that the reduction of EDRF1

levels is clear in virus infected cell lysates compared to the above transfection studies [148].
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Figure 3.3.7 (A) Figure showing the K562 cells after 7 days of infection (control and Infected).
(B) Western blot analysis of DENV infected and uninfected in K562 cell lysates after 7 days

with indicated antibodies. (C) Bar diagram of respective proteins of 3 sets of independent
experiments.




3.3.8 Analysis of EDRF1 and GrpEL1 levels in clinical samples

Total forty-four albumin out clinical samples with different grades of infections i.e., DF, DHF
and DSS were included for the analysis (Table 3.3.1). Other febrile infected samples were used
as controls. 10% SDS PAGE followed by western blotting was done to analyse the levels of

EDRF1. It was observed that EDRF1 levels were reduced in DF, DHF and DSS samples and a

significant difference was observed in DHF and DSS samples (Figure 3.3.8 A (upper panel)

and B) and (Figure 3.3.9 A and B). GrpEL1 was also included in this study as this protein was
identified as a substrate of NS3 in our earlier studies. The GrpELL1 levels were also found to be
reduced (consistent with our earlier report) in the samples in which the EDRF1 levels were

reduced i.e., in case of DF and DHF (Figure 3.3.8 A (lower panel)) and B [148].

Table 3.3.1: Clinical characteristics of dengue virus infected patient samples used in the study.

A.) Clinical features | B.) Dengue fever | C.) Dengue Hemorrhagic | D.) Dengue Shock
(n=24) Fever (n=17) Syndrome (n=4)

GENDER 1113 /8 31
(MALE/FEMALE)

AGE <1Yearto 14 years | <1 yearto 15years <1 yearto 12 years

NS1 POSITIVE 15

lgM/IgG 10

Thrombocytopenia

Platelet count (>6000to (>2000 to <2,30,000)* (>5000to
<1,50,000)* <1,50,000)

Platelet counts were analyzed that are present in the clinical data sheets. * Represents the range

of platelet counts.
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Figure 3.3.8: Western blotting of albumin out other febrile (C1, C2, C3) and dengue infected
serum samples (DF and DHF). (A) The samples were separated on 10% SDS PAGE and
western blotting was done with anti-EDRF1 (top) and anti-GrpEL1 (bottom) antibodies and
Ponceau stained membrane (Middle). (B) Bar diagram represent the relative densities of
EDRF1 and GrpELI proteins in clinical samples.




A)
CI ¢ € M DF DF DHF DHF DSS DSS

Relative density of EDRF1 levels

Figure 3.3.9: (A) Albumin out other febrile (control) and dengue infected serum samples (DF,
DHF and DSS) were separated on SDS PAGE and western blotting was done to analyze the
EDREFTI levels. Bottom panel represents the Ponceau S stained membrane. (B) Bar diagram
represents the relative density of EDRF1 protein in clinical samples. (*) signifies p-values <

0.05 and ns- non-significant.




3.4 DISCUSSION

Literature suggests the virus coded proteins localize to the subcellular organelles with a specific
assignment that favors the virus life cycle. In this direction, the localized proteins interact with
the host proteins and divert their normal functions as a result the regular activities of the cells
get disturbed. In the previous chapter we show that NS2BNS3 localizes to the nucleus and
NS3localizes to both nucleus and mitochondria. Hence, to identify the interacting
proteins/substrates of NS2BNS3/NS3, if any, from the nucleus we have carried the pulldown
experiment consisting of total cell extracts with purified NS2BNS3pro. The co-eluted protein
bands were identified by mass spectrometry analysis and were found to be erythroid
differentiation factor 1 (EDRF1) (Figure 3.3.1 A-E). Western blotting analysis of the elutes of
the above experiment using anti-EDRF1 antibodies confirms the interaction of NS2BNS3 with
EDRF1 (Figure 3.3.1 F and G). In continuation, the amino acid sequence of ERDF1 was
searched for the cleavage sites and found five sites at amino acid sequence numbers 50, 100,

152, 926, 987 (Figure 3.3.2 A). Structural superimposition of EDRF1 and protease suggested

that the cleavage site (RK/A) (985-988) is located in close proximity of the catalytic triad of

protease (Figure 3.3.2 B). To confirm EDRF1 cleavage by the protease, in vitro cleavage
analysis was carried out using the purified NS2BNS3pro, with both the purified EDRF1 and
overexpressed EDRF1 (cell lysates) which suggest that the increased concentrations of
NS2BNS3 lead to the decreased levels of EDRF1 (Figure 3.3.4). In order to cross verify the
above observation, the co-transfection experiments carried with the EDRF1 and the
NS2BNS3pro constructs. The data suggested the complete disappearance of EDRF1 but not in
controls (Figure 3.3.5 A lane 4). This observation suggested that EDRF1 as a novel substrate
of dengue virus protease, which reportedly regulates the expression and activity of GATAL.
Importantly, GATAL is known to be involved in erythrocyte and megakaryocytic precursor

development, disruption of any of the above-mentioned two functions of GATAL leads to
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thrombocytopenia and anemia [167, 168]. GATAL is also known to be involved in spectrin
MRNA synthesis and the spectrin proteins are reportedly needed for pro-platelet and platelet
formation. Reports indicate that EDRF1 plays a key regulatory role in GATA1 mRNA
expression and DNA binding activity. EDRF1 has been reported to play a major role in
transcriptional regulation and expression of GATAL and globin gene expression, a key factor
in megakaryopoiesis [168, 169]. Several lines of research indicated that alpha and beta
spectrins are essential proteins involved in cytoskeleton formation, particularly in erythrocytes,
in association with actin. An interesting function of spectrin proteins, as far as the present study

concerned is their involvement in the pro-platelet and platelet formation [169, 170].

Based on these reports we framed the hypothesis that EDRF1, GATAL and spectrins might be
affected during the dengue virus infection which might contribute for the ‘thrombocytopenia’

in the patients (Figure 3.4).
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Figure 3.4 Schematic model of the hypothesis showing the cleavage of EDRF1 by dengue
virus protease (Right panel) compared to the normal (Left panel) leading to thrombocytopenia
[148].




In order to validate the set hypothesis, the NS2BNS3 transfection experiments carried in K562
(megakaryocyte derived) cells suggested the reduced levels of EDRF1, GATAL and spectrin
proteins in the expressed conditions of protease (Figure 3.3.6). Similar analysis carried using
the cell extracts of the dengue virus infected cells supported the above observations (Figure
3.3.7). Both the above two conditions strongly suggest the cleavage of EDRF1 and as a result
the down regulation of GATAL and spectrin proteins. Further, the EDRF1 and the GrpEL1
levels were analyzed in the dengue virus infected clinical samples. GrpEL1 was also chosen,
as it was shown to be the substrate of NS3 in our earlier studies. The levels of both the above
proteins significantly reduced in dengue virus infected samples which are drastic in case of the
severe disease (DHF and DSS), indicating the cleavage of ERDF1 (Figure 3.3.8). The effect
on the EDRF1 levels is more and more clear from in vitro ex vivo to in vivo (clinical samples)
conditions (Figures 3.3.4, 3.3.5, 3.3.6, 3.3.7, 3.3.8 and 3.3.9). Hence it is concluded that the

cleavage of EDRF1 observed in the present study led to decreased levels of GATA1 and

subsequently to fewer spectrins and finally to the reduced number of platelets i.e.,

thrombocytopenia. The earlier proposed mechanisms of thrombocytopenia in dengue virus
infections and present observations are possibly parts of a cascade of events of a single
mechanism. However, further research is required to indicate whether they are interlinked or
different and which is predominant, if different. Non-functional platelets without the number
change (thrombopathy) is another possible disorder to be considered in dengue virus infected
patients. But, as the current literature including the present study supports the reduction in

platelet number, the ‘thrombopathy’ may need to be further assessed.




CHAPTER 4: EFFECT OF DENGUE VIRUS PROTEASE
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4.1 INTRODUCTION

Cell homeostasis is a self-regulatory biological process to maintain a stable internal
environment for cell survival. Living organisms require a continuous supply of energy to
maintain cellular functions which is generated by cellular mitochondria. Thus, an equilibrium
is required between energy generation and energy consumption to maintain cellular
homeostasis. In order to understand the balance between energy generation and energy
consumption, the metabolic differences between growing cells and differentiated/quiescent
cells are determined. For sustained growth and proliferation, cells divide, synthesize and
perform anabolic processes i.e. generating the important macromolecules like proteins,
carbohydrates, lipids and nucleic acids that are essentially required for producing more cells
[171]. On the other hand, cells which are differentiated and non-dividing, their metabolism is
maintained by catabolic processes that release energy to maintain cellular functions. Thus,
eukaryotic cells have maintained a balanced environment for their continuous growth and cell
proliferation capacity [172]. To maintain energetic and cellular stability, cells must be
responsive to their extracellular environment. Cells sense the secreted proteins (like growth

factors, cytokines, hormones), by binding to cell receptors on the cell membrane. This allows

the initiation of signaling cascade events that help in regulating cellular metabolism [172].

Moreover, many recent findings have reported that cells are in a continuous state of
modifications such as post-translational modifications, acetylation, methylation and

glycosylation, that are required for regulating the cells metabolic activities [173].

Nucleus and mitochondria are the key organelles for regulating the cellular homeostasis. With
the signaling events, the flow of energy is maintained for transcriptional and translation
processes. While the nucleus controls the fate of a cell, mitochondria fuel the cells for

performing metabolic activities and have multi-faceted functions for maintaining cellular




metabolism. Mitochondria respond to multiple stress conditions such as nutrient deficiency,
oxidative stress i.e. generation of reactive oxygen species (ROS), chromosomal instability
(DNA Dbreakage) and ER stress response [174]. In addition to perform bioenergetic and ATP
production, mitochondria synthesizes metabolic precursors for macromolecules such as lipids,
proteins, DNA and RNA. In response to stress, mitochondria produce reactive oxygen species
(ROS) and unwanted cellular factors, and also possess mechanisms to remove them. Extensive
research has been done to show that mitochondria as the key organelles for cell survival. Many
studies highlighted to show that stress to mitochondria or dysfunctioning in any of its regulatory
processes led to disease pathogenesis such as neurological disorders, cancer, inflammation,

organ failure, and cardiac dysfunction.

Many studies reported mitochondrial dysfunction during viral infections also [175]. During
viral infection, mitochondria play a major role in regulating its self-metabolic activities. To
propagate in host cells, viruses hijack the cellular components and also target the host
mitochondria directly or indirectly for their survival. Viruses like HSV target mitochondrial
DNA while HIV targets the mitochondrial proteins thereby disturbing mitochondrial functions
[176]. Some viruses localize to the mitochondria or bind to the outer membrane leading to
changes in mitochondrial morphology and its function. There are two processes involved in

maintaining the mitochondrial morphology i.e. fission and fusion. Fission causes mitochondrial

fragmentation, and is triggered when cells are under stress conditions (disease or any viral

attack) to remove the damaged mitochondria while the fusion process serves to prevent the
mitochondria from any damage (mitophagy) to maintain its activities. Thus, both the processes
are crucial for maintaining the mitochondrial morphology. Mitofusins (MFN1and MFN2) are
involved in the fusion process, on the contrary, Drp-1 and S-OPA 1 are involved in the fission
process [177, 178]. It is well documented that both DNA and RNA viral proteins impair the

mitochondrial morphology and alter its functions by targeting its fission or fusion processes.
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DNA viruses like the human cytomegalovirus, human herpes virus, human papillomavirus, and
herpes simplex virus have been reported to alter the mitochondrial morphology causing
mitochondrial fragmentation, mitochondrial membrane potential and ROS stimulation.
Proteins of RNA viruses like such as NS3-4A of flaviviruses, a serine protease of Hepatitis C
virus target its mitochondrial antiviral signaling protein [179]. Similarly, in case of dengue
virus, it has been reported that NS2BNS3 protease cleaves the mitofusins altering the fusion
process. Further, it has been reported that dengue virus affects the mitochondria by modulating
its membrane potential, ATP production, mitochondrial matrix proteins and electron transport
chain complexes. Also, the viral proteins disturb the protein folding causing alternations in
cellular homeostasis [178, 179]. It has been observed that the NS2BNS3 and NS3 localize to
the nucleus and EDRF1, a nuclear transcription factor was identified as a novel substrate of
NS3BNS3 (Chapter 2 and 3). In our previous studies, also as described in previous chapters,
dengue virus NS3 protease is shown to import to the mitochondrial matrix due to the presence
of the MTS signal. This importation of protease leads to the cleavage of GrpEL1 protein, a co-
chaperone of mtHSP70 which is involved in protein folding and redox homeostasis [147].
However, in the same study, we could not explain the functional consequences of protease
cleaving the GrpEL1 protein. Therefore, in the present study, we expanded to analyze the
mitochondrial function analysis during the dengue virus infection. Hence we expect that

cleavage of mitochondrial GrpEL1 and nuclear EDRF1 account for disturbed cell homeostasis

and hence ‘thrombocytopenia’ in megakaryocyte derived cells.

4.2 MATERIALS AND METHODS

4.2.1 Cell lines




To analyze the functions of mitochondria, HepG2 cells were maintained in DMEM media
containing 10% FBS and 1% (V/V) antibiotic. Cells were cultured in T-25 flasks at 37°C and

5% CO- under humid conditions.

4.2.2 Transient transfection in HepG2 cells

A day before transfection, the above cultured HepG2 cells nearly 5 x 10”5 cells per dish were
seeded (35 mm dishes). The cells were allowed to grow for 16 -18 hours to obtain confluency
up to 80%. Then, the cells were observed under a bright field inverted microscope to check
confluency and cell morphology. Transient transfection was performed in HepG2 cells as
described earlier plasmid constructs pEGFP-N1 vector and pEGFP-N1 NS3pro-helicase as per
manufacturer’s protocol using Lipofectamine reagent 2000. After 28 hours post transfection,

we proceeded with mitostress assay.

4.2.3 Mitostress Assay

Mitostress assay was performed using Agilent Seahorse XFp mini analyzer. 28 hours post

transfection, cells were analyzed for GFP expression using fluorescence microscope and

further proceeded for the mitostress assay (Figure 4.2.1) [180,181]:

1. The above transfected cells were trypsinized, harvested and washed once with serum free
medium. The cells were counted using a hemocytometer. 7000-8000 cells per well were seeded
in Agilent Seahorse XFp mini culture plates (8-wells) up to 70% confluency and allowed to

grow at 37°C in 5% CO> incubator, as per the manufacturer’s protocol.

2. One day before performing the assay, the sensory cartridge provided along with mitostress
kit, was hydrated with milli-Q water and incubated at 37°C incubator without CO2. 5ml of XFP

Calibrant solution was also incubated overnight at 37°C incubator without CO».




3. On the day of assay, overnight hydrated sensory cartridge with milli-Q water is replaced
with the XFp Calibrant solution equilibrated for 2 hours as described in manufacturer’s
protocol. Simultaneously, XFP cell culture base media pH 7.4 is prepared by adding D-glucose,

L-Glutamine and Pyruvate solution and filter sterilized.

4. XFp mini culture plates containing media are replaced and cells were washed with XFP
based media prepared in above mentioned step and incubated at 37°C without CO, for 60

minutes.

5. After incubating the sensory cartridge, three drugs [Oligomycin (1.5uM), FCCP (0.5 uM),

Rotenone/Antimycin (0.5 uM)] provided in kit were prepared as per protocol and loaded on to

sensory cartridge. XFp cell mitostress assay was performed using Seahorse XFp Analyzer with

the in-built software program.
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Figure 4.2.1 Diagrammatic representation of workflow of Mitostress assay [180,181].




4.2.2 Cell number analysis during dengue virus infection

K562 cells were chosen for this study, as these cells are megakaryocytic derived and hence

expected to give the clue on ‘thrombocytopenia’. 2 sets of 60mm dishes with 1x10° cells (K562

cells) per dish were infected with viral supernatant for 0, 3, 5 and 7 days, harvested and counted
manually with trypan blue dye (Sigma) using a hemocytometer. Uninfected cells were also
included. The virus infection was confirmed by RT-PCR of 5 UTR on 5" day. The experiments
were performed for three times, the total cell count after each day of infection was taken and

an average of two experiments were considered using Microsoft Excel software (Figure 4.2.2).

DAY:1 DAY:2

K562 cells cultured—s Cells counted 131045 cells Dengueviruss —* Freshmedia added—» fi'”“b“ﬁ““ for3,5and 7
seeded infection 2y

Cells counted using Tnfected Repeated same
—  (rypan blue dye with —» —>  procedure after 5 and
hemocytometer 7 day infection

Tmages captured using
bright field inverted
microscope

From day3: — supernatant

collected

Figure 4.2.2: The schematic workflow protocol for the total cell count of the infected and
uninfected K562 cells.

4.3. RESULTS

4.3.1 Effect of protease on mitochondrial functions

NS3 was shown to target the mitochondrial matrix and cleave GrpEL1, a co-chaperone of
mitochondrial Hsp-70 (mtHsp-70) in our previous study [147]. In the present study also it was
observed that NS3 localizes to mitochondria as well as into the nucleus (Figure 2.3.6 A (ix-
xii)). In this direction, to analyze the functional activities of mitochondria we have used HepG2
cell lines (hepatocytes) that have moderate energetic demand and are frequently used for
several mitochondrial studies [182]. They are also reportedly permissible for dengue virus

infections [183]. Thus, in this study we have performed cell mitostress assays for pEGFP-N1
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vector and pEGFP-N1 NS3pro-helicase transfected into HepG2 cells and six parameters were

measured and the data is as described below:

Basal respiration: Oxygen consumption rate (OCR) is a measure of the total cellular
respiration in cells that meet the cellular ATP demand of the cell under baseline conditions.
Basal levels of OCR in NS3pro-helicase transfected cells were found to be decreased compared
to vector transfected cells which suggested low mitochondrial respiration in transfected cells

(Figure 4.3.1 Ci).

