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Summary

The most important aspect of a successful viral infection is replication of its genome.
Upon successful entry into a susceptible cell, viruses induce organization of specialized
compartments in a cell and replicate their genetic material in those compartments.
Majority of the newly synthesized viral proteins in a cell are recruited to these
‘Replication Compartments/Organelles’(RO) and show very dynamic interactions
amongst themselves. RNA viruses, such as Dengue virus (DENV), induce RO as
invaginations into ER membranes. Dengue virus polymerase — an RNA dependent RNA
polymerase — and a RNA helicase, named non-structural-5 (NS5) and NS3, respectively,
are key components in the viral genome replication. NS3 interacts with several other viral
proteins, NS2B, NS4A, NS4B, and these interactions are critical for the genome
replication. However, the interaction interfaces and mechanism of the protein (and
protein-RNA complexes) are not understood.

The primary objective of my thesis is to characterize the interactions amongst the NS
proteins, and NS3 protein with different structural elements of the viral RNA to explain
the mechanism of the protein-RNA complexes in replication. NS3 is a multi-domain,
multi-function protein. The amino-terminal one-third of the protein has a canonical
chymotrypsin fold and function as a serine protease along with another essential protein
co-factor, NS2b. The C-terminus two-thirds of the protein functions as a RNA helicase
with canonical super family 2 (SF2) RNA helicase motifs. We investigated the
interactions between NS3 and other nonstructural proteins. We focused on three major
interactions of NS3 with other nonstructural proteins NS2B, NS4A, NS4B and
characterized those interactions.

To characterize the interaction between NS3 and NS4B proteins, I performed a bacterial
two-hybrid assay using either full-length or different variants (N-terminal truncations) of
NS4b protein and NS3 helicase domain. The N-terminal 57 residues region of NS4B is
enough to interact with NS3 helicase domain. Molecular docking of an AlphaFold2-
predicted structure model of NS4B onto the crystal structure of NS3 corroborated that the
N-terminal disordered region of NS4B ‘wraps’ around Rec-A-2 and carboxy-terminal
domain (CTD) of the NS3 helicase. Molecular dynamics simulations and intrinsic
tryptophan fluorescence spectroscopy studies on the NS3-NS4B complex indicated that
NS4b interaction with NS3 results in dynamic motion of the CTD. Using purified
recombinant NS3 helicase protein and NS4B or N-terminal 57 residues region of NS4B
proteins, we showed that the helicase activity of NS3 on an RNA stem-loop substrate (a
secondary structure in the viral RNA genome that must be unwound before viral RNA
replication) is enhanced in the presence of NS4B.

I also characterized the essential interaction between NS3 protease domain and its
cofactor NS2B protein. Crystal structures are available for a complex between a part of
NS2B, that is essential for the protease activity, and NS3 proteins. I developed a novel
SDS-PAGE based assay for DENV NS3 protease. Molecular docking analysis of the
structure, followed by thorough biochemical analysis showed that a stretch of negative-
residues in the NS2B co-factor is critical for substrate binding. Upon substrate binding, a

vi



conformation change in NS2B, may bring the substrate bound to it, for positioning into
the catalytic site for the cognate peptide bond scission as indicated by molecular dynamics
simulation study and a single-molecule FRET assay results.

We also explored the interaction between NS2B3 protease and NS4A, another non-
structural protein in DENV. we discovered that NS4A likely inhibits the protease activity
of NS2B3, which might lead NS3 to switch its role from polyprotein processing to
replication. This shift is essential for viral survival and propagation within the host cell.
The findings open up new avenues for further research on how these interactions regulate
DENV replication and provide valuable information for designing antiviral strategies.