ATP production coupled respiration: On the addition of oligomycin, FO/F1 ATPase
(complex V) shuts off, which relates to the activity of mitochondria generating the ATP linked
to basal respiration. It was observed that in the presence of oligomycin, the ATP production
was compromised in NS3pro-helicase transfected cells when compared to the vector (Figure
4.3.1 C ii). A decrease in ATP production coupled respiration results in low ATP demand

indicating damage to the electron transport chain (ETC).

Maximal respiration: On the addition of Carbonyl cyanide p-(trifluoromethoxy)

phenylhydrazone (FCCP) (uncoupler), the movement of protons (H+ ions) will be allowed.

This phenomenon leads to a sudden increase in maximal respiration indicating high substrate

availability and good integrity of the ETC as observed in vector transfected cells. However,
there was no increment in maximal respiration in NS3-pro helicase transfected HepG2 cells

indicating the defective mitochondrial ETC (Figure 4.3.1 C iii).

Spare Respiratory Capacity: It is a measure of the difference between maximal respiration
and basal respiration and represents the cell fitness and the cell response due to high energy

demand. In NS3pro-helicase transfected cells, maximal respiration was found to be low




compared to vector, thus there was low spare respiratory capacity compared to the vector. Low

respiratory capacity indicates low fitness of the cell (Figure 4.3.1 C iv).

Proton Leak: Basal respiration that is not linked to ATP production indicates the proton leak.
There was no significant change in proton leak due to low energy demand or low substrate

availability in transfected cells (Figure 4.3.1 C v).

Non-mitochondrial oxygen consumption: The addition of antimycin and rotenone inhibits
complex 111 leading to low cellular respiration. Non-mitochondrial oxygen consumption is the
measure of the cells recovering their energy demand through other cellular processes. In the
NS3pro-helicase transfected cells, there was no increase in non-mitochondrial oxygen
consumption rate as compared to the vector indicating the damage to mitochondria (Figure

4.3.1 Cvi).
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Figure 4.3.1: Mitochondrial function analysis in protease transfected cells. (A) Represents
the reference model for the analysis of mitochondrial bioenergetics in mitostress assay. (B)
Agilent Seahorse XFp cell mitostress assay showing bioenergetics of mitochondria in cells
transfected with pEGFP-N1 vector and pEGFP-N1 NS3pro-helicase with respect to oxygen
consumption rate vs time. (C) The graphs represent the oxygen consumption rate vs time during
injection of the three drugs (Oligomycin, FCCP and Rotenone/Antimycin). (i) Basal respiration
(ii) ATP production coupled respiration (iii) Maximal respiration (iv) Spare respiratory capacity
(v) Proton leak (vi) Non-mitochondrial oxygen consumption. The parameters measured are
shown in representative bar graphs with error bars of at least two experiments (n=3 1i.e.
triplicates in each experiment) [148].

4.3.2 Reduction in cell number during dengue virus infection in K562 cells




In order to analyse the effect of virus infection on K562 cells (megakaryocyte derived cell line),
we performed a cell counting method to analyse the cell number during virus infection. For this
purpose, K562 cells with dengue infected or uninfected were analyzed day wise (0, 3, 5 and 7)
for morphological changes. 4™ day post infection onwards, visible cell morphological changes
(deformed shape, reduced size and tiny appearance) occurred. Total cell count starts decreasing
after day 3. The rounded cell morphology of K562 cells was changed, a visible reduction in
cell size on 7" day was observed and the changes were imaged under an inverted bright field
microscope (magnification at 10X) (Figure 4.3.2 A and B). The virus infection was confirmed

by RT-PCR on the 5" day (Figure 4.3.2 (C)) [148].
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Figure 4.3.2: Analysis of cell number during dengue virus infection. (A) Morphological
analysis at 10X (scale bar=200um) of infected and uninfected K562 cells observed at different

days post infection from 0 to 7th day. (B) Bar graph showing the total cell count of uninfected
and infected K562 cells. The error bars represent the average total cell count of at least two
independent experiments. (C) RT-PCR analysis of amplified fragment of 5’UTR (170 bp)
during dengue infection on the 5" day [148].




4.4 DISCUSSION

All the cellular processes are driven by the normal nuclear organization, its functions and ATP
generated through mitochondria. Virus itself or viral proteins overtake the host mitochondrial
protein functions and consume host cell’s energy for their propagation and replication. Hence,
the role of mitochondria as a key organelle is inevitable. Viral proteins invade the host by
inhibiting the host interferon production pathway. Dengue virus protease cleaves the interferon
adaptor protein MITA/STING to modulate the immune response [73]. Viruses alter the
mitochondrial dynamics but the clear mechanism is still limited. During dengue virus infection,
the virus targets the mitochondria by various strategies. Previous studies reported that dengue
virus infection in HepG2 cells results in metabolic stress, alters the ATP content and
imbalances the mitochondrial homeostasis [184]. Another recently published study reported
that defective mitochondrial quality leads to injury and necrosis in dengue infected cells
resulting in severe pathogenesis [184, 185]. In the previous chapters, we have highlighted the
localization of viral protease in the nucleus and mitochondria. In our earlier published study, it

is reported that viral protease cleaves the GrpEL1 protein, a co-chaperon of mtHSP70. Hence,

we have analyzed the activities of mitochondria (basal respiration, ATP production-coupled

respiration, maximal respiration, spare respiratory capacity, proton leak, and non-
mitochondrial oxygen consumption) in the cells transfected with NS3. These activities were
found to be reduced (except proton leak) significantly compared to the controls. This
observation supported the hypothesis that the mitochondrial dysfunction/defectiveness is due
to the effect of the dengue virus-coded protease. The above findings related to mitochondria
were supported by the earlier studies carried out by virus infections. As the mitochondria
coordinate the fission and fusion process the oxygen consumption during both process varies
and thus respond to mitochondrial dynamics. It is reported that dengue virus protease cleaves

the mitofusins (MFN1 and MFNZ2) leading to fragmented mitochondria. This fragmentation
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results in low oxygen consumption in cells, low respiration, decreased membrane potential,
low ATP production and increased number of damaged mitochondria. Thus, it must be
highlighted due to the presence of protease that causes mitochondrial fragmentation and
dysfunctioning of the mitochondria resulting in altered morphology and mitochondrial
dynamics and hence the above mitochondrial activities. Mitochondrial dysfunctions are also
reported to be lead to impaired platelet formation. It is reported that hematopoietic precursor
cells or megakaryocytic cells follow a strenuous metabolic pathway to generate platelets [184,
185]. In addition, EDRF1, a nuclear transcription factor, was found to be cleaved as shown in
earlier chapter [163, 165, 148]. EDRFL1 is reported to be a crucial factor in platelet formation
[166, 169]. Hence, we proceeded with the analysis of cell numbers under dengue virus
infections using the megakaryocyte-derived K562 cells. The results showed a reduction in the
number which is more prominent as the number of days progressed (Figure 4.3.2). Platelets are

the cell types that are required in a huge number in the blood at a given point of time. In order

to produce a large number of cells, the platelet lineage cells have to undergo vigorous growth

and differentiation which require a high input of ATP. But the mitochondrial damage occurred
during dengue virus infections (due to protease as described above), and the cells are incapable
of dividing fast to yield enough platelet number because of less ATP generation by
mitochondria. Hence, it is concluded that cleavage of the EDRF1, a nuclear transcription factor,
by NS2BNS3 of dengue virus, and the NS3-mediated mitochondrial dysfunction contribute to
the reduced number of platelet formation (thrombocytopenia) during dengue virus infection
[148]. However, the depth of EDRF1 cleavage by dengue virus protease needs to be further

analyzed.
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5.1 INTRODUCTION

Infectious diseases of viruses are the major concern of high mortality rates worldwide. The
world is being exposed to many viruses like SARS-CoV 2, Influenza, RSV, HIV, HCV,
Hepatitis, Chikungunya, Enterovirus, ZIKA, JEV, YFV, Ebola and Dengue viruses [186].
Among them, dengue contributes to high mortality across all age groups. Although a lot of
research has been explored and documented related to the development of antivirals and
vaccines, there is no specific treatment approved till now. Dengvaxia, a tetravalent dengue
vaccine, has been approved but it is being restricted to specific individuals in some countries
due to limitations in its efficacy against all serotypes. Currently, due to widespread epidemics
and the severity of dengue, the discovery of specific antiviral drugs is an urgent need. There
are many reports about the inhibition by different drug molecules during different stages of
infections. These molecules target the virus proteins like NS5, Envelope, NS4B, and capsid
[187, 188]. However, targeting the enzymatic proteins like NS3 and NS5 is particularly crucial
because of their multifunctional roles in the virus life cycle. Viral proteases have been studied
as the most successful antiviral targets as evidenced in case of HIV and HCV protease

inhibitors [189, 190].

For studying the dengue viral protease inhibitors, in vitro and in vivo strategies have been
implemented so far. In silico and high-throughput screening (HTS) methods have been used
for identifying the key inhibitory molecules [191]. Peptide and non-peptide inhibitors are being
screened as anti-viral molecules. Non-peptide inhibitors are screened by both in silico docking
approach or HTS methods. Fluorogenic peptide substrates are majorly used for screening assay
[191, 192]. Protease inhibitors are known to bind in a competitive manner or they break the

interactions between the NS2B and NS3. Several newly synthesized compounds have been

studied for their anti-viral activity but very few have reached up to clinical trials. Thus,




potential DENV protease inhibitors are required for controlling its pathogenesis. Based on
previous literature studies, the development of dengue virus protease inhibitors gave several
new leads of peptidic, peptidomimetics and small molecular compounds. However, due to their
unsuitable pharmacokinetic and pharmacodynamic properties as well as their binding nature to
non-specific targets and insufficient efficacy, none of them have reached clinical trials. Dengue
virus protease inhibitors are expected to inhibit all the serotypes. A study reported the inhibition
of all serotypes by a small peptide inhibitor called MB21, reported as a pan dengue inhibitor

[108].

From ancient times, plant products have been the natural cure for any disease. To date, plant
based products have been considered naturally effective and safe. Thus, many researchers have
attempted to develop plant based or their derivatives as antivirals. Plant compounds or their
derivatives have been used for their medicinal properties, bioavailability and less cytotoxicity.
According to previously published literature in developing antivirals, Nordihydroguaiaretic
acid (NDGA) and its derivatives have been used as an effective antiviral for HIV [193, 194].
Quercetin is a plant flavonoid reported to inhibit the dengue viral protease activity. Another
study reported that Flavonoid from Carica papaya inhibits NS2BNS3 protease and prevents
dengue viral assembly [195, 196]. NDGA, a plant derived synthetic molecule, is well-known
for its strong antioxidant and antiviral properties. It is a phenolic compound present in leaves
and twigs of the shrub Larrea tidentata. and is also the primary metabolite. NDGA has been
reported to be involved in the inhibition of protein kinase C, regulates the cellular calcium
levels, apoptosis and breakdown of Alzheimer’s 3-amyloid fibrils in vitro [197, 198]. Itis also
being explored in the treatment of several other diseases like diabetes, arthritis, pain,
inflammation, rheumatism, kidney and gallbladder stones [199, 200]. NDGA and its

derivatives (tetra-o-methyl NDGA, MuN and terta-o-glycyl NDGA, GsN) which block their

transcription mechanism have been reported as potent anti-viral inhibitors against the viruses
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like HIV, HCV, HPV, HSV, Influenza, SARS-CoV2 and other DNA viruses [199-201].
NDGA, hypolipidemic agent has been reported to inhibit dengue virus replication and virion
assembly [202]. Although there are many apprehensions related to the development of anti-
viral drugs, there are many dengue virus protease inhibitors that have been explored for their

anti-viral properties [85, 86].

In the previous chapters 2, 3 and 4, we analyzed the subcellular localization of protease, its
substrates and the effect of protease on host mitochondrial functions. We observed that the
protease targets the host proteins significantly. Thus in this direction, we made an attempt to
inhibit the activity of viral protease and hence ceasing its effect on host. For this purpose, we

have used the NDGA derivatives and analyzed their anti-protease activities.

5.2 MATERIALS AND METHODS

5.2.1 Design and synthesis of compounds

NDGA and its derivatives were synthesized in the laboratory of Dr. Y.S. Ravi Kumar, Institute

of Biotechnology, Ramaiah College of Higher Education, Bangalore, India.
Brief method of Tetra-O-thiophenylated NDGA (T4N) synthesis

In order to synthesize the molecule T4N, 30 mg of NDGA was dissolved in 2ml of 0.2 M NaOH
was transferred into the reaction flask and 46 ul (0.2 M) of 2-Thiophenecarbonyl chloride was
added to the stirring mixture. 2 ml of 0.2 M NaOH was added using syringe in drops and the
mixture was stirred for 1hour resulting in yellow solid. This solid was washed with an excess

of distilled water and extracted with ethyl acetate (70 ml x 3). The combined organic extract

was evaporated to give yellowish solid which was recrystallized from ethyl acetate/petroleum

ether. Purified using column chromatography, increased concentration of methanol in

chloroform was used as solvent. Purified compound was characterized using NMR, IR and
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mass spectroscopic analysis. The equation for the synthesis of T4sN from NDGA is given below

(Figure 5.2.1).

0]

O O thiophene-2-carbonyl chloride o O
HO OH Chemical Formula: CsH;CIOS GAO
NS

OH OH

O 0O
4,4'-((2R,35)-2,3-dimethylbutane- NaOH atRT %S
1,4-diyl)bis(benzene-1,2-diol) _

Figure 5.2.1: Schematic representation of the equation for the synthesis of T4N

Brief method for Tetra-O-benzoylated NDGA (B4N) synthesis

In order to synthesize BsN, 30 mg of NDGA was dissolved in 2ml of 0.2 M NaOH was
transferred into the reaction flask and 46 pl (0.2 M) of Phenyl carbonyl chloride was added to
the stirring mixture. 2 ml of 0.2 M NaOH was added via syringe in drops and the mixture stirred
for 1h. resulting yellow solid which was washed with excess of distilled water and extracted
with ethyl acetate (70 ml x 3). The combined organic extract was evaporated to give yellowish
solid which was recrystallized from ethyl acetate/petroleum ether. Purified using column
chromatography, increased concentration of methanol in chloroform was used as solvent.
Purified compound was characterized using NMR, IR and Mass spectroscopic analysis. The

equation for the synthesis of B4sN from NDGA is given below (Figure 5.2.2).
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Figure 5.2.2: Schematic representation of the equation for the synthesis of BaN




Other compounds (FsN, PAsN, MOB:sN, HC4N) were also synthesized by the following

methodology for replacing the hydroxyl groups of NDGA.
5.2.2 Expression and purification of NS2BNS3 protease

PRSET A-NS2BNS3pro (46 a.a + 180 a.a) was transformed into BL21 E. coli cells. 5-6

colonies were grown in 10 ml of Luria Broth (LB) medium for ovemight at 37°C. 500 ml of

secondary culture was made using the above primary culture and kept under shaking until OD
600 reaches 0.6. Protein expression was induced by the addition of IPTG at 0.6 mM
concentration, and the cells were incubated for 18 hours at 18°C. The cells were collected by
centrifugation at 8000 rpm for 10 min at 4'C, and the pellets were resuspended in lysis buffer
(50 mM Tris HCI, pH 8.0, 150 mM NacCl, 5% glycerol, 2 mM Beta-mercaptoethanol,and 10 mM
imidazole) and sonicated. The sonicated lysate was centrifuged at 10000 rpm for 45 minutes.
Ni-NTA His tagged beads were equilibrated with lysis buffer. The clear supernatant obtained
after centrifugation was collected and incubated with equilibrated Ni-NTA beads for 2-3 hours
at 4°C on the rocker for binding. The gravity column was washed with wash buffers containing
20-80 mM imidazole. Protein fractions were eluted with elution buffer containing 250 mM
imidazole. 10-20 pl of each fractions were analyzed on 10% SDS PAGE. The elutions
containing enriched NS2BNS3 were pooled and dialyzed over a 10 kDa cut off membrane
against 200-fold volume of buffer (50 mM Tris pH 8, 100 mM NaCl and 5% glycerol)
overnight. Dialyzed protein was collected, quantified by Bradford assay and stored in 50 mM

Tris pH 8.0 and 10% glycerol at -80°C [84].
5.2.3 Maximum Non-toxic dose test (MNTD) for cytotoxicity assay

Cytotoxicity of compounds [Quercetin (positive control), NDGA and its derivatives T4N, BsN,

FsN, PAsN, MOBsN, HCsN and Gallic Acid (GA)] were assessed by MTT (3-(4, 5-




Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide) assay. Vero cells were seeded in a
96-well plate at a density of 1x10°4 cells per well and incubated overnight at 37°C. After 12-
16 hours post seeding, cells were treated with increasing concentrations of the above
compounds (10 uM to 3mM) dissolved in DMSO and DMSO (<1%) alone were added to the
wells and incubated for 72 h. Then, the MTT reagent was added per well with final
concentration of 0.5mg/ml and incubated for 4 hours at 37°C in a humidified CO- incubator.
Finally, the formazan crystals were solubilized by the addition of DMSO (100 pl/well), and
optical density (O.D) at 570 nm (basal line 600nm) was measured using a microplate reader

(BMG lab tech).
5.2.4 In vitro Protease Assay

In vitro protease assay was used by following the existing protocols but with slight
modifications [139, 147]. The activity of NS2BNS3 protease was determined by fluorescence-
based protease assay. A fluorogenic peptide substrate containing the consensus cleavage site
of virus protease tagged with AMC, Benzoyl-Nle-Lys-Arg-Arg-4-methyl coumarin-7-amide
(Bz-Nle-KRR-AMC) was used in this study. The cleavage of the fluorescence substrate by
recombinant dengue protease was monitored, and the emitted fluorescence units were recorded.
The recombinant protease was pre-incubated for 15 min at 37°C in protease assay buffer (50
mM NaCl, 50 mM Tris-Cl pH 9.0, 20% Glycerol and 1 mM CHAPS). The reaction was
initiated by the addition of substrate and incubated at 37°C for 1 hour 15 minutes. The

fluorescence readings were recorded using an excitation filter with 380 nm and emission filter

460 nm in a microplate reader. The fluorescence readings were taken as the measure of the

protease activity. The enzyme kinetics were calculated from non-linear regression by plotting
relative fluorescence vs substrate concentrations from 5 pM to 80 uM following Michaelis

Menton kinetics by GraphPad Prism 5.0 software [108].