Overall, this study significantly contributes to our understanding of DENV biology and
the role of NS3 and its interactions with other non-structural proteins in Dengue life cycle.
By elucidating these molecular mechanisms, the study provides knowledge of potential
targets for drug development and paves the way for future studies that may ultimately
lead to effective treatments or vaccines against DENV and other flaviviruses.
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Introduction



Viruses as human pathogens made a notable impact on the modern human history. Yellow
fever virus, a haemorrhagic (blood vessel breakage and blood leakage causing) mosquito
transmitted flavivirus, is the first human viral pathogen discovered in 1900!. Yellow fever
and malaria — two mosquito-transmitted deadly diseases — were the two main obstacles
to overcome in making of the Panama canal®. Since then, many viruses were discovered
that infect and cause a disease in humans — nearly 230 viral human pathogens are
discovered so far’. As of July 2022, there are 129 viral pathogens as listed in the Expasy

viralzone database (https://viralzone.expasy.org/678 accessed on 7 November, 2022) that

are a serious concern to human health. Emergence of a novel severe acute respiratory
syndrome Coronavirus (SARS-CoV-2) in late 2019 to cause the COVID-19 pandemic

over the last two years is a stark reminder of the threat that viruses pose to human health.

Viruses are simple in their structural organization. In the most simplistic form, a virus is
merely a supra molecular assembly of a nucleic acid, and a protein that ‘coats’ the nucleic
acid genome. As a virus lacks cellular architecture, it exclusively depends on the cell that
it infects for protein synthesis, precursors for biomolecule synthesis and energy molecules
(eg. ATP) as an obligate intracellular parasite. Despite this, viruses are ubiquitously
present and infect living forms from all domains of life — from bacteria to plants to insects
to mammals. Unlike cellular forms of life, viruses can use either a RNA or DNA or an
RNA reverse transcribed into a DNA for storing their genetic material. Based on the
nucleic acid used as genetic material, viruses are categorized as RNA or DNA viruses. As
cellular forms do not have a RNA-dependent RNA polymerase (RdRP), genome
replication and transcription in RNA-viruses is a specialized process involving viral

encoded RARP and at unique sites in the infected cell.



From 1950 to 2017 there are nine new human viral pathogens discovered on an average
every year. Interestingly, most of those newly discovered viruses are RNA viruses®. RNA
viruses are considered a global threat, which occupy up to 44% of all emerging infectious
diseases in humans*. Numerous RNA viruses caused epidemics and pandemic diseases
since 1900. Notable of those are: Spanish flu (1918), swine flu (2009), several episodes
of Ebola pandemic in Africa (2004-2014), chikungunya fever (2006-2010) and the most
recent COVID-19 pandemic caused by SARS-CoV-2. Apart from these, there are several
other RNA viruses that ‘jumped’ from other animal species into humans (zoonosis) and
spreading globally rapidly. Dengue virus is one such rapidly spreading virus that affects,

an  estimated 390 million people annually (https:/www.who.int/news-

room/factsheets/detail/dengue-and-severe-dengue). The viral infection causes Dengue

disease in humans and the virus is transmitted by aedes mosquitoes. The disease incidence
is reported across the world. However, 70% of total disease burden is in South-East Asian
countries and Africa where the aedes mosquito vector is prevalent. In the past three
decades the virus and the disease is spread to the Americas and Europe where the disease
incidence was not seen before due to the spread of aedes mosquito to sub-tropics and

temperate regions.
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Figure 0-1 Global incidence of Dengue over the period 1990-2017. The Dengue incidence data collected
from Ministries of Health of affected countries by WHO and maintained in their database is presented



chloropeth maps using the Dengue Data  Application available at WHO site
(https://ntdhq.shinyapps.io/dengue5/). The data from the African continent is not available in the data
repository, but many African countries are badly affected by the disease

India is one of the worst affected countries by Dengue virus. Urban areas with high
population density such as Delhi, Kolkata and Mumbai are badly affected by the viral
infection with high incidence rates of the disease reported every year for the last 10 years.
A bubble map of the Dengue incidence data over the last five years (2017-2022) is shown
below. In 2021, there are 1,93,245 Dengue cases are reported in India of which 346 are

fatal infections.

Figure 0-2 Dengue incidence in India over the period 2017-2022. State/union territory wise
Dengue incidence data from 2017-2022 accessed from National Center for Vector Borne Disease,
India  website  (https://nvbdcp.gov.in/index4.php?lang=1&level=0&linkid=431&lid=3715;
accessed in August 2022) is plotted as bubble map on Indian geographical map using a custom
python script developed in the lab using geopandas and matplotlib libraries. Different colored
bubbles at the centroid of each polygon (state/UT) represent incidence in the respective state/UT
for years 2017 to 2022 (till February).




Dengue Virus and Dengue Disease

The Dengue viruses are group of genetically related single-strand RNA viruses grouped
under the flavivirus genus (‘flavus’ is a latin word for yellow color; name of the genus
derived from the jaundiced - yellow color of eyes and skin - symptoms of yellow fever)
in the Flaviviridae family in viral taxonomy. Other notable human pathogens in the
Flaviviridae family include, yellow fever virus, tick-borne encephalitis virus, Japanese
encephalitis virus, West Nile virus, the Zika virus and Hepatitis C virus (under the genus
Hepacivirus). The diseases caused by these viruses are still prevalent worldwide and
occasional re-emergence of these viruses in epidemic proportions (eg. Zika virus

epidemic in 2016) pose a threat to global health®.

The Dengue viruses (DENVs) are a group of genetically related but antigenically distinct
viruses that are known as serotype 1-4 (DENV-1, -2, -3 and DENV-4). DENV is thought
to have evolved as a non-human primate virus transmitted by tree hole mosquitoes
amongst the animals before a zoonosis event into human host. After the zoonosis
(probably in Asia) the virus would have diverged into four distinct serotypes (DENV 14)
and circulated among the human population through Aedes aegypti mosquito vector
transmission®. Each serotype has significant genomic divergence. Serotype-1 (DENV-1)
and serotype 2 (DENV-2) are more prevalent in India as per the seroprevalence data’.

Infection by any of the serotype of the virus causes Dengue disease.

Similar to other Flaviviridae family members, Dengue virus has a single stranded RNA
genome that is 10.72 Kb (NCBI Reference Sequence: NC 001474.2) nucleotide long.
The genomic RNA is a positive-sense strand (with respect to translation) that gets directly
translated into protein in the infected cell. There is a single ORF in the sequence, flanked

by a 5’-UTR and 3’-UTR. The viral RNA is 5’-capped. More detailed description of the



genome structure and organization is presented in later sections of this chapter. The virion
is spherical in shape with 250A radius. The capsid (the protein shell covering and
protecting the genomic RNA) is a icosahedron (T=3) shell made from the capsid (C)
protein. The virus has a lipid bilayer envelope covering the icosahedral capsid and the
genome inside it. The viral envelope protein, E, is tail-anchored into the membrane and
arranged on the virion surface in a well-organized pattern - the characteristic
‘herringbone’ arrangement of E-dimers on the virion surface. Apart from capsid and E
protein, the viral structure also has M protein (‘M’ for membrane protein; 38 amino acids
long; formed from a precursor protein, prM, after processing by a Furin in the Golgi
vesicles) embedded in the viral membrane. Altogether, capsid, E and M proteins (M 1is
proteolytic product of a precursor protein, prM) along with the genomic RNA and the

membrane make up the whole virion structure®.

Infection with DENV causes a febrile disease caused dengue. The disease manifestation
is very complex. The disease severity varies from mild to very severe. The mild
manifestation of the disease is dengue fever. A sudden onset of high grade fever (102103
°F) accompanied with nausea/vomiting, rash/red patches appearance on skin of limbs,
severe muscle and join aches and pain, pain in eye orbit are characteristic symptoms of
dengue fever. Quite often these symptoms are mistaken for other viral infections such as
flu. In few cases (nearly 5% of cases), the disease can progress to a severe form the disease
called dengue haemorrhagic fever (DHF). As the name suggests, DHF is characterized by
symptoms of severe internal bleeding due to rupture and leakage of blood vessels and
capillaries with clinical accumulation of fluid, persistent vomiting and mucosal bleeding.
DHF severity is reported in four grades, and grade III and IV are marked as the onset of

dengue shock syndrome (DSS) — the most difficult phase of the disease to clinically



manage. DSS is characterized by multiple organ failure, respiratory distress, severe liver
enlargement due to hypovolemic shock caused by severe lymph leakage into visceral
cavity and into lungs. As per WHO guidelines on Dengue, published in 2009° the disease
is graded either as Dengue with or without warning signs, or as severe dengue (where

hypovolemic shock [DSS] is included).