5.2.5 Inhibitory activity of compounds

The enzymatic inhibition was performed with a fluorogenic substrate, Bz-Nle-Lys-Arg-Arg-
AMC (Bachem) in a 96-well plate. 100 nM recombinant NS2BNS3 protease was pre-incubated
for 15 min at 37°C in protease assay buffer with different dilutions of inhibitors (Quercetin,
TN, BaN, FsN, PAsN, MOBsN, HCsN and GA). Finally, 20 uM substrate was added to the
above reaction and incubated at 37°C for 1 hour. The substrate hydrolysis was monitored as
relative fluorescence units at an excitation wavelength of 380 nm and emission wavelength of
460 nm in a multimode microplate reader. The % inhibitory activity of compounds was
measured by normalizing the values with control (no inhibitor) as 100% activity and ICsowas

determined using GraphPad prism 9.
5.2.6 Selectivity Index of the NDGA derivatives
The selectivity index of the above compounds was calculated using the following equation.

Selectivity Index (SI) = Ratio of CCsp (50% cytotoxic concentration) to 1Cso (50% inhibitory

concentration).
5.2.7 Effect of Quercetin on protease localization

To analyze the inhibitory activity of Quercetin on the protease localization, we have performed
the expression of NS2BNS3pro in K562 cells in presence of Quercetin. pPEGFP-N1 vector and
PEGFPN1-NS2BNS3 pro were transfected using Lipofectamine as per manufacturer’s protocol
and after 5 hours of transfection, Quercetin was added (10 pM) in the complete RPMI media.

After transfection, cells were fixed using 4% paraformaldehyde and permeabilized using 0.25%

Triton-X100 buffer. The fixed and permeabilized cells were washed 3-4 times with 1X PBS.

Cells stained by Hoechst stain and washed once with 1XPBS. The cells were resuspended in

glycerol and 1X PBS in ratio (1:1) and mounted onto glass slide with a coverslip and sealed.




5.2.8 Immunofluorescence assay to evaluate the anti-protease activity of compounds

A day before infection, Vero cells were seeded in a 12-well plate at a density 1 x 10”5 cells per
well. Cells were infected with viral supernatant of 0.09 Multiplicity of Infection (Mol). After
2-3 hours of viral adsorption, the cells were treated with drugs with a conc of 15 uM each (TN,
FsN, PAsN, MOBsN and HCsN) and Quercetin and BsN (40 uM), in DMEM containing 2%
FBS and further incubated for 72 hours. The cells were fixed using paraformaldehyde and
permeabilized using 0.25% Triton-X100. Cells were allowed for blocking with blocking buffer
(3% BSA in 1X PBST) for 1 hour 30 minutes and incubated overnight with primary antibody
(NS2BNS3 raised in-house) in 1:1000 followed up by washing the cells for 4 times with 1X
PBST, 10 minutes each. Cells were incubated with fluorescent conjugated secondary antibody
Alexa flour 488 (1:1000) for 2 hours at room temperature in dark. Then, cells were washed by
1X PBST for 5 times 10 minutes each and stained with Hoechst stain (1:1000) followed by
mounting the coverslips on the glass slide and sealed. Cells were analyzed using
immunofluorescence microscope (Figure 5.2.3). Three independent experiments were
performed and the cells were analyzed for detecting the fluorescence (viral protease). Image
analysis was performed using Image J software and the graph was plotted as mean fluorescence
intensities of the individual cell (n=50). The viral supernatants were collected, aliquoted for

quantification by focus forming assay and /or stored at -80°C for further use.
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Figure 5.2.3: Schematic representation of Immunofluorescence Assay.




5.2.9 Viral RNA isolation and semi-quantitative PCR

Viral supernatants of the above experiment were thawed on ice. 140 pl of viral supernatant
aliquoted and viral RNA isolation was performed using QiAamp Viral RNA isolation kit (Cat.
No. 52904) as per manufacture’s instruction. RNA was eluted in 40 ul of elution buffer or
nuclease-free water. The eluted RNA was aliquoted and quantified using nanodrop instrument.
From the quantified RNA, 1 ug of RNA from each sample was used for the first strand cDNA
synthesis. For the cDNA synthesis, 10 ul of PCR reaction mix was prepared with 10X AMV
buffer (1 ul), 20mM dNTPs (1 ul), 60 uM Random primer mix (1 ul), 10 U/ul AMV Reverse
transcriptase (0.1 ul), 40U/ul RNase inhibitor (0.5 ul), RNA template (1 ng) and volume make
up with nuclease free water. The reaction cycle of 42°C for 60 minutes and 85°C for 5 minutes
was carried out for cONA synthesis. Second round of PCR cycles for amplification of 170bp
fragment were followed. For this, 10 ul PCR mix was prepared with 10X Standard Taq buffer
(1 ul), 20 mM dNTPs (0.2 ul), 10 uM Forward and Reverse primers each (0.15 ul), cDNA (3
ul), 1.25 U/ ul Taq polymerase enzyme (0.25 ul). The amplification condition was followed as
initial denaturation step 94°C for 5 minutes, followed with 38 cycles of 94°C for 30 seconds,
60°C for 30 seconds and extension at 72°C for 10 seconds. The final extension was at 72°C for
3 minutes and 4°C on hold. The amplified product was run on 1.2% agarose gel electrophoresis

with 100 bp ladder to analyse the 170 bp amplified fragment.
5.2.10 Focus Forming Assay

Vero cells were seeded in a 96-well micro titer plate at a density of 5 x 1074 cells per well to

grow as a monolayer. After 14 -16 hours, cells were infected with serially diluted (10-fold)

viral supernatant (10 to 10°) in duplicates. After 2-3 h of virus adsorption, cells were washed

once with 1XPBS and incubated with 2% carboxy methyl cellulose (CMC) in DMEM (2%

FBS) for 72 hours. The infected cells were washed gently with 1X PBS, fixed with 4%
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paraformaldehyde for 20 minutes, and permeabilized with 0.25% Triton X-100. Cells were
incubated with dengue virus anti-NS2BNS3pro antibody (1:1000) at 4°C overnight, washed
three times for 10 minutes with 1X PBST, and incubated with secondary HRP-conjugated anti-
rabbit antibody (1:1000) for 2 hours at room temperature. Finally, culture plates were washed
with 1X PBST, and were visualized after exposure to H.O>-diaminobenzidine (DAB). The foci
were visualized and counted under a light microscope and expressed as focus-forming units

per milliliter. Two independent experiments were performed in duplicates.
5.2.11 Retrieval of host protein (EDRF1)

K562 cells were infected with viral supernatants in ratio (1:4) with Mol of 0.09 in the presence
and absence of anti-protease molecules (TsN, BsN, FisN, PAsN, MOB4sN and HC4N). The
infected cells were incubated for 5 days. Cells were harvested, and centrifuged at 6000 rpm for
5 minutes. Then the cells were washed with 1X PBS and centrifuged again at 6000 rpm for 5
minutes. The washed pellet was lysed using RIPA buffer and incubated for 30 minutes on ice.
The solubilized cell lysate was centrifuged at 14000 rpm for 15 minutes and the clear whole
cell lysate supernatant was collected in fresh 1.5 ml Eppendorf tube. The lysates were run on

10% SDS PAGE and proteins were transferred onto PVDF membrane. The membrane was

stained by Ponceau S stain to check the protein transfer. Then the membrane was treated with

anti-EDRF1 antibody (1:3000) overnight, followed by washing with 1X PBST and further
incubating with anti-rabbit IgG-HRP conjugated secondary antibody (1:10000) for 2 hours at
room temperature. The membrane washed with 1X PBST, 3 times for 10 minutes each and

developed using western blot HRP substrate.
5.2.12 Retrieval of cell number by the drug molecules

K562 cells were cultured in 2-4 T-25 flasks. 5 x 10”5 cells per well were seeded in two 6-well

plates. Infection was given in ratio of (1:4) virus supernatant and medium. After 2-3 hours of




virus adsorption, the media was replaced with fresh complete RPMI media (with 4% FBS)
containing the drug molecules and incubated cells for 3, 5, and 7 days. The cells were counted
using haemocytometer after 3, 5 and 7 day of infection. The total cell number counted was
plotted against day wise (control, infected and drug treated) using Microsoft Excel software.
The viral supernatants were collected on the 3" day and quantified using focus forming assay

and were also analysed by RT-PCR using 5’UTR primers.
5.3 RESULTS
5.3.1 Synthesis of compounds

The NDGA derivatives used in the present study were synthesized and characterized in the
laboratory of Dr. Y.S. Ravi Kumar, Institute of Biotechnology, Ramaiah College of Higher
education, Bangalore, India. The synthesized compounds TsN, BsN, FsN, PAsN, MOBuN,
HC4N and GA were obtained in pure form. The compounds were dissolved in DMSO as10mM
stocks and stored at room temperature. 10mM stocks were further diluted using DMSO to 1mM

and used as per the experiments. DMSO vehicle control was used at less than 1%.
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Figure 5.3.1 Structures of NDGA and its derivatives. Compounds showing the hydroxyl




groups of NDGA replaced by Thiophene (T4N), Benzoxy (BsN), Furoyl (FsN), Phenyl Acetate
(PAsN), MOB4N and HC4N. GA (negative control) and Quercetin (positive control) structures
are also shown.

5.3.2 Recombinant NS2BNS3pro purification

The NS2BNS3protease was expressed in E. coli BL21 bacterial cells and purified using Ni-
NTA His-tag column chromatography. Expression was observed at all the concentrations (0.5-
1mM) of IPTG. However, 0.6mM IPTG was used for the efficient expression and purification.
Protein fraction were eluted in 250mM imidazole conc. and purified protein was observed in

elutions (E1-E4) (Figure 5.3.2).
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Figure 5.3.2: Expression and purification of pRSET-A NS2BNS3pro, a 37 kDa protein at 18°C
with 0.6mM IPTG induction and purification by Ni-NTA affinity chromatography.

5.3.3 Cytotoxicity of compounds

As Vero cells are permissive for dengue virus propagation, we determined the cytotoxic
concentrations of the above compounds in these cells. MTT (3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide) method was used to analyse the cytotoxic effects. Since the
Quercetin is reported as anti-protease molecule [194, 195], we have used the same as positive

control. The percentage viability was calculated for each compound and CCso values for T4sN

(381 uM), BaN (2.2 mM), FaN (3.9 mM), PAN (4.4 mM), MOB4N (527 uM), HCaN (1.4 mM)

and GA (4 mM), and Quercetin (CCs=257uM). Comparatively less cytotoxic effects were




observed for the NDGA derivatives i.e. 381 uM to 1 millimolar concentration even after 72
hours of incubation. The graphs were plotted with the GraphPad prism software using non-

linear regression dose-response parameters (Figure 5.3.3).
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Figure 5.3.3: Bar graphs representing the cytotoxicity of compounds determined by MTT
assay. % Cell viability vs increasing conc of inhibitors was determined for each compound to
determine the CCsp values.

5.3.4 Protease activity assay

Using the synthetic fluorogenic peptide substrate (Bz-Nle-KRR-AMC), we have performed in
vitro protease assay to analyze the functional activity of the purified protein. Enzymatic activity
reaction was performed in absence (control) or presence of NS2BNS3pro purified protein. An
increase in fluorescence accompanies peptide substrate cleavage, thus confirming the protease
as catalytically active (Figure 5.3.4). The Km and Vmax of protease were found to be

increasing (12.0 uM and 2343 uM/sec respectively) as compared to control (no enzyme)

reaction (4.5uM and 839 uM/sec) thus showing the catalytic activity of protease.
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Figure 5.3.4: Represents enzymatic activity reaction in absence (control) or presence of
NS2BNS3pro purified protein.

5.3.5 Inhibition activity of compounds

With the functionally active protease, we proceeded to determine the inhibitory activity of the
compounds. Based on the literature studies, plant derived synthetic derivatives of NDGA (TN,
B4N, F4N, PAsN, MOB4N and HC4N) were used. Quercetin and GA were included as positive
and negative controls. Initially, the compounds were screened for cytotoxicity. As no
cytotoxicity was observed for the above selected compounds, we proceeded with the protease

inhibition assay in vitro.

The inhibition activity of each compound was determined by the decrease in fluorescence,
indicating no cleavage of the fluorogenic peptide substrate in presence of the protease inhibitor.
ICso values were determined by GraphPad prism 9 using non-linear regression curve with dose-
response inhibition. Compounds showed 50% of inhibition with the I1Csq values T4N (5.1 uM),
BaN (36.30 uM), F4N (5.1 uM), PAsN (1.7 uM), MOB4N (2.1 pM), HC4N (3.6 pM) and

Quercetin (13.73 uM). GA did not show any inhibition (Figure 5.3.5). The reactions were

performed in duplicates in two sets of independent experiments.
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Figure 5.3.5: In vitro screening of anti-protease molecules and determining the 1Cso values of
each compound. % of protease activity was determined as the function of inhibitor
concentration i.e. 1Cso value.

5.3.6 Selectivity Index (SI) of compounds

A drug with higher SI value indicates its high effectivity, safety and efficacy during in vivo
treatment. The ideal drug would be with high cytotoxic concentrations and low inhibitory
concentrations. The Sl values of Quercetin (19), NDGA (125), T4N (68), BsN (61), FsN (764),
PAsN (2588), MOB:4N (250) and HCsN (38) (Table 5.3.1). As we found the high selectivity
index for the compounds which suggest their effectiveness and hence, we extended our study

to analyze the anti-protease activity during virus infection in cell cultures.

QUERCETIN 257 13 19
NDGA 313 2.5

381 5.6

2200 36

3900 5.1

4400 1.7

527 2.1

1400 3.6 38

4000 - -

Table 5.3.1: Representing the selectivity index of compounds. SELECTIVITY INDEX OF
COMPOUNDS = CCs/ICsp that shows the efficacy and potency of a drug.




5.3.7 Quercetin inhibits the protease localization

In order to analyse the inhibitory effect of Quercetin against dengue virus protease localization,
we have overexpressed the protease in K562 cells in the presence of this drug. As in earlier
chapter 3, we have highlighted that dengue virus protease localizes to nucleus in both
transfected and infected conditions in K562 cells. To understand this, the overexpressed
NS2BNS3pro in K562 cells and treated with Quercetin were analysed with fluorescence
microscopy at 20X. We observed that, in the protease transfected cells, it is clearly visible that
protease entered in nucleus (as observed in merged image indicated with yellow arrows). But,
in Quercetin treated protease transfected cells did not show any localization and were similar
to vector transfected cells (as observed in merged image indicated with white arrows). Thus,

this data suggests the inhibition of protease localization in presence of Quercetin (Figure 5.3.6).
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Figure 5.3.6: Localization inhibitory effect of anti-protease molecule (Quercetin) in
NS2BNS3pro (46+185 a.a) expressed condition.

5.3.8 Evaluation of compounds for inhibition of dengue virus infection using indirect

immunofluorescence assay (IFA)




We extended our study to understand the inhibition activity of above compounds by analyzing
the infection inhibition in presence of the anti-protease molecules using immunofluorescence
assay (IFA). For this purpose, we have first analyzed the infection inhibition (post treatment)
with the NDGA and Quercetin which are known potent inhibitors but were not used because
of their cytotoxicity. It was observed that both the compounds inhibited the infection
significantly as observed by the reduced levels of green fluoresence and merged images (Figure
5.3.7 A (x-xii) and (xiii-xv)) compared to the infected and DMSO infected cells (Figure 5.3.7
A (iv-vi) and (vii-ix)).
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Based on this observation, we have analysed the infection inhibition following the same
experiment for the NDGA derivatives of the study. It was observed that TsN, MOB4N, PAsN
and BsN showed inhibition as the green flouresence was reduced in drug treated cells as

compared to the infected cells (Figure 5.3.7 B). Also, we observed that F4sN and HCsN that
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showed inhibition during the in vitro experiment did not show inhibition during infection. The
above data is analysed by GraphPad prism 9 software and represented as bar diagrams (Figure

5.3.7 C).
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Figure 5.3.7: Effect of NDGA derivatives on dengue virus infection. (A) Immunofluorescence
images showing the viral infection in presence and absence of NDGA (x-xii) and Quercetin
(xiti—iv). (B) Immunofluorescence images showing the virus infected cells (iv-vi) and drug
treated cells with T4N, BaN, FsN, PAsN, MOB4sN, HC4N (vii-xxiv). (C) The graphical
representation of the % mean intensity of total fluorescence of in presence and absence of
inhibitors.