Dengue Vaccine, Drugs, and Current Therapeutic Strategies

There are no affective vaccines against Dengue. Currently, there is only a single licensed
vaccine (Dengvaxia® ; developed by Sanofi Pasteur) recommended for use in high
disease prevalence regions. However, the vaccine efficacy against the serotypes 1 and 2
is only ~50% as per the phase III clinical trials'®. There are no small molecules drugs
against Dengue. The current treatment regimen is mostly for symptomatic relief. There is
an urgent need for affective drug against the viral infection. Targeting the viral proteins
involved in viral genome replication and protein processing potentially can be used as an
antiviral strategy. Several small molecules that block the viral protease and/or interactions
amongst the viral proteins required for viral genome replication have been tested. Recent
trails of a small molecule drug, INJ-A07, that blocks interaction between NS4b and NS3
proteins, essential in viral RNA replication, showed significant results in clinical trials'.
However, it is important to note that a detailed characterization of the structure and
conformational dynamics of these two proteins and their interaction is lacking. The work
embodied in this thesis was planned to explore the interactions between the DENV

replication proteins and understand the functional significance of the interaction.

Dengue Life Cycle
Dengue virus (DENV) is transmitted to humans by the mosquitoes Aedes aegypti and

Aedes albopictus. When ingested into the mosquito midgut with blood, DENV first



interacts with midgut cell membrane receptors and then enters the cells through receptor-
mediated endocytosis. Following replication in the midgut, DENV disseminates to

salivary glands for transmission to human.

Cellular Tropism and Spread Inside the Cell

DENV entry into the body through the skin by a mosquito bite. Cells with the replicative
form of DENV were observed in the skin (dermal dendritic cells, Langerhans cells,
Monocytes derived dendritic cells, and dermal macrophages), liver (hepatocytes), and

spleen (Macrophages in the red pulp, splenic sinusoidal endothelium)!'>17.

Dermal lymph nodes
(mast cells, DCs, macrophages and LCs)

| Bone marrow | Spleen

I
l

Through circulatory system all other parts of body will be infected when
viral load is high

Peyer’s patches i | Lymph nodes

Figure 0-3 DENV entry into the body and its spread to different organs

Viral Entry into the Cell and its Receptors
DENV chooses multiple pathways for entry into the cell, a multidomain protein on the
envelope of DENV helps for this purpose called E protein (Envelope protein), along with

pr and M proteins. Domain III of E protein involved in attachment, cellular recognition



internalization of DENV'®, DENV uses several attachment factors and receptors to enter
inside a cell, majorly Heparin sulphate, proteoglycans, dendritic cell-specific
ICAM3grabbing nonintegrin (DC-SIGN), lymph node-specific ICAM3 grabbing
nonintegrin (LSIGN), mannose receptor, Hsp90, CD14, GRP78/BiP, and a 37/67-kDa
high-affinity laminin receptors °. The outer leaflet of a viral envelope containing
phosphatidyl-serine and phosphatidyl-ethanolamine lipids, recognized by TIM/TAM
family receptors, helps

in viral entry to the cells by viral apoptotic mimicry mechanism?®*!. After receptor
recognition, DENV slides into already preformed clathrin-coated pits; internalization
happens mainly through clathrin-mediated endocytosis; sometimes, DENV chooses
noncanonical endocytic pathways independent of caveolin, clathrin, and lipid rafts. The
process of DENV internalization depends on the type of cell which DENV is infecting
and the serotype of DENV?2?®, Later in late endosome membrane fusion, the release of
genomic RNA into the cytosol happens (Figure 0-4) .
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Figure 0-4 DENV entry and different stages of DENV replication inside the infected cell