With the viral supernatants of the above IFA experiment, we performed the semi-quantitative
RT-PCR with 5’UTR primers (170 bp), and the presence of amplified product confirms the

infection. It was observed that TsN, MOB4N, and PAsN showed no or less amplification. An
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amplified band (170 bp) in infected and DMSO samples was observed. In case of F4N, BsN
and HC4N viral supernatants also show no inhibition as the amplified bands were observed
(Figure 5.3.8 A). With the same viral supernatants, we have performed the focus forming assay
and the viral titers were found to be high in Infected (16.1x10"4), DMSO+Infected
(18.8x10"4), F4N (13.3x1074), HC4N (10.3x1074) as compared to the T4N (3.3x1074), PAsN
(8.0x10"4) and MoBsN (5.5x1074). The presence of amplified product and high viral titers
shows that F4N and HCsN did not show any inhibition while T4N, PAsN and MOB4N showed
significant inhibition. B4N showed ~50% inhibition as compared to other drugs (Figure 5.3.8

B and C).
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Figure 5.3.8: Effect of anti-protease molecules on dengue virus infection. (A) RT-PCR
analysis of the viral supernatants from the IFA experiment. The presence of band with 170bp
of 5’UTR indicates infection. (B) (i) Images of foci (yellow arrows) observed from the viral
supernatants at the dilution (102) in the focus forming assay. (ii) Bar graph showing viral titres




(FFU/mI) in infected and uninfected cells in presence and absence of inhibitors. (C) Table
representing the viral titres as indicated in the Focus forming assay.

5.3.9 Retrieval of Host protein (EDRF1) in presence of anti-protease molecules

As we observed in the previous chapter that the viral protease cleaves the host protein EDRF1

during virus infection [148], we extended our study to analyse the levels of EDRF1 during

infection and in the presence of anti-protease molecules. The result suggested that the EDRF1
levels were retrieved in presence of T4N and PAsN as compared to the BsN and FsN (Figure
5.3.9 A). In the presence of the above observations, NS5 the dengue virus replicase was also
not detected in presence of the inhibitors (Figure 5.3.9). Although the MOB4N also showed
inhibition in in vitro, virus cell culture inhibition and focus forming assays, this molecule did

not used in this experiment.
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Figure 5.3.9: Retrieval of EDRF1 by NDGA derivatives. (A) (i) Western blot showing the
expression of EDRF1 in presence and absence of protease inhibitors during virus infection. (ii)
Blot showing NS5 expression in infected cells and no expression in presence of inhibitors. (iii
& iv) blots showing the internal control GAPDH and ponceau stain. (B) The bar graph shows

the % normalized density of EDRF1 levels in presence and absence of inhibitors.




5.3.10 Retrieval of cell numbers by the protease inhibitors

We observed that the viral protease cleaves the host protein EDRF1 and causes mitochondrial
dysfunction during virus infection in earlier chapters. This was led to the reduced cell number
as observed number in chapter 4 [148]. In this connection, we have carried the cell number
assay in presence and absence of the NDGA derivatives. To validate these drug molecules, we
performed cell counting number assay after 3, 5, and 7 days of infection in K562 cells in
presence and absence of the anti-protease molecules. It was observed that after 3 day of the
infection, the cell number started decreasing, cells appeared tiny and small in morphology up
till 7 day in dengue infected and DMSO infected cells. But the cell numbers and morphology
were retrieved in presence of T4N, MOB4N and PA4N, showing the inhibition of infection. No

cell numbers were retrieved in presence of FsN and HCsN (Figure 5.3.10 A, B and C).
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Figure 5.3.10: (A&B) Represent the total cell count after 3, 5 and 7 days of infection in K562
infected and drug treated cells. Black arrows show the morphological changes during the
infection (C) Represents the bar graph of retrival of cell numbers in infected and drug treated
cells after 3, 5 and 7 days of infection.

Further, we have performed the semi-gauntitative RT-PCR of the above experiment, after

collecting with viral supernatants of the infected and drug treated K562 cells on 3™ day. With

the RT-PCR analysis we observed the amplified product in infected, FsN, HC4N, and DMSO
infected samples. However, no band amplification was observed in T4N and faint bands
appeared in BsN, MOB4N and PAsN. The results confirm the infection inhibition and retrieval
of the cell numbers. Further, the same viral supernatants were also quantified using focus
forming assay that showed consistent results with high viral titres in infected, FsN, HCsN,
DMSO, BsN while the titres were reduced in the presence TsN, MOB4N, PAsN (Figure 5.3.11

A and B).
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Figure 5.3.11: (A) Represents the agarose gel image for the RT-PCR amplified products from
the supernatants of virus infected and drug treated. (B) Bar graph showing the viral titres in the
infected and drug treated samples of the above K562 cells after 3" day of infection.




5.4 DISCUSSION

The dengue outbreaks are occurring continuously and the lack of specific anti-viral or vaccines
urges researchers to develop anti-viral molecules for controlling the disease. Failure to reach
up to clinical trials and commercializing has been a major concern. Cytotoxicity and the effect
of the drug on healthy cells is also the prime concern during drug discovery. In the pace of
developing the anti-viral and as per the literature studies, protease is the most engrossing target
for drug development. Anti-protease molecules target the protease by either inactivating the
catalytic triad or interfering with the NS2BNS3 interactions. As stated above, both natural and
synthetic compounds have been used for the inhibition of protease activity in vitro, ex-vivo and
in vivo models. Nordihydroguaiaretic acid (NDGA), a plant derived compound has been
reported for its high cytotoxic effects while being a potential anti-viral and anti-cancer
compound [194]. Thus, in the present study, to avoid cytotoxic effects, we have used a few
compounds which are synthetic derivatives of NDGA (TN, BsN, PAsN, FsN, MOBsN and
HC4N), that exhibited less or no toxicity on mammalian cells up to millimolar concentrations
(Figure 5.3.5). We have evaluated the inhibitory potential of these compounds against dengue
protease in vitro by fluorometric enzyme assay. NDGA derivatives and Quercetin (positive
control) showed good anti-dengue protease activity with low concentrations i.e. up to

micromolar levels (Figure 5.3.6). The compounds with Selectivity Index (SI) values above 10

were considered as good inhibitors in many studies [203-205]. The selectivity of these

compounds against protease activity was quite high with good SI values >60 (except HCsN)
(Table 5.3.1). Among the compounds, T4N, PAsN and MOB:N, showed significant SI values
i.e. more than >60, thus indicating these molecules to be safe and effective for further studies.
Quercetin being considered as positive control in this study, we have also analysed the protease
localization inhibition activity of this compound. We observed the inhibition of dengue virus

protease localization into the nucleus in the presence of Quercetin (Figure 5.3.6), hence we
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considered this compound as a suitable positive control. Further, we have analyzed the dengue
virus infection inhibition activity of NDGA and Quercetin. NDGA and Quercetin were found
to inhibit the virus infection given to the vero cells (Figure 5.3.7 A). Under the same conditions,
we have analysed the anti-protease activity with NDGA derivatives by treating dengue virus
infected cells. We observed that TsN, PAsN, MOB:N showed dengue virus infection inhibition
effectively as compared to BsN, F4sN and HCsN (Figure 5.3.7 B) Also, we observed that,
although FsN and HCsN (with less Sl value) showed negligible cytotoxicity and significant
anti-protease activity in in vitro studies, both the compounds did not show inhibition during
infection when analysed by IFA and RT-PCR (Figure 5.3.7 and 5.3.8). As observed in chapter
3, dengue virus protease cleaves EDRF1 protein, thus we extended our study to analyse the
retrieval of EDRF1 in the presence of these anti-protease molecules. The results were consistent
with the above analysis as we observed that EDRF1 is being retrieved in the presence of T4N,
PAsN, and B4N (Figure 5.3.9). As the cell number was reduced under the dengue virus infection

at 3, 5 and 7 days (chapter 4), we observed that the cell numbers were retrieved in the presence

of T4N, PA4sN and MO4BN (Figure 5.3.10). High titres of virus multiplication were observed

in the infected cells compared to the drug treated cells in focus forming assay (Figure 5.3.11

B).

Thus, we conclude that the NDGA derivatives TsN, PAsN, MOB4N and BsN can be considered
as potent inhibitors of dengue virus protease. Further validation of these anti-protease

molecules can be done by in vivo models.
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CONCLUSIONS OF THE STUDY

Dengue is on the top of the virus infections causing morbidity and mortality. As we all know,
dengue has expanded worldwide rapidly thus there is an urgency to find solutions for
controlling the disease. Till now there is no particular medication provided to the infected
individuals. Researchers are working continuously to develop and bring some solutions to
control the dengue virus spread. Despite many efforts, researchers are facing challenges due to
the serotype differences. With literature studies, we have analyzed that there were many
questions left unanswered in understanding the mechanism of dengue virus infection. Thus, in
context to the literature studies, we attempted to answer a few questions by framing certain
objectives. The following are the key conclusions drawn from the experimental data of the

study.
Chapter 2:

» In this chapter, we have found that dengue virus protease exists in two forms i.e. NS3 and

NS2BNS3 during natural infections. With the in silico study, we found that NLS and MTS

signal sequences are present in both NS2BNS3 and NS3 but the MTS signal in NS2BNS3 form

is masked by NS2B at the N-terminal region of NS3. NS2BNS3 possess two types of nuclear
localization signals: one monopartite NLS in NS2B and two bi-partite NLS sequence in the N-

terminal region of NS3 helicase.

» The localization and subcellular fractionation studies suggested that NS2BNS3 (92kDa)

localizes to the nucleus only whereas NS3 (75kDa) localizes to both mitochondria and nucleus.
Chapter 3:

» With the in vitro protein interaction studies, followed by MALDI TOFF mass spectrometry

analysis we have identified EDRF1, a nuclear transcription factor as NS2BNS3 interacting




protein. The interaction was further confirmed by western blotting using anti-EDRF1

antibodies.

» In vitro, ex vivo, virus culture and in vivo (clinical samples) experimental analyses suggest

that EDRFL1 is a novel substrate of dengue virus protease.

» As the EDRF1 regulates the GATAL expression which in turn regulate the expression of
spectrins, GATAL and spectrins were also found to be reduced in ex vivo and virus cultures

experiments.
Chapter 4:

» Mitochondrial functions like Basal respiration, ATP production coupled respiration,
maximal respiration, spare respiratory capacity and non-mitochondrial oxygen consumption

were found to be reduced in NS3 transfected cells.

» We observed the altered cell morphology, reduced number and size during virus infection in

K562 cells (megakaryocytic lineage) from 3, 5, and 7 days.
Chapter 5:

» We identified the NDGA synthetic derivatives as the anti-protease molecules. In vitro
protease assay data show that T4N, BsN, PAsN, F4sN, MOB4N and HC4N showed inhibition

activity and these molecules did not show any cytotoxicity up to millimolar concentrations.

» Immunofluorescence assay data and semi-quantitative RT-PCR show that the dengue virus

infections were inhibited significantly in the presence of T4N, PAsN, MOB4N and BsN.

» These lead molecules (TsN, BsN, PAsN, F4N, HC4sN and MOB4N) were found to retrieve

the infected K562 cell number during 3,5 and 7 days of infection.

» The above NDGA derivatives were found to be retrieved the levels of EDRF1which is a

substrate of NS2BNS3.




» With this, we have found that T4N, PA4sN, MOB4sN and BsN are the most effective anti-

protease molecule with least cytotoxicity and more potency for in vivo studies.
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SUMMARY

Thrombocytopenia is one of the symptoms of many virus infections which is the
"hallmark” in the case of dengue virus. In this study, we show the differential
localization of existing two forms of dengue virus protease, i.e., NS2BNS3 to
the nucleus and NS3 to the nucleus and mitochondria. We also report a nuclear
transcription factor, erythroid differentiation regulatory factor 1 (EDRF1), as
the substrate for this protease. EDRF1 regulates the expression and activity of
GATA1, which in turn controls spectrin synthesis. Both GATA1 and spectrins
are required for platelet formation. On the other hand, we found that the mito-
chondrial activities will be damaged by NS3 localization which cleaves GrpEL1,
a co-chaperone of mitochondrial Hsp70. Levels of both EDRF1 and GrpEL1
were found to deteriorate in dengue virus-infected clinical samples. Hence, we
conclude that NS2BNS3-mediated EDRF1 cleavage and the NS3-led mitochon-
drial dysfunction account for thrombocytopenia.

INTRODUCTION

Nearly 130 countries are endemic for dengue virus infections, primarily affecting 2.5 billion inhabitants in
the tropical and subtropical regions as well as 120 million travelers to these regions every year. The World
Health Organization (WHO) reported an 8-fold increase in dengue cases in the past two decades with
approximately 5.2 million cases in the year 2019 alone.” Most of the clinical literature reviews suggest
that dengue infection shows asymptomatic or mild symptoms of flu like in dengue fever (DF), severe symp-
toms like dengue hemorrhagic fever (DHF), and dengue shock syndrome (DSS). Dengue fever manifests
symptoms of headache, rashes, muscle soreness, joint pain, retro-orbital pain, and abdominal cramps.
DHF is characterized by red or purple blisters on the skin, epistaxis, and gingival bleeding. Thrombocyto-
penia (low platelet count) and leukopenia were observed mainly during dengue fever with hemorrhagic
signs.®" In 2009, WHO guidelines defined thrombocytopenia as a major clinical symptom, with a rapid
decline in platelet count (i.e., <1, 50, 000 per microliters of blood)."*

Dengue virus (DENV) is a flavivirus of family flaviviridae. There are four distinct serotypes (DENV1-4) that
have emerged from sylvatic strains in the forests of Southeast Asia. DENV is an enveloped, single-stranded
positive-sense RNA virus. The RNA genome consists of approximately 10,700 nucleotides and codes nearly
3,411 amino acids (a.a) long precursor polyprotein yielding three structural proteins (Capsid (C), precursor
Membrane (preM), and Envelope (E) and seven non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5).>° Among NS proteins that play significant roles during viral replication, NS3 alone or
along with NS2B possesses a crucial role and is the prime drug target for developing the anti-virals.

NS2B is a 14-15 kDa amphipathic membrane protein and acts as a cofactor for NS3 protein to form an 'Department of
Biotechnology and

Bioinformatics, School of Life
philic central domain. The hydrophilic region of 40 amino acid residues linked with G4-5-G4 linker to N-ter- Sciences, University of

minal of NS3 protein forming the NS2BNS3pro active protease.®” NS3is a 70 kDa, a multifunctional serine ?;’gira:’::'lré'gerabad'
protease forming the catalytic triad with Histidine (H-51), Aspartate (D-75), and Serine (S-135). Its helicase gane
and nucleoside triphosphatase (NTPase) activities are required for unwinding the double-stranded form of

active viral protease complex.”® NS2B contains two transmembrane hydrophobic domains and a hydro-

?Lead contact

. . . . . . *C d :
RNA.'”The N-terminal region forms the protease domain (1-185 residues). NS3 helicase (185-618 residues) mv?gg&?;j;itm
belongs to the helical superfamily 2 domain. NS2BNS3pro complex processes polyprotein into mature https://doi. org/10.1016/].isci.
functional proteins which are required for virus assembly and replication. The C-terminal of NS3 forms a 2023.107024
L) o
opcnter iScience 26, 107024, July 21, 2023 © 2023 The Author(s). 1

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:mvrsl@uohyd.ernet.in
https://doi.org/10.1016/j.isci.2023.107024
https://doi.org/10.1016/j.isci.2023.107024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.107024&domain=pdf
http://creativecommons.org/licenses/by/4.0/

¢? CellPress

OPEN ACCESS

subdomain with essential motifs, subdomain 1 and 2: recombinase A (RecA)like fold and structural motifs
required for ATP hydrolysis and RNA binding activities. The other subdomain 3 is involved in forming a sin-
gle-stranded DNA (ssDNA) binding tunnel during the formation of replication complex.®® Cleavage site for
DENV protease possesses the dibasic amino acids (Lys-Arg, Arg-Arg, Arg-Lys, GIn-Arg) at P1/P2 followed
by a small residue (Gly/Ala/Ser) at P1'.'%"? Reports suggest that the substrate cleavage site for dengue
protease is Arg/Lys-Ser-Arg-lle/Val-Leu at P1-P4"."? Along with cleaving the functional polypeptides,
DENV protease is known to cleave host cellular proteins FAM134B (endoplasmic receptor), lka/p (cellular
factors), Nucleoporins (Nups), mediator of IRF3 activation (MITA), mitofusins (MFN1 and 2), thereby
enhancing the viral replication and affecting host metabolism.'“"'® During natural infections, dengue virus
primarily infects bone marrow cells, myeloid lineages, macrophages, dendritic cells, B and T cells, neuronal
cells, and hepatocytes.'”?° The NS protein-3 (NS3) was found to accumulate in phagocytes of spleen and
lymph node, liver hepatocytes, and myeloid cells in bone marrow.?’ Among these cells, bone marrow
megakaryocytes (MKs) are highly permissible to infection. Previous reports showed that the dengue virus
infection in megakaryocytes with a reduction in cell number with depleting mature megakaryocytes sug-
gests the role of dengue virus in bone marrow homeostasis. Further, it has been reported that the dengue
virus abolishes the expression of master transcription factors GATA binding factors 1 and 2 (GATA1,
GATAZ2) and nuclear factor erythroid 2 (NF-E2) which are involved in megakaryocytic developmental pro-
cesses.”*? Although the reports of dengue virus infection in vitro, ex vivo, and in vivo models have
been studied, the mechanism behind the reduction in platelet cell number causing thrombocytopenia

has not yet been clearly understood.”*?*?°

Virus-mitochondria interaction is being revealed in several reports suggesting mitochondrial dysfunc-
tion.??/ Reports also indicate that the virus-coded proteases cleave the mitochondrial proteins. In the
case of dengue virus also NS proteins like NS4B and NS2BNS3 target the mitochondrial membranes.'®
NS3 is reported to target the mitochondrial matrix and cleaves the GrpE Like 1 (GrpEL1), a co-chaperone
of mitochondrial heat shock protein (mtHSP70).?® The cleavage sites in the dengue virus polyprotein and
the nature of the protease activity appear to yield two forms of the protease, i.e., NS2BNS3 and NS3
alone.’? In addition to the mitochondrial targeting by the dengue virus protease, it was also detected in
the host nucleus.'®?” But whether it is NS2BNS3 or NS3 or both is not known. Hence this study gave an
attempt to reveal the localization of NS2BNS3 and NS3, identification of substrates, and consequences
with reference to cell homeostasis.

Thrombocytopenia, i.e., reduced platelets is a health disorder that occurs during different ill health condi-
tions including many viral infections which led to the death of millions of people across the globe. Dengue
virus infections are known from ancient times which cause “thrombocytopenia” as the primary symptom.
Platelet activation, their clearance, and plasma leakage are proposed as the reasons for the platelet reduc-
tion in dengue virus patients.’®* But, to the best of our knowledge, there is no clear study explaining the
mechanism involving the virus components in thrombocytopenia. The studies on dengue virus protease
(including our report published in the Journal of Virology, 2020°%) puzzle the scientific community
regarding its role in disease pathogenesis. The findings of our present study suggest the localization of
dengue virus protease in two subcellular organelles of a cell, i.e., nucleus and mitochondria. There is no
such instant indicating the dual localization of a single protein coded by a virus genome. A crucial nuclear
transcription factor called EDRF1 (erythroid differentiation regulatory factor 1) is found as the another sub-
strate for this protease. Ex vivo and in vivo (dengue virus-infected clinical samples) analyses clearly sup-
ported the above observation. EDRF1, in turn, regulates another two factors (GATA1 and Spectrins) of
the cells (play a key role in proplatelet and platelet formation) which are also downregulated in prote-
ase-transfected or virus-infected conditions. Dengue virus-infected K562 cells (megakaryocyte derived)
show reduced cell number as the number of days progressed. Mitochondrial dysfunction of the prote-
ase-transfected cells was observed which also accounts for the reduction in cell number. Therefore, we
felt that this study gave the molecular-level explanation for thrombocytopenia and facilitates focused ther-
apeutic development.

RESULTS

Identification of nuclear localization signals (NLSs) and development of recombinant
constructs

Using in silico method, NLS sequences were identified in both NS2BNS3 (594 a.a) and NS3pro-helicase (464
a.a). INNS2B (130 a.a), three basic amino acid residues 14mwQRM75 atposition 1471-1475 were identified
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Figure 1. Amino acid sequence of protease and genome organization

(A and B) NS2BNS3 (NS2B-130+NS3-464 = 594 a.a) (B) NS3pro-helicase (464 a.a). Amino acid sequence showing the nuclear localization sequence (NLS) in
green and mitochondrial targeting sequence (MTS) in red. Full-length NS2B sequence in (blue) and NS3 sequence in (black).

(C) (i) Dengue virus genome (RNA) (i) Dengue virus mature polypeptide showing structural proteins (capsid, pre-membrane, and envelope) and non-
structural proteins (NS1-NS5). (iii) Dengue virus full-length protease with NS2B and NS3 fragments. (iv) NS2B (46 a.a) Glycine linked (G4-S-G4) NS3 protease
(185 a.a). (v) Mutant form of NS2BNS3pro (S135A) (NS2B —130 a.a and NS3pro-185 a.a). (vi) NS2BNS3 (130 + 464 a.a) (vii) NS3 pro-helicase (464 a.a).

which are similar to classical monopartite NLS stretch that consists of basic amino acid residues with motif K
(K/R) X (K/R). In NS3 sequence, two stretches of bipartite signal (2-3 positively charged amino acid followed
by 9-12 linker sequence containing proline residue) were identified at positions (a.a 1656-1716 and 1839-
1856) with a score of 4-4.1 (Figures 1A and 1B). The mitochondrial targeting sequence (MTS) was identified
in NS3 during our earlier study.”® Based on these analyses the recombinant constructs NS2BNS3pro (46 +
185 a.a), NS2BNS3pro (5135A) mutant (130 + 185 a.a), NS2BNS3 (594 a.a), and NS3pro-helicase (464 a.a)
were generated (Figure 1C) as detailed in methods.

Protease localization studies

We performed transfections in K562 cells and analyzed at 20X magnification for the transfection efficiency,
and the data suggested that 50-60% of the cells are positively transfected (Figure S1). Further, the data
indicated that the expressed proteins (GFP-tagged) of all three constructs (NS2BNS3pro, NS2BNS3pro
(S135A) mutant, and NS2BNS3) localized to the nucleus compared to vector alone as the GFP was found
to merge with the Hoechst stain (nucleus) (Figure 2A [viii, xi and xvi]). In the enhanced green fluorescent
protein plasmid N-terminal (pEGFP-N1) vector, the intensity of the green peak is low and does not merge
with blue peak, but in case of pEGFP-N1 NS2BNS3pro, pEGFP-N1 NS2BNS3pro (S135A) mutant and
pPEGFP-N1 NS2BNS3 show merged green peaks with blue peaks of varying intensities indicating the
GFP expression in nucleus (Figure 2B [i-iv]). The bar graphs further support the above observation with
the high GFP/blue expression ratios which represent the percentage mean arbitrary intensity in the nucleus
(Figure 2C).

The NS2BNS3 also possesses the MTS along with NLS; hence we intended to analyze the possibility of its
localization to the mitochondria also. In this direction, the NS2BNS3 was transfected along with mitochon-
dria red fluorescent protein (MitoRFP), stained with Hoechst stain and analyzed for the localizations. The
data suggested GFP and the MitoRFP expression are not merged suggesting no localization of
NS2BNS3 to the mitochondria (Figure 3A [viii]). This observation is further supported by the graphical anal-
ysis showing that the red peaks are completely separated from the green peaks (Figure 3B ii). It was further
confirmed that NS2BNS3 localized in nucleus as indicated with a high-intensity peak of GFP (green peak) in
the nuclear region (Figure 3C [ii]). But NS3 alone was reported to be localized to the mitochondrial matrix
which shows both the MTS and NLS. In order to properly understand the localization of NS3 also, we carried
out the transfections along with MitoRFP, stained with Hoechst stain, and analyzed the localizations in mito-
chondria and nucleus. The results show that NS3pro-helicase enters both mitochondria and nucleus as indi-
cated by the intensity profiles where the GFP expression (green) is merging with red (mitochondria) and
high GFP intensity in blue peak region (nucleus) (Figures 3A [xii]; 2B [iii]; 3C [iii]). The bar graphs which repre-
sent the percentage mean arbitrary intensity of each channel in the nucleus indicated the GFP expression in
nucleus supporting the above observations (Figure 3D).

With the cell lysates of the above experiments, we have carried out the western blotting analysis (anti-
NS2BNS3pro antibody) to verify the presence of protease forms that localize to nucleus or mitochondria
or both. The immunoblotting results were found to be consistent with the above localization experiments
suggesting that the NS3pro-helicase (75 kDa) localized to both cytoplasm (mitochondria) and nucleus (Fig-
ure 3E i), whereas NS2BNS3 (92 kDa) localized only to the nucleus (Figure 3E i). We also observed a 70 kDa
band in the nucleus (Figure 3E i), possibly due to an internal self-cleavage site in NS2BNS3. Absence of
actin (Figure 3E iii) and less GFP (Figure 3E iv) in nuclear fraction support the fractionations.

Identification of protease-interacting proteins

To identify the host factors interacting with NS2BNS3 protease, we performed in vitro nickel-nitrilotriacetic
acid (Ni-NTA) pull-down assay with purified NS2BNS3pro incubating with K562 whole cell lysate
(Figures 4A, 4B, S2A and S2B). Protein bands that appeared in elutes (E1-E4) were identified by matrix-as-
sisted laser desorption ionization-time of flight (MALDI-TOFF) mass spectrometry. The identified bands
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Figure 2. Localization of expressed dengue virus protease in K562 cells

(A) pEGFP-N1 vector (i-iv), pEGFP-N1 NS2BNS3pro (v-viii), pEGFP-N1 NS2BNS3pro (5135A) mutant (ix-xii), and pEGFP-N1 NS2BNS3 (xiii-xvi) were
transfected transiently and observed after 28 h post transfection. The images represent the bright field (Gray), Hoechst33342 (nuclear staining blue), GFP
(green) and merged at 100X (scale bar = 50um) magnification using Carl Zeiss confocal microscopy. See also Figure S1.

(B) i. Fluorescence intensity profiles using NIS Elements AR software of pEGFP-N1 vector showing GFP expression (green) in cytoplasm. ii-iv. pEGFP-N1
NS2BNS3pro, pEGFP-N1 NS2BNS3pro (S135A) mutant, and pEGFP-N1 NS2BNS3 show the expression in nucleus with different intensities.

(C) The bar graphs represent the percentage arbitrary mean intensity of each channel (Green and Blue) in nucleus of transfected cells presented as mean
values (£) SD plotted in graph pad prism 9. The percentage was calculated using (mean intensity of each channel/total intensity in nucleus X100). p values
indicated p < 0.0001, **** = significant, ns = non-significant.

from the above elutes were found to be EDRF1 (Figures 4C and 4D). Also, the Mascot search result sup-
ported the above finding that the identified protein EDRF1 has a score of 57 which is the highest among
the list (Figure 4E). Western blot analysis using anti-EDRF1 antibody showed the presence of EDRF1 in
elutes and beads thus confirming EDRF1 as a protease-interacting host protein (Figures 4F and 4G).

Identification of protease cleavage sites in EDRF1 using in silico methods

ProP-1.0 server identified a total of five cleavage sites (dibasic amino acid residues, i.e., Arg/Lys in P1/P2
position) at different amino acid sequence positions of EDRF1 (50,100,152,926,987) (Figure S2C). In order
to know which of the above cleavage site is located near the catalytic triad of protease, we performed in
silico docking method for analyzing the interactions of protease and EDRF1 by superimposed models (Fig-
ure S3A). It was observed that the cleavage site at a.a 985-988 of EDRF1 (cyan) interacted with the catalytic
triad of protease (H-51, D-75, 5-135) (green) (Figure S3B). Thus, we have developed a recombinant plasmid
cloning DNA 3.1 (pcDNA3.1) c-myc vector containing the c-terminal end from amino acid 798 to 1238,
approximately 50 kDa of EDRF1 (encompassing a.a 985-988 cleavage site) as described in STAR Methods.

EDRF1 cleavage in co-expressed conditions

The cell extracts co-expressed with both EDRF1 and protease were resolved on 10% SDS PAGE and transferred
onto the hydrophilic polyvinylidene fluoride (PVDF) membrane. Western blot analysis was done to detect the
levels of EDRF1 using anti-Myc tag antibody. The blot showed no band in co-transfected vectors as the Myc
tag is only 1.2 kDa (very small to detect) (Figure 4H lane 1). In pcDNA3.1 c-myc containing EDRF1 as an insert,
the EDRF1 band was detected as intact showing the presence of overexpressed EDRF1 alone (Figure 4H lane
2). As expected, no expression was observed in pcDNA3.1-myc vector alone (Figure 4H lane 3). Importantly,
EDRF1 completely disappeared in presence of protease in co-transfected pCDNA3.1 c-myc EDRF1 and
pPEGFP-N1 NS2BNS3pro, suggesting EDRF1 as a substrate of protease (Figure 4H lane 4). pEGFP-N1 vector
alone and pEGFP-N1 NS2BNS3pro lysates were loaded as controls (Figure 4H lanes 5 and 6).

To confirm the expression of NS2BNS3pro in the above experiment, we have checked the expression of
protease using anti-GFP antibody (pEGFPN1-NS2BNS3pro) after stripping the same membrane. It was
observed that, in co-transfected vectors and pEGFP-N1 vector alone, GFP was expressed (Figure 4J lanes
13 and 17). No band was observed in pCDNA3.1 c-myc EDRF1 and pCDNA3.1 c-myc vector alone using
anti-GFP antibody (Figure 4J lanes 14 and 15). In co-transfected pcDNA3.1 c-myc EDRF1 and pEGFP-N1
NS2BNS3pro cell lysates, the protease was detected thus confirming the expression of NS2BNS3pro in
the co-transfected conditions (Figure 4J lane 16). pEGFP-N1 NS2BNS3pro was also found to be expressed
alone as a control (Figure 4J lane 18).

Analysis of levels of EDRF1, GATA1, and spectrins in protease-transfected and virus-infected
cell lysates

The GATA1 expression and activity were reported to be regulated by EDRF1.°*"* GATA1 in turn controls
the synthesis of spectrin proteins which are required for pro-platelet and platelet formation.*® EDRF1, a
138 kDa protein, is reported to be expressed in megakaryocytic (K562) and erythroid cell lineages.**
Hence, we intended to analyze the levels of EDRF1, GATA1, and spectrins in protease-transfected and vi-
rus-infected K562 cells. For this purpose, total cell lysates of transfected/infected were resolved on 10%
SDS PAGE followed by western blot analysis with anti-EDRF1 antibody. It was observed that EDRF1 levels
were deteriorated significantly in presence of pEGFP N1 NS2BNS3pro as compared to the vector,
concluding that EDRF1 was being cleaved by dengue virus protease (Figures 5A-5D). The same cell lysates
were used to check the endogenous levels of GATA1 and spectrins. It was observed that, compared to
pEGFP N1 vector alone, GATA1 and spectrin levels were found to be reduced (Figures 5A-5D). To confirm
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Figure 3. Localization of NS2BNS3 and NS3pro-helicase
(A) Confocal images at 60X (scale bar = 20pm) showed the localization of pEGFP-N1 vector (i-iv); pEGFP-N1 NS2BNS3 (v-viii); and pEGFP-N1 NS3pro-
helicase (ix-xii), with both localization markers, i.e., MitoRFP and Hoechst.
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Figure 3. Continued

(B) i. Fluorescence intensity profiles were generated using NIS Elements AR software of pEGFP-N1 vector, ii. pEGFP-N1 NS2BNS3, iii. pEGFP-N1 NS3pro-
helicase.

(C) i-iii Represent the intensity profiles of GFP (green) in nucleus (blue).

(D) The bar graph representing the arbitrary mean intensity of each channel (green and blue) in nucleus of transfected cells as calculated in Figure 2C.
(E) pEGFP-N1 NS2BNS3 and NS3pro-helicase subcellular fractions of transfected HEK cell lysates probed with NS2BNS3pro antibody.

the above data, we have transfected pEGFP N1 NS2BNS3 (594 a.a) which represents one of the forms of
naturally existing dengue virus protease. A mutant of NS2BNS3pro (NS2BNS3pro S135A) carrying the mu-
tation in the catalytic triad was also included. The data suggest that the levels of EDRF1 and GATAT were
drastically reduced in presence of pEGFP N1 NS2BNS3, compared to the mutant and the vector
(Figures 5E-5@).

To further confirm the above result, we extended our study using the K562 virus-infected cell lysates (7 days
post infection) as mentioned in STAR Methods. Supporting the transfection analyses, the levels of EDRF1,
GATA1, and spectrin proteins were compromised significantly, clearly depicting the role of protease in
EDRF1 cleavage (Figures 5SH-5K). It was observed that the reduction of EDRF1 levels is clear in virus-in-
fected cell lysates compared to the above transfection studies.

Analysis of EDRF1 and GrpEL1 levels in clinical samples

Total forty-four albumin out clinical samples with different grades of infections, i.e., DF, DHF, and DSS were
included for the analysis (Table S1). Other febrile-infected samples were used as controls. SDS PAGE fol-
lowed by western blotting was done to analyze the levels of EDRF1. It was observed that EDRF1 levels were
reduced in DF, DHF, and DSS samples, but a significant difference was observed in DHF and DSS samples
(Figures 5L [upper panel] and 5M; Figure S4). GrpEL1 was also included in this study as this protein was
identified as a substrate of NS3 in our earlier studies.”® The GrpEL1 levels were also found to be reduced
(consistent with our earlier report) in the samples in which the EDRF1 levels were reduced, i.e., in case of DF
and DHF (Figure 5L [lower panel] and N).

Effect of protease on mitochondrial functions

NS3 was shown to target the mitochondrial matrix and cleave GrpEL1, a co-chaperone of mitochondrial
Hsp-70 (mtHsp-70), in our previous study.’® In the present study also it was observed that NS3 localizes
to mitochondria as well as into the nucleus (Figure 3A [ix-xii]). In this direction, to analyze the functional ac-
tivities of mitochondria we have used HepG2 cell lines (hepatocytes) that have moderate energetic de-
mand and are frequently used for several mitochondrial studies.>” They are also reportedly permissible
for dengue virus infections.* Thus, in this study we have performed cell mitostress assays for pEGFP-N1
vector and pEGFP N1 NS3pro-helicase-transfected HepG2 cells, and six parameters were measured as
described below.

Basal respiration

Oxygen consumption rate (OCR) is a measure of the total cellular respiration in cells that meet the cellular
ATP demand of the cell under baseline conditions. Basal levels of OCR in NS3pro-helicase-transfected cells
were found to be decreased compared to vector-transfected cells which suggested low mitochondrial
respiration in transfected cells (Figure 6C i).