Dengue Virus Genome Organization

Upon entry into the cell, genomic RNA of DENV is released into the cytosol for
translation then transcription/replication happens inside the cytosol. The viral RNA is
translated first, and then viral proteins synthesize a complimentary strand of the genomic
RNA (c-RNA or negative-strand) in specialized membrane-bound complexes. The
negative-strand RNA in-turn serves as a template for synthesis of new viral genomic RNA
copies. The viral RNA has a single ORF and by translation produces a single long
polypeptide, called polyprotein. The polyprotein is processed into individual proteins by
host and viral encoded proteases to give individual functional proteins**. The genomic
RNA of DENV has a 5'-cap, but there is no 3'- poly-A tail. The single ORF in the genome
is flanked by 5'- and 3'- untranslated regions (UTRs). Both 5'- and 3'- UTR sequences
have extensive secondary structures and have relatively conserved sequences among all
flaviviruses (Figure 0-5A). The genome undergoes a cyclization event inside the host cell
to generate a "pan handle" (Figure 0-5B) structure. Cyclization of the RNA happens
through long-range RNA-RNA interaction by 5'-CS (cyclization sequence) and 3'-CS,
which are present in 5'- and 3'- UTR regions. In the 5'- UTR, some parts of the capsid
sequence also participate in cyclization. The 5'- and 3'- CS have ten or more contiguous
nucleotides that perfectly complement all mosquito-borne flaviviruses CS sequences?’.
Circularized panhandle structure having RNA genome maintain some of the secondary
structures after cyclization, which plays an essential role in RNA replication and

translation®?’.

5'-UTR The 5'-UTR contains two major secondary structural domains; the first domain

contains a Y-shaped stem-loop structure called SLA. This structure is conserved among
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flaviviruses, despite that there is no sequence conservation®®. The intact SLA structure is
needed for the proper replication of the DENV genome, and it interacts with viral RNA
dependent RNA polymerase (RDRP or NS5)?°. Another highly conserved secondary
structure (among several flaviviruses) in the 5’-UTR is SLB, which contains 5'-CS*°. SLA

and SLB regions in the 5’-UTR acts as promoter elements for

5 UTR 3'UTR
SLA Non-structural proteins 3’SL

A

NS2B NS3 NS4A NS4B

- prM NS1

5 Capsi

Structural proteins

Cyclization

Secondary structures DENV Genomic
RNA EX

Panhandle structure of DENV
genomic RNA

Figure 0-5 DENV genome-(A) Genome secondary structures with single ORF coding polyprotein, (B)
DENV genome cyclization

3' UTR The 3'-end of the positive-strand genomic RNA is the starting point for negative
strand RNA Synthesis®'. 3'-UTR has several secondary structures. These structures do not
significantly affect the translation of the viral RNA, but seriously compromised or
abolished new RNA synthesis when disturbed. The complementarity between sequences
at the 5'-CS and 3'-CS ends of the genome is essential for dengue virus RNA synthesis.

Deletions in this region resulted in replicons with decreased RNA amplification®?. The

3'SL region at the end of 3'-UTR is essential for negative-sense RNA synthesis; the
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unwinding of this RNA stem-loop structure leads to the synthesis of negative-strand
RNA*?, 3'-UTR interacts with viral coded NS2A and 4A and is essential for viral-induced
membranous structures on ER in a non-replicative manner’***>. Along with these
secondary structures in 3'- and 5'- UTR of the genomic RNA coding region of the genome
also has specific secondary structures; RNA hairpin structure in the capsid coding region
(cHP) directs translation start site selection in human and mosquito *¢. More detailed
description of the secondary structural elements in the 3’-UTR, its interaction with viral
replication proteins and its significance in viral RNA replication is presented