ATP production-coupled respiration

On the addition of oligomycin, FO/F1 ATPase (complex V) shuts off, which relates to the activity of mito-
chondria generating the ATP linked to basal respiration. It was observed that in presence of oligomycin,
the ATP production was compromised in NS3pro-helicase-transfected cells when compared to vector (Fig-
ure 6Cii). A decrease in ATP production-coupled respiration results in low ATP demand indicating damage
to the electron transport chain (ETC).

Maximal respiration

On the addition of Carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP) (uncoupler), the move-
ment of protons (H+ ions) will be allowed. This phenomenon leads to sudden increase in maximal respira-
tion indicating high substrate availability and good integrity of the ETC as observed in vector-transfected
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Figure 4. Identification of EDRF1 as another substrate of dengue virus protease

(A and B) In vitro pull-down assay from K562 cell lysate with pRSET-A NS2BNS3pro purified protein and (B) negative control. The arrows indicate the bands
used for identification. See also Figures S2A and S2B.

(C and D) Identification data of the protein bands obtained from above in vitro pull-down assay.

(E-G) The graph represents the Mascot search result showing the identified protein as EDRF1 with the top score 57. Western blotting analysis of the fractions
of pull-down assay by using anti-EDRF1 antibody, experimental (F), and negative control (G).

(H) Western blot analysis after 48 h of co-transfection. HEK cells were transfected with single or co-transfected with recombinant vectors as indicated on the
blots and probed with anti-myc tag antibodies.

(I) Ponceau S staining of the above membrane Lanes: 7-12 and M (protein marker).

(J) The above membrane was stripped and probed with anti-GFP antibodies.

cells. However, there was no increment in maximal respiration in NS3-pro helicase-transfected HepG2 cells
(Figure 6C iii) indicating the defective mitochondrial ETC.

Spare respiratory capacity

Itis a measure of the difference between maximal respiration and basal respiration and represents the cell
fitness and the cell response due to high energy demand. In NS3pro-helicase-transfected cells, maximal
respiration was found to be low compared to vector; thus there was low spare respiratory capacity
compared to the vector. Low respiratory capacity indicates low fitness of the cell (Figure 6Civ).

Proton leak

Basal respiration that is not linked to ATP production indicates the proton leak. There was no significant
change in proton leak due to low energy demand or low substrate availability in transfected cells
(Figure 6C v).

Non-mitochondrial oxygen consumption

Addition of antimycin and rotenone inhibits complex Ill leading to low cellular respiration. Non-mitochon-
drial oxygen consumption is the measure of the cells recovering their energy demand through other
cellular processes. In the NS3pro-helicase-transfected cells, there was no increase in non-mitochondrial
OCR as compared to the vector indicating the damage to mitochondria (Figure 6C vi).

Reduction in cell number during dengue virus infection in K562 cells

In order to analyze the effect of virus infection on K562 cells (megakaryocyte-derived cell line), we per-
formed a cell counting method to analyze the cell number during virus infection. For this purpose, K562
cells with dengue-infected or uninfected were analyzed day wise (0, 3, 5, and 7) for morphological changes.
Fourth day post infection onwards, visible cell morphological changes (deformed shape, reduced size, and
tiny appearance) occurred. Total cell count starts decreasing after day 3. The rounded cell morphology of
K562 cells was changed, a visible reduction in cell size on seventh day was observed, and the changes were
imaged under an inverted bright-field microscope (magnification at 10X) (Figures 7 A and 7B). The virus
infection was confirmed by RT-PCR on the fifth day (Figure 7C).

DISCUSSION

Dengue virus infections occupied the top of the list of emerging infectious diseases at present, but there is
no specific drug or vaccine until now. All four serotypes cause similar disease manifestations individually or
in combination with other serotypes. Flaviviruses target many host cellular proteins for efficient viral repli-
cation. The proteases of dengue and other flaviviruses (West Nile virus [WNV], Japanese encephalitis virus
[JEV], and Zika virus) are known to cleave self-polyprotein and host proteins.>*" The polyprotein cleavage
sites in case of dengue virus and its nature of activity suggest the possibility of existence of two forms of
protease, i.e., NS3 alone and along with NS2B, i.e., NS2BNS3.' NS2BNS3 is reported to target the mito-
chondrial membrane whereas NS3 alone targets the mitochondrial matrix in which the MTS was identi-
fied.'®?® The protease was also found in the nucleus without referring to any of the above two forms.?’
Hence as a first step in this study, we have searched for the NLSs in both the NS2BNS3 and NS3. The
data suggested the presence of NLS in both the above two forms (Figures 1 A and 1B). A similar stretch
with (KKKRK) was found to be reported in simian virus 40 (5V40) large T-antigen.*” Transfection experiments
carried out in order to verify the above observation with the developed recombinant constructs indicated
the localization of NS2BNS3 into the nucleus and NS3pro-helicase localization into both the mitochondria
and the nucleus (Figures 2 and 3). The mitochondrial localization of NS3 is consistent with our earlier
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Figure 5. Analysis of levels of EDRF1, GATA1, spectrin, and GrpEL1 in ex vivo and in vivo (clinical samples). Western blot analysis of K562
transfected cell lysate

(A) pEGFP-N1 vector and pEGFP-N1 NS2BNS3pro for 28 h of transient transfections with indicated antibodies on the left.

(B-D) Bar diagram represents the means of 3 independent sets of experiments for proteins indicated.

(E) Western blot analysis of K562 cell lysate transiently transfected with pEGFP-N1 NS2BNS3 and pEGFP-N1 NS2BNS3pro (S135A) mutant analyzed after 28 h
of transfection with indicated antibodies.

(F-G) Bar diagram represents the means of three sets of independent experiments for the indicated proteins.

(H) Western blot analysis of DENV-infected and uninfected in K562 cell lysates after 7 days with indicated antibodies.

(I-K) Bar diagram of respective proteins of 3 sets of independent experiments.

(L) Albumin out other febrile (C1, C2, C3) and dengue-infected serum samples (DF and DHF). The samples were separated on 10%SDS PAGE, and western
blotting was done with anti-EDRF1 (top) and anti-GrpEL1 (bottom) antibodies and Ponceau stained membrane (Middle).

(M and N) Bar diagrams represent the relative densities of EDRF1 and GrpEL1 proteins in clinical samples. See also Figure S4 and Table S1.

observations.’® In order to further confirm the above observations, we have carried out the transfection ex-
periments using the mitochondrial (MitoRFP) and nuclear (Hoechst stain) localization markers for both
NS2BNS3 and NS3. The results show that, while the NS3pro-helicase localized with the Hoechst stain (nu-
cleus), NS2BNS3 did not colocalize with the MitoRFP (mitochondria) which supports the above observa-
tions (Figure 3). It was speculated that the NS2BNS3 could not enter the mitochondria as the MTS present
at the N-terminal end of the NS3 is masked by NS2B. Both NS2BNS3 and NS3 localized to the nucleus due
to multiple NLSs present in both forms. The western blot analysis carried out to detect the protease in the
nuclear or the cytoplasmic (mitochondria) extracts indicates the presence of the NS3 (75 kDa) in cyto-
plasmic (mitochondria) fraction whereas both NS2BNS3 and NS3 (92 & 75 kDa) were present in the nucleus
(Figure 3E). A 70 kDa band observed in the nucleus of NS2BNS3-transfected extracts may be due to the
internal self-cleavage site (Figure 3E [i)."” The above observations suggest the localization of both the
NS2BNS3 and NS3 into the nucleus.

In order to identify the substrates of NS2BNS3/NS3, if any, from the nucleus, we have carried out the pull-
down experiment consisting of total cell extracts with NS2BNS3pro. The co-eluted protein bands were
identified by mass spectrometry analysis and were found to be EDRF1 (Figures 4A-4E, S2A, and S2B). West-
ern blotting analysis of the elutes of the above experiment using anti-EDRF1 antibodies confirms the inter-
action of NS2BNS3 with EDRF1 (Figures 4F and 4G). In continuation, the amino acid sequence of ERDF1
was searched for the cleavage sites, and we found five sites at amino acid sequences 50,100,152,926,987
(Figure S2C). Structural superimposition of EDRF1 and protease suggested that the cleavage site (RK/A)
(985-988) is located in the catalytic triad of protease (Figure S3). Hence, we have generated the EDRF1 re-
combinant construct from the amino acids 798-1238 of EDRF1. Co-transfection experiments carried out
with the above EDRF1 and the NS2BNS3pro constructs suggested the complete disappearance of
EDRF1 but not in controls (Figure 4H, lane 4). This observation suggested EDRF1 as another substrate of
dengue virus protease, which reportedly regulates the expression and activity of GATAT.

GATAT1 isinvolved in differentiation, proliferation, and maturation of megakaryocytes (platelet lineage), and its
activity is modulated by the EDRF1 protein. EDRF1 has been reported to play a major role in transcriptional
regulation and expression of GATA1 and globin gene expression, a key factor in megakaryopoiesis.”* Based
on these reports we framed the hypothesis that EDRF1, GATA1, and spectrins might be affected during the
dengue virus infection. In order to test the same, the NS2BNS3 transfection experiments carried out in K562
cells suggested the reduced levels of EDRF1, GATA1, and spectrin proteins in the expressed conditions of pro-
tease (Figures 5SA-5@). Similar analysis carried out using the cell extracts of the dengue virus-infected cells sup-
ported the above observations (Figures 5SH-5K). Both the above two conditions strongly suggest the cleavage
of EDRF1 and as a result the downregulation of GATA1 and spectrin proteins. Further, the EDRF1 and the
GrpEL1 levels were analyzed in the dengue virus-infected clinical samples. GrpEL1 was also chosen, as it was
shown to be the substrate of NS3in our earlier studies.”® The levels of both the above proteins were significantly
reduced in dengue virus-infected samples which are drastic in case of the severe disease (DHF and DSS), indi-
cating the cleavage of ERDF1 (Figures 5L-5N and S4). The effect on the EDRF1 levels is more and more clear
from ex vivo to in vivo (clinical samples) conditions (Figures 5 and S4). Reports indicate that EDRF1 plays a key
regulatory role in GATAT mRNA expression and DNA binding activity.”® Importantly, GATA1 is known to be
involved in erythrocyte and megakaryocytic precursor development; disruption of any of the above-mentioned
two functions of GATAT leads to thrombocytopenia and anemia.**** Several lines of reports indicate that de-
fects in GATAT1 activity lead to thrombocytopenia, structural abnormalities in megakaryocytes, and impairment
of platelet activation.””**'* GATA1 is also known to involve in spectrin mRNA synthesis, and the spectrin pro-
teins are reportedly needed for pro-platelet and platelet formation.*® Several lines of research indicated that
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Figure 6. Mitochondrial function analysis in protease-transfected cells

(A) Represents the reference model for the analysis of mitochondrial bioenergetics in mitostress assay.

(B) Agilent Seahorse XFp cell mitostress assay showing bioenergetics of mitochondria in cells transfected with pEGFP-N1 vector and pEGFP-N1 NS3pro-
helicase with respect to oxygen consumption rate vs. time.

(C) The graphs represent the oxygen consumption rate vs. time during injection of the three drugs (Oligomycin, FCCP, and Rotenone/Antimycin). (i) Basal
respiration (i) ATP production-coupled respiration (iii) Maximal respiration (iv) Spare respiratory capacity (v) Proton leak (vi) Non-mitochondrial oxygen
consumption. The parameters measured are shown in representative bar graphs with error bars of at least two experiments (n = 3, i.e., triplicates in each
experiment).

alpha and beta spectrins are essential proteins involved in cytoskeleton formation, particularly in erythrocytes,
in association with actin.*¢ Interesting function of spectrin proteins, as far as the present study concerned, is
theirinvolvement in the pro-platelet and platelet formation. Hence the cleavage of EDRF1 observed in the pre-
sent study led to decreased levels of GATAT and subsequently to fewer spectrins and finally to the reduced
number of platelets, i.e., thrombocytopenia. The proposed mechanisms of thrombocytopenia in dengue virus
infections®*~*
ever, further research is required to indicate whether they are interlinked or different and which is predominant,
if different. Non-functional platelets without the number change (thrombopathy) are another possible disorder
to be considered in dengue virus-infected patients. But, as the current literature including the present study
support the reduction in platelet number, the “thrombopathy” may need to be further assessed.

and present observations are possibly parts of a cascade of events of a single mechanism. How-

Reports suggest defective mitochondrial quality and dysfunctioning during viral infections including
dengue virus.?*** Reports also indicate that the dengue virus NS2BNS3 targets the mitochondrial mem-
brane proteins and NS3 enters the mitochondrial matrix and cleaves the matrix protein (GrpEL1), a co-
chaperone of the mtHSP70.%% In all the above cases, the role of the above proteins in mitochondrial activity
is not clear. Hence, we have analyzed the activities of mitochondria (basal respiration, ATP production-
coupled respiration, maximal respiration, spare respiratory capacity, proton leak, and non-mitochondrial
oxygen consumption) in the cells transfected with NS3. These activities were found to be reduced (except
proton leak) significantly compared to the controls (Figure 6). This observation supported the hypothesis
that the mitochondrial dysfunction/defectiveness is due to the effect of the dengue virus-coded protease.
The above findings related to mitochondria were supported by the earlier studies carried out by virus in-
fections.”® Mitochondrial dysfunctions are also reported to be leads to impaired platelet formation.®
Hence, we proceeded with the analysis of cell numbers under dengue virus infections using the megakar-
yocyte-derived K562 cells. The results showed a reduction in the number which is more prominent as the
number of days progressed (Figure 7). Platelets are the cell types that are required in a huge number in the
blood at a given point of time. In order to produce a large number of cells, the platelet lineage cells have to
undergo vigorous growth and differentiation which require a high input of ATP. But the mitochondrial dam-
age occurred during dengue virus infections (due to protease as described above), and the cells are inca-
pable of dividing fast to yield enough platelet number because of less ATP generation by mitochondria.
Hence, it is concluded that cleavage of the EDRF1, a nuclear transcription factor, by NS2BNS3 of dengue
virus, and the NS3-mediated mitochondrial dysfunction contribute to the reduced number of platelet for-
mation (thrombocytopenia) during dengue virus infections.

Ethics statement
This study was approved by the Institutional Ethics Committee, University of Hyderabad (UH/IEC/2021/1).

Limitations of our study

The present study carried out is completely around the dengue virus protease and its effect on cell homeo-
stasis. Availability of a specific anti-protease molecule would have shed light more clearly on the observa-
tions. But the reported two anti-protease drugs quercetin and Nordihydroguaiaretic acid (NDGA) are high-
ly cell toxic and hence were not used in this study. Hence the availability of a specific anti-protease molecule
could be considered as the limitation in the present studly.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
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Figure 7. Analysis of cell number during dengue virus infection
(A) Morphological analysis at 10X (scale bar = 200um) of infected and uninfected K562 cells observed at different days post infection from 0 to seventh day.

(B) Bar graph showing the total cell count of uninfected and infected K562 cells. The error bars represent the average total cell count of at least two
independent experiments.

(C) RT-PCR analysis of amplified fragment of 5’UTR (170 bp) during dengue infection on the fifth day.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

EDRF1 Rabbit Polyclonal Antibody
MYC tag Mouse Monoclonal Antibody

Proteintech, USA
Proteintech, USA

Cat# 21883-1-AP, RRID: AB_11042452

Cat# 60003-2-1g,
RRID: AB_2734122

Alpha-1 Spectrin Rabbit Polyclonal Antibody ImmunoTag Cat# ITT13417
RRID: N/A
GATA-1 Rabbit Polyclonal Antibody ImmunoTag Cat# ITT06184
RRID: N/A
GFP (D5.1) Rabbit mAB(monoclonal antibody) Cell Signaling Technology Cat# 2956, RRID:AB_1196615
Actin mouse Monoclonal Antibody Santa Cruz Biotechnology Catt#sc8432
Rabbit Anti-Mouse-IgG HRP conjugated GeNei Cat# 1140580011730
Antibody RRID:N/A
Mouse Anti-Rabbit- IgG HRP Conjugated Santa Cruz Biotechnology Cat# sc-2357, RRID:AB_628497
Antibody
NS2BNS3pro Rabbit Antibody (raised in housed) (Gandikota et al.*’) N/A
Bacterial and virus strains
Escherichia coli. (BL21 competent cells) N/A N/A
Dengue Virus Type 1(in-house serotyped) (Vaddadi et al.”")
Biological samples
Clinical serum samples (Dengue Infected patient serum) Lotus Hospital for Women and Children, N/A

Lakdikapul-500004, Hyderabad,
Telangana State, India.

Chemicals, peptides, and recombinant proteins

DMEM

RPMI

FBS

Anti-Anti (Antibiotic)
Trypsin-EDTA (1X) solution
Paraformaldehyde
Triton-X100

RIPA Buffer

Hoechst stain 33342
Ni-NTA beads

NS2BNS3pro (recombinant protein)
Femto LUCENT™ PLUS-HRP

Lipofectamine reagent 2000

Gibco

Gibco

Gibco

Gibco

Himedia

Sigma

Himedia

Sigma Aldrich
Molecular probes by Life Technologies
Qiagen

(Gandikota et al.*’)
G-Biosciences

Invitrogen

Cat#11995-065
Cat#11875-093
10270106
Cat#15240062
Cat#TCLO07
Cat#P6148
Cat#TC286
Cat# R0278
Cat#H21492
Cat# 30210
N/A

Cat. #786-003
Cat#11668-027

Critical commercial assays

Midi prep plasmid isolation kit
Gel Extraction Kit

Thermofischer Scientific

Thermofischer Scientific

Cat#K0482lk
Cat# K0691

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines
Human Embryonic Kidney 293 cells (HEK 293) National Centre for Cell Science N/A
[NCCS], Pune, India.
Vero cells (monkey kidney cell), National Centre for Cell Science N/A
[NCCS], Pune, India.
Hepatocellular carcinoma (HepG2) National Centre for Cell Science N/A
[NCCS], Pune, India.
Megakaryocyte derived cells (K562) National Centre for Cell Science N/A

[NCCS], Pune, India.

Oligonucleotides

NS2B FP- 5'TATGGGATCCGCTGATTTATC
ATTGGAGAAA 3'

NS2B RP-5'CCCGCCTCCACCACTACCTCCGCC
CCCGAGCGTGTCATCTCTCTCTTCAT 3

(Gandikota et al.*’)

Gandikota et al.*’)

https://doi.org/10.1002/jmv.26024.

https://doi.org/10.1002/jmv.26024.

NS2B FP- 5'GCCCCTCAATGAAGGAATTATGG 3' This paper N/A
NS2B RP- 5'TGATCTCTGTTTCTTTTTCTGCCA 3' This paper N/A
NS3 FP-5TATGCTCGAGATGGGATGGTATCTATAGA 3’ This paper N/A
NS3 RP- 5" GGATGTAGGTCCATTATTGTTAGGT 3' This paper N/A
Helicase FP-5’ACATCCAGGATCAGGAAAAACA 3’ This paper N/A
Helicase RP-5'TATCGGATCCCCCATGTAAATA This paper N/A
TACTGG 3’ primers.

Overlapping Extension PCR NS2B FP This paper N/A
5'GCCCCTCAATGAAGGAATTATGG3'

Overlapping Extension PCR NS3 RP This paper N/A
5" GGATGTAGGTCCATTATTGTTAGGT 3’

EDRF1 FP-5'TATCGAATTCGCCATGGCTGATT This paper N/A
TGTCTACAGACTT 3’

EDRF1 RP-5"TATGCTCGAGCTGAAC This paper N/A
GGCATTGCTGCT 3’

Recombinant DNA

PRSET-NS2BNS3pro Gandikota et al.*’)

pPEGFP-N1 NS2BNS3pro This paper N/A
pEGFP-N1 NS2BNS3helicase This paper N/A
PEGFP-N1 NS3prohelicase (Gandikota et al.?®) https://doi.org/10.1128/JV1.01178-20.
PCDNA 3.1 c-myc EDRF1 This paper N/A

mitoRFP vector

PEGFP-N1 Vector

(Gandikota et al.?®)

(Gandikota et al.”®)

https://doi.org/10.1128/JV1.01178-20.
https://doi.org/10.1128/JV1.01178-20.

Software and algorithms

Image J
Graph pad Prism version.9
NIS ELEMENTS AR SOFTWARE

cNLS mapper software

ImageJ
Graph pad

Nikon Microscopes

https://imagej.nih.gov
https://www.graphpad.com
N/A
https://nlsmapper.iab.keio.ac.jp

RESOURCE AVAILABILITY
Lead contact

Further information and reasonable requests for resources and reagents should be directed to the lead
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Materials availability

The recombinant constructs developed in the study will be available upon request.

Data and code availability

e All original data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Human Embryonic Kidney 293 cells (HEK 293), Vero cells (monkey kidney cells), Hepatocellular carcinoma
(HepG2) and Megakaryocyte derived cells (K562) were obtained from National Centre for Cell Science
[NCCS], Pune, India. HEK, HepG2 and Vero cells were maintained in Dulbecco’s Modified Eagle’s medium
(DMEM, Gibco, Invitrogen, USA). K562 cells were maintained in RPMI media (RPMI + L-Gluatamine, Gibco,
Invitrogen, USA) at 37°C in a humidified incubator with 5% CO2. Both DMEM and RPMI were supplemented
with 10% Fetal Bovine Serum (FBS) and 1% antibiotic containing (vol/vol) penicillin and streptomycin.

METHOD DETAILS
Prediction of nuclear localization signal (NLS)

To identify the nuclear localization signal in NS2BNS3 and NS3, the amino acid sequences were retrieved
from the NCBI data base of the in-house characterized DENV1 with Accession no. KX618706.1, Protein id.
ASD49618.1. NLS in both the sequences were determined using the cNLS mapper software with a cutoff
score of 0.4 and also identified the residues that show the monopartite and bipartite NLS sequences based
on classical nuclear localization signal.*?

Dengue virus constructs

All the constructs were generated from the in-house characterized DENV1 serotype . pRSET-A
NS2BNS3pro (46a.a+185a.a.) clone was generated earlier in our previous study.”’ NS2BNS3pro consists
of hydrophilic domain of NS2B (46a.a) and protease domain of (NS3 185a.a) were linked via a G4-S-G4
linker sequence. NS2B was amplified using NS2B Forward- 5" TATGGGATCCGCTGATTTATCATTGGA
GAAA and NS2B Reverse — 5 CCCGCCTCCACCACTACCTCCGCCCCCGAGCGTGTCATCTCTCTCT
TCAT 3’ primers. NS3pro was amplified using NS3 Forward-5'GGGGGCGGAGGTAGTGGTGGAGGCGG
GAGAGCAGTTCTTGATGATGGTA and NS3 Reverse 5’ATCGAGAATTCTTACCTAAACACCTCGTCCT
CAATC3' primers. The obtained gene products were used as templates with external primers (the above
forward primer of NS2B and the reverse primer of NS3) for overlap extension PCR to generate NS2B-G4-S-
G4-NS3pro. This amplified DNA was digested with ECoRI and BamHI enzymes and then ligated to the
pPRSET-A vector. The clone was confirmed by sequencing. In order to develop pEGFP-N1 NS2BNS3pro,
the above pRSET-A NS2BNS3pro was used as a template with forward 5' TATGCTCGAGATGGCTGATT
TATCATTGGAC 3" and reverse 5 TATCGGATCCGTAAACACCTCGTCCTC 3 primers. The amplified frag-
ment (696 bp) and pEGFP-N1 vector were digested with Xhol/BamHI enzymes and gel purified by gel
extraction kit (Thermofisher Scientific). The digested products were ligated using T4 ligase enzyme.
Ligated product was transformed into E. Coli. DH5«a competent cells and the isolated plasmid was
confirmed with restriction digestion using Xhol/BamH| enzymes. The positive clone pEGFP-N1
NS2BNS3pro was further confirmed by sequencing. pEGFP-N1 NS3pro-helicase (464a.a) construct was
also developed during our previous study.”® To develop this construct, NS3pro (185a.a) was amplified us-
ing the NS3 forward 5 TATGCTCGAGATGGGATGGTATCTATAGAS3' and reverse 5 GGATGTAGGT
CCATTATTGTTAGGT 3’ primers. Helicase was amplified using forward F 5’ACATCCAGGATCAG
GAAAAACA 3’ and reverse 5’ TATCGGATCCCCCATGTAAATATACTGG 3’ primers. The reaction was per-
formed in a final volume of 25ul containing 0.5 ul cDNA template, 2.5 ul reaction buffer, 0.5ul of 10mM
dNTPs, 0.25U of Tag polymerase enzyme, 0.5 pl of each of 10 uM forward and reverse primers. Cycling con-
ditions were followed with an initial denaturation step at 95°C for 4 minutes, followed by 35 cycles of 94°C
for 30 seconds, 53°C for 30 seconds and 72°C for 1 minute, and final extension at 72°C for 10 minutes. The
final products were electrophoresed on 1% agarose gel and purified by gel extraction method. Further
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overlapping extension PCR was carried to generate NS3pro-helicase (46é4a.a) using forward primer of NS3
protease containing Xhol restriction site at 5' end and reverse primer of helicase containing BamH| restric-
tion site at 3’ end as mentioned above. The plasmid construct, NS3pro-helicase consists of 185 amino acids
protease domain of NS3 and 283 amino acids of helicase domain. The obtained clone was ligated into pJET
1.2 vector and further subcloned into pEGFP-N1 vector using Xhol/BamHI restriction sites to obtain
pEGFP-N1 NS3pro-helicase (464a.a).

In order to develop pEGFP-N1 NS2BNS3 (130+464=594 a.a), NS2B fragment was amplified using NS2B for-
ward 5" GCCCCTCAATGAAGGAATTATGG 3" and NS2B reverse 5' TGATCTCTGTTTCTTTTTCTGCCA 3
primers. The reaction was performed in a final volume of 25ul containing 0.5ul of cDNA template, 2.5ul re-
action buffer, 0.5ul of 10mM dNTP mix, 0.25U of Tag polymerase enzyme, 0.5ul of each 10 uM forward and
reverse primers. The pTZ57RT-NS2BTA construct that existed in lab was used as a template. Cycling con-
ditions were followed with an initial denaturation step at 95°C for 4 minutes, followed by 35 cycles of 94°C
for 30 seconds, 53°C for 30 seconds, 72°C for 1 minute, and final extension at 72°C for 10 minutes. The final
products were electrophoresed on 1% agarose gel and purified by gel extraction method and used as tem-
plates for overlapping extension PCR. The reaction mixture was prepared by adding the templates, NS2B
and NS3pro-helicase (100ng each), 1X buffer, 10mM dNTP and Q5 polymerase. Two step overlapping
extension PCR was carried out to join NS2B at the 5’ end of NS3pro-helicase: 94°C for 4 minutes, (94°C
for 30 seconds, 55°C for 40 seconds, 72°C for 1.4 minutes) 10 cycles followed by 72°C for 15 minutes as
a final extension. Later, external primers (NS2B forward & helicase reverse) were added and followed by
35 cycles of second round of PCR, 94°C for 30 seconds, 53°C for 30 seconds, 72°C for 1.4 minutes, and final
extension at 72°C for 10 minutes. The obtained fusion fragment was electrophoresed on 0.8% agarose gel
and purified by gel extraction method. The overlapping extension PCR amplified product of NS2BNS3 (594
a.a) was ligated into pJET 1.2 using T4 DNA ligase. The ligated product was transformed into E. coli. DH5«
competent cells. Plasmid was isolated, and insert was confirmed by restriction digestion. To sub-clone
pJET 1.2 NS2BNS3 into pEGFP-N1 vector, pJET 1.2 NS2BNS3 and pEGFP-N1 vector were subjected to
Xhol/Hindlll restriction enzyme digestion. 1.8 kbp digested product from pJET1.2 clone was obtained
and further ligated to linearized pEGFP-N1 vector. The ligated recombinant was transformed into
E. coli. DH5a competent cells. Plasmid was isolated, and insert was confirmed by restriction digestion
and further by sequencing. To clone NS2BNS3pro (S135A) mutant (130+185a.a), NS3pro (5135A) was
generated by site directed mutagenesis. The dengue virus NS3 protease inactive mutant was generated
by amino acid substitution Ser135 in catalytic triad with Ala using the primers Forward, 5-TTTTA
AACCCGGCACAGCTGGATCTCCC 3" and Reverse, 5-TCACGATGGGAGATCCAGCTGTGCCGG 3.
Above amplified NS2B (130a.a) and NS3pro (S135A) (185a.a) were overlapped with overlapping extension
PCR using forward 5° GCCCCTCAATGAAGGAATTATGG 3" of NS2B at 5’ end and reverse 5 GGA
TGTAGGTCCATTATTGTTAGGT 3’ primers of NS3 at 3’ end as described above. The obtained fusion frag-
ment was electrophoresed on 0.8% agarose gel and purified by gel extraction method. NS2BNS3pro
(S135A) mutant was ligated to pJET 1.2 blunt end vector using T4 ligase and clone was confirmed using
Xhol/Hindlll restriction digestion. The digested NS2BNS3pro (S135A) mutant was further subcloned to
pEGFP-N1 vector as described above. NS2BNS3 (594 a.a) and NS3pro-helicase (464a.a) are the naturally
existing forms of dengue virus infections.'?

Cloning of EDRF1 in pcDNA3.1 c-myc vector

From K562 cell pellet, total RNA was isolated using Trizol as per manufacturer’s protocol. For cDNA syn-
thesis, total isolated RNA was mixed with oligo(dT) primers in sterile RNase free water and reaction was
followed up with mixing: total RNA (1ng), oligo(dT) random primer mix (0.5pg/pl), 10 mM dNTP, and RNase
free water. The RNA was denatured for 5 minutes at 65°C. Then 10X AMV buffer, AMV Reverse Transcrip-
tase (10U/ul), RNase inhibitor (40U) and RNase free water were added. Total RNA was reverse transcribed
using the reaction cycle: 45°C for 50 minutes, 80°C for 5 minutes. The cDNA generated was used as tem-
plate for amplification of EDRF1 with forward 5 TATCGAATTCGCCATGGCTGATTTGTCTACAGACTT 3
and reverse 5’ TATGCTCGAGCTGAACGGCATTGCTGCT 3’ primers. The primers were designed based
on the EDRF1 sequence available with accession no NP_001189367.1. The PCR mix contains 10X buffer,
10mM dNTP, forward and reverse primers (10uM each), cDNA (100ng), Tag Polymerase (0.25U) and water.
Cycling conditions were followed with an initial denaturation step at 94°C for 5 minutes, followed by 35 cy-
cles of 94°C for 1 minute, 58°C for 30 seconds, 72°C for 1.5 minutes, and final extension at 72°C for 10 mi-
nutes. The amplified fragment was run on 1% agarose gel and 1.3 kbp amplified product was obtained. To
further clone the amplified fragment in pcDNA3.1 c-myc vector, both the vector and insert were digested
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with restriction sites Xhol/ECoRI, ligated and transformed into E. Coli. DH5a competent cells. The recom-
binant plasmid was isolated and further confirmed with restriction digestion and sequencing.

Dengue virus protease localization analysis

Transient transfections were performed using the constructs pEGFP-N1 vector, pEGFP-N1 NS2BNS3pro
(46a.a+185a.a), pEGFP-N1 NS2BNS3pro (S135A) mutant (130 a.a + 185 a.a) and pEGFP-N1 NS2BNS3
(130 a.a + 464 a.a) in K562 cells. Briefly, one day before transfection, approximately 10° cells were seeded
in 6-well plate. Transfection was performed with the above mentioned constructs using Lipofectamine 2000
reagent as per manufacture’s protocol in ratio (1.5ng plasmid and 3pl Lipofectamine). After 28 hours the
cells were harvested, washed with 1X PBS and fixed using 4% paraformaldehyde for 20 minutes. Then
the cells were permeablized with 0.25% Triton-X 100 in 1X PBS for 5 minutes, washed with 1X PBS followed
by nuclear staining with Hoechst 33342 stain (Molecular probes). The cells washed and resuspended in 1X
PBS and Glycerol (1:1) and mounted on to glass slide with a coverslip. The cells were analyzed using laser
scanning confocal microscope (Carl Zeiss) at 20X and 100X magnifications. The images were merged in or-
der to observe the co-localizations. The localization color (green/blue) intensity profiles were prepared us-
ing NIS Elements AR software program to analyze the GFP (green peak) in nucleus along with Hoechst stain
(blue). The fluorescence percentage was calculated using (Mean intensity of each channel/total intensity in
nucleus X100). p- values indicated p<0.0001, **** = significant, ns = non-significant.

In order to analyze the cross localizations of NS2BNS3 (in mitochondria) and NS3pro-helicase (in nucleus),
we have used MitoRFP vector and Hoechst satin for both the constructs. In this direction, transient trans-
fections were performed in HEK cells using the constructs pEGFP-N1 vector, pEGFP-N1 NS2BNS3 (594
a.a) and pEGFP-N1 NS3pro-helicase (464 a.a) along with MitoRFP vector. HEK cells were seeded onto cov-
erslips in 12 well plate and the plasmid constructs were transfected along with mitoRFP vector (1pg to 2ul
Lipofectamine). After 48 hours, the cells were washed with 1X PBS and fixed using 4% paraformaldehyde for
20 minutes and permeablized with 0.25% Triton-X 100 in 1X PBS for 5 minutes, followed up with staining
with Hoechst stain (nucleus) and mounting the coverslip with glycerol on to glass slide. The cells were
analyzed using laser scanning confocal microscope at 60X magnification and the images were merged
for the analysis. The localization intensity profiles were prepared using NIS Elements AR software program.
The fluorescence percentage was calculated as above.

Detection of dengue virus protease in subcellular fractions

Similar transfections were performed (pEGFP-N1 vector, pEGFP-N1 NS2BNS3 (594 a.a) and pEGFP-N1
NS3pro-helicase (464 a.a)) as described above in HEK cells. For preparing whole cell lysates, cells were har-
vested and washed with 1XPBS by centrifuging at 3000rpm for 5 minutes. The cell pellet was resuspended
in RIPA buffer, incubated on ice and vortexed 2-3 times in intervals for 15 minutes. The solubilized lysate
was centrifuged at 14000rpm for 15 minutes and the supernatant was collected as whole cell lysate. For pre-
paring cytoplasmic and nuclear fractions, cells were washed with ice-cold 1X PBS, mildly homogenized in
hypotonic buffer 20mM HEPES, 10mM KCI, TmM EDTA, 10% glycerol and 0.5% Triton-X100) and incubated
for 10 minutes. The homogenized lysate was centrifuged at 2000g at 4°C for 10 minutes. The supernatant
collected as cytoplasmic fraction and the pellet was used for nuclear extraction. The pellet was further
washed twice with 1XPBS and resuspended in RIPA buffer. The resuspended pellet was incubated for 30 mi-
nutes on ice and vortexed at 5 minute intervals. The completely dissolved pellet was allowed for centrifu-
gation at 20,0009 for 15 minutes. The supernatant was collected as a nuclear fraction. The lysates were
quantified using Bradford reagent and resolved on 10%SDS PAGE and immunoblotted with
NS2BNS3pro antibody (1:1000), anti-GFP antibody (1:1000) and actin (1:2500).

In vitro pulldown assay and protein identification

K562 cells were cultured in 100mm dishes. The cells were harvested and lysed with RIPA buffer. The lysate
was quantified by Bradford reagent (Bio-Rad) and 250-300ng protein (500ul) lysate was used for pulldown.
pPRSET-A NS2BNS3pro purified protein (200pg) was allowed for binding to Ni-NTA His beads for 3 hours
with gentle rocking and centrifuged for 1 minute at 4°C to remove the unbound protein. K562 cell lysate
incubated with the protein bead complex overnight with gentle rocking at 4°C. The complex was
centrifuged for 1 minute and unbound proteins were collected as flow through (FT), followed by washes
of 10-50mM imidazole (500ul each). The interacting proteins were eluted from washed bead complex using
imidazole (100-300mM).
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Identification of proteins obtained in the above pull-down experiment

Elutes, FT washes and the bead complex were mixed with 4X Laemmli buffer and boiled for 10 minutes,
centrifuged for 1 minute and resolved on 10% SDS PAGE. A similar procedure was followed up with Ni-
NTA beads bound to K562 cell extract without purified protein (control). The gel containing the bands
were eluted and followed up by MALDI TOFF mass spectrometry analysis (Galaxy International /Sandor
Life Sciences Pvt. Ltd.). Further, the above-mentioned flow through, washes and elutes were resolved on
10% SDS PAGE, transferred onto PVDF membrane and probed with anti-EDRF1 antibody (1:3000). The
anti-rabbit secondary HRP conjugated antibody was used (1:10000) and the developed image was re-
corded (Chemidoc, Bio-Rad).

Identification of protease cleavage sites in EDRF1 using in silico methods

Full length EDRF1 protein sequence accession no: Q3B7T1.1, was retrieved from NCBI data base. Protease
cleavage sites were identified by using ProP-1.0 Server-DTU Health Tech. Further, the protease and EDRF1
structures were superimposed using auto docking tool to identify the cleavage sites for the protease cat-
alytic triad.

EDRF1 cleavage analysis with co-transfection studies

HEK cells were seeded and allowed to grow up to 80% confluency. pEGFP-N1 NS2BNS3pro (46 a.a + 185
a.a) was transiently co-transfected with pcDNA3.1 c-myc EDRF1. Transfection was done using Lipofect-
amine 2000 reagent (1:3 ratios) as per the manufacturer’s protocol. After 48 hours, cells were harvested
and proceeded for western blotting and the cleavage was analyzed using anti-Myc tag (1:1000) and anti-
GFP antibodies (1:1000). Secondary HRP-conjugated anti-mouse and anti-rabbit antibodies (1:10000),
respectively were used.

Analysis of EDRF1 levels in transfected cell extracts

Cells were seeded at conc. of 5x10° cells/ml in 6 well plates prior to the day of transfection in RPMI growth
media with 10% FBS without antibiotic and incubated at 37°C with 5% CO,. After 12 hours, cells were trans-
fected with pEGFP-N1 vector, pEGFP-N1 NS2BNS3pro, pEGFP-N1 NS2BNS3pro (5135A) mutant, pEGFP-
N1 NS2BNS3 (1-5pg/ul) and allowed to grow for 24 hours. Cells were analyzed for GFP expression using
fluorescence microscope. Then the cells were harvested and cell extracts prepared, resolved on 10%
SDS PAGE and probed with anti-GFP (1:1000) or anti-NS2BNS3pro (1:5000) or anti-EDRF1 (1:3000) or
anti-GATA1 (1:5000) or anti-alphal spectrin (1:2500) antibodies (one blot with anti-GFP or anti-
NS2BNS3pro or anti-EDRF1; the other blot with anti-GATA1 or anti-alphal spectrin). The secondary
anti-rabbit HRP-conjugated antibody (1:10000) was used and anti-actin (1:2500) was used and probed
with HRP-conjugated anti-mouse secondary antibody (1:10000). The blot was developed and imaged using
Chemidoc (Bio-Rad).

Analysis of EDRF1 levels in virus infected cell extracts

Virus infection in Vero cells was performed as described in our earlier studies.”® For infection of K562 cells,
Vero cells propagated viral supernatant was used. A day before infection four dishes of size 100mm were
seeded with 10° cells. On the day of infection, cells were harvested and counted using a hemocytometer.
Suspension cells were seeded again in 60mm (10°) cells per dish and inoculated with viral supernatant in
ratio 1:4 dilutions with Mol of 0.09 in serum free RPMI media. The virus was allowed for adsorption for
2-3 hours with mild agitation in 15 minutes’ intervals. After the adsorption, the media was replaced with
RPMI media containing 5% FBS and cells were allowed to grow for up to 7 days. Uninfected K562 cells
were used as control which were also allowed to grow for 7 days. Infection was confirmed with
NS2BNS3pro antibody (1:1000). The cells were harvested, cell lysate was prepared and western blotting
was carried using anti-EDRF1, anti-GATA1 and anti-alphal spectrin antibodies as described above.

EDRF1 and GrpEL1 levels in clinical samples

Clinical samples (n=44) were classified as DF, DHF and DSS as per WHO guidelines (Table S1). The samples
were processed for albumin depletion. Briefly, in 100ul of serum sample, 1M NaCl was added to final conc
of 0.1M and incubated for 60 min at 4°C on rocking. Ice cold ethanol was added to the sample to a 42%
concentration and further incubated for 60 min at 4°C. The sample was centrifuged at 14,000 rom for
45 min at 4°C, and the pellet was stored. Using 0.8 M cold sodium acetate (pH 4.0), the pH of the superna-
tant was lowered to 5.7 and incubated for 30 min at 4°C. Again, the sample was centrifuged at 14,000 rpm
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for 30 min, and the supernatant containing albumin was separated. Both pellets were re-suspended and
mixed in 10 mM Tris, pH 6.8 and 1 M urea. The protein concentrations of obtained albumin-depleted sam-
ples were estimated by Bradford assay. Samples (10ug) were resolved on a 10% SDS-PAGE gel and immu-
noblotted with anti-EDRF1 antibody (1:3000) followed by stripping and probed with anti-GrpEL1 anti-
bodies (1:2500). Anti-rabbit secondary HRP-conjugated antibodies (1:10000) were used and the blot was
developed as described above.

Bioenergetics of mitochondria in transfected cells

Transient transfection was performed in HepG2 cells with plasmid constructs pEGFP-N1 vector and
pEGFP-N1 NS3pro-helicase as per manufacturer’s protocol. 28 hours post transfection 7000-8000/well cells
were seeded in Agilent Seahorse XFp mini culture plates (8-wells) up to 70% confluency and allowed to
grow at 37°C in 5% CO2 incubator, as per the manufacturer’s protocol. For the cell mitostress assay, the
sensory cartridge was hydrated with milli-Q water one day before at 37°C incubator without CO,. Next
day, sensory cartridge is equilibrated with XFp Calibrant solution for 2 hours. Later, the sensory cartridge
was filled with three drugs [Oligomycin (1.5uM), FCCP (0.5 uM), Rotenone/Antimycin (0.5 uM)] as per pro-
tocol and XFp cell mitostress assay was performed using Seahorse XFp Analyzer with the in-built software
program. %47

Cell number analysis during dengue virus infection

2 sets of 60mm dish (10°) K562 cells (control, infected) were infected with viral supernatant for 0, 3, 5 and
7 days, harvested and counted manually with trypan blue dye (Sigma) using a hemocytometer. The virus
infection was confirmed by RT-PCR of 5 UTR on 5" day. The experiments were performed for three times,
the total cell count after each day of infection was taken and an average of two experiments were consid-
ered using Microsoft Excel software.

QUANTIFICATION AND STATISTICAL ANALYSIS

The graphs were presented using graph pad prism 9. Experiments were performed at least 3 times
and data were represented as means and standard deviations and were statistically analyzed by Student’s
t-tests and one-way ANOVA analysis. (*), (**), (***) signifies p-values of 0.05,0.005 and 0.0001. (ns) signifies
non-significant. All densitometry analysis was done using Image J software.
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Abstract

Viruses that emerge pose challenges for treatment options as their uniqueness would not know completely. Hence,
many viruses are causing high morbidity and mortality for a long time. Despite large diversity, viruses share common
characteristics for infection. At least 12 different respiratory-borne viruses are reported belonging to various virus
taxonomic families. Many of these viruses multiply and cause damage to the upper and lower respiratory tracts. The
description of these viruses in comparison with each other concerning their epidemiology, molecular characteristics,
disease manifestations, diagnosis and treatment is lacking. Such information helps diagnose, differentiate, and for-
mulate the control measures faster. The leading cause of acute illness worldwide is acute respiratory infections (ARls)
and are responsible for nearly 4 million deaths every year, mostly in young children and infants. Lower respiratory tract
infections are the fourth most common cause of death globally, after non-infectious chronic conditions. This review
aims to present the characteristics of different viruses causing respiratory infections, highlighting the uniqueness

of SARS-CoV-2. We expect this review to help understand the similarities and differences among the closely related
viruses causing respiratory infections and formulate specific preventive or control measures.

Keywords: COVID-19, Respiratory virus infections, Influenza viruses, SARS, MERS

Introduction

Studies on viruses and viral diseases have been car-
ried out in science, medicine, and agriculture for hun-
dreds of years, leading to the emergence of virology as
a separate branch of microbiology. Viral epidemics and
pandemics occur periodically throughout the world.
Virologists have contributed well to virus research to
understand the structural organization, cellular mech-
anisms, vaccination, and antiviral molecules against
many viruses. In the 1900s, WHO eradication efforts
of some viruses such as smallpox, cowpox, measles,
rabies and poliomyelitis brought significant advance-
ment in controlling and preventing the diseases and
understanding the viral replication, transmission,
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pathogenesis, cellular functions and disease mani-
festation. Despite large diversity, they share common
principles to enable the infection. Another conserved
feature between viruses is activating cell signalling
processes when interacting with cells [1]. In this direc-
tion, studies are required to decipher the character-
istics of many viruses causing diseases [2]. Viruses
infect almost all living organisms, including bacteria,
fungi, fish, birds, plants, animals, and humans. There
are different ways of virus transmission, such as vector
borne, blood borne, aerosol borne, etc. [3]. The com-
patible receptors mostly decide this host range on the
tissues or the cells [4]. Similarly, within the host organ/
tissue, tropism is also directed by the presence of spe-
cific receptors for different viruses. As another aspect
of viruses, the Baltimore system of classification of
viruses divides the viruses into seven different classes
based on the messenger RNA (mRNA) formation from

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
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ABSTRACT Dengue virus infections, which have been reported in nearly 140
countries, pose a significant threat to human health. The genome of dengue vi-
rus encodes three structural and seven nonstructural (NS) proteins along with
two untranslated regions, one each on both ends. Among them, dengue pro-
tease (NS3) plays a pivotal role in polyprotein processing and virus multiplica-
tion. NS3 is also known to regulate several host proteins to induce and maintain
pathogenesis. Certain viral proteins are known to interact with mitochondrial
membrane proteins and interfere with their functions, but the association of a
virus-coded protein with the mitochondrial matrix is not known. In this report,
by using in silico analysis, we show that NS3pro alone is capable of mitochon-
drial import; however, this is dependent on its innate mitochondrial transport
signal (MTS). Transient-transfection and protein import studies confirm the im-
port of NS3pro to the mitochondrial matrix. Similarly, NS3pro-helicase (amino ac-
ids 1 to 464 of NS3) also targets the mitochondria. Intriguingly, reduced levels of
matrix-localized GrpE protein homolog 1 (GrpEL1), a cochaperone of mitochondrial
Hsp70 (mtHsp70), were noticed in NS3pro-expressing, NS3pro-helicase-expressing, and
virus-infected cells. Upon the use of purified components, GrpEL1 undergoes cleavage,
and the cleavage sites have been mapped to KR®'A and QR°2S. Importantly, GrpEL1 lev-
els are seriously compromised in severe dengue virus-infected clinical samples. Our stud-
ies provide novel insights into the import of NS3 into host mitochondria and identify a
hitherto unknown factor, GrpEL1, as a cleavage target, thereby providing new avenues
for dengue virus research and the design of potential therapeutics.

IMPORTANCE Approximately 40% of the world’s population is at risk of dengue vi-
rus infection. There is currently no specific drug or potential vaccine for these infec-
tions. Lack of complete understanding of the pathogenesis of the virus is one of the
hurdles that must be overcome in developing antivirals for this virus infection. In
the present study, we observed that the dengue virus-coded protease imports to
the mitochondrial matrix, and our report is the first ever of a virus-coded protein, ei-
ther animal or human, importing to the mitochondrial matrix. Our analysis indicates
that the observed mitochondrial import is due to an inherited mitochondrial trans-
port signal. We also show that matrix-localized GrpE protein homolog 1 (GrpEL1), a
cochaperone of mitochondrial Hsp70 (mtHsp70), is also the substrate of dengue vi-
rus protease, as observed in vitro and ex vivo in virus-infected cells and dengue
virus-infected clinical samples. Hence, our studies reveal an essential aspect of the
pathogenesis of dengue virus infections, which may aid in developing antidengue
therapeutics.

KEYWORDS dengue virus, NS3, GrpEL1, GrpEL2, mtHsp70, mitochondria
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Abstract

Dengue virus reportedly circulates as four genetically distinct serotypes for which there is no widely
accepted vaccine or drug at present. Morbidity and mortality caused by this virus are alarming for the
possible increased threat to human health. A suitable diagnostic test is the prerequisite for designing
and developing control measures. But, the tests being employed at present possess one or the other
drawback for this disease diagnosis. During the dengue virus infections, NS2B is essential for the
stability and catalytic activity of the NS3 protease. N-terminal 185 amino acids of NS3 protease
domain along with hydrophilic portion of NS2B (NS2BNS3pro) is being used to screen dengue
inhibitors but not for diagnosis until now. In the present study, we have used purified NS2BNS3pro as
an antigen to trap anti-NS2BNS3pro antibodies of the clinical samples. Antibodies were detected
successfully in both Western blot analysis and enzyme-linked immunosorbent assay (ELISA) tests. In
ELISA, antibodies were detected in both primary and secondary infections of all serotypes.
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Abstract

The number of deaths or critical health issues is a threat in the infection caused by Dengue virus, which complicates the
situation, as only symptomatic treatment is the current solution. In this regard we have targeted the dengue protease NS2B-
NS3 that is responsible for the replication. The series was designed with the help of molecular modeling approach using
docking protocols. The series comprised of different scaffolds viz. cinnamic acid analogs (CA1-CA11), chalcone (C1-C10)
and their molecular hybrids (Lik1-Lik10), analogs of benzimidazole (BZ1-BZ5), mercaptobenzimidazole (BS1-BS4), and
phenylsulfanylmethylbenzimidazole (PS1-PS4). Virtual screening of various natural phytoconstituents was employed to
determine the interactions of designed analogs with the residues of catalytic triad in the active site of NS2B-NS3. We have
further synthesized the selected leads. The synthesized analogs were evaluated for the cytotoxicity and NS2B-NS3 protease
inhibition activity and compared with known anti-dengue natural phytoconstituent quercetin as the standard. CA2, BZ1, and
BS2 were found to be more potent and efficacious than the standard quercetin as evident from the protease inhibition assay.

Keywords Dengue virus * NS2B-NS3 protease - Molecular modeling * Protease inhibition

Introduction

Dengue virus (DENV) is categorized as a pandemic, affect-
ing most of the population in India and the globe. DENV
belongs to Flaviviridae and the infection is transmitted by
mosquitoes’ specifically A. aegypti. DENV exists in five
different serotypes (DENV 1-5) [1] and protection against all
these types is a real challenge. DENV consists of positive
single-stranded RNA virus that encodes a polyprotein with
ten viral proteins, out of which three are structural (cap,
envelope and membrane) and seven are nonstructural (NS1,
NS2A, NS2B, NS3, NS4A, NS4B, and NS)).

Supplementary information The online version of this article (https://
doi.org/10.1007/s00044-020-02660-y) contains supplementary
material, which is available to authorized users.
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Several scientists targeted some of the above vital
DENV proteins generating important synthetic leads with
variable degree of antiviral activity. Similarly, some nat-
ural phytoconstituents are reported as potential anti-DENV
agents. Among all the targets available, NS2B-NS3 is
considered as an important target of DENV. NS3 protease
is associated with co-factor NS2B via a Gly-Ser linker,
together believed to be involved in the DENV replication
activity. NS3 is a trypsin-like serine protease and com-
posed of two domains, N-terminal and C-terminal, con-
sisting together of 618 amino acids. The N-terminal known
as protease domain, consists of 1-180 residues whereas
C-terminal is known as helicase domain with 180-618
residues. Although, NS3 with NS2B is believed to be
responsible for the activity but the catalytic triad (His51,
Asp75, and Ser135) is located in the NS3 protease domain
[2—4]. It is reported that, only a part of NS2B is known to
be important for NS2B-NS3 protease activity. Molecules
that directly or indirectly inhibit this protease activity can
hinder DENV infection. In India, during recent outbreak,
Carica papaya leaves extract emerged as one of the ther-
apeutic options and is believed to increase the platelet
count in dengue-infected patients [5, 6]. The chief con-
stituents of papaya leaves extract include quercetin (i),
caffeic acid (ii), p-coumeric acid (iii), kaempferol (iv),
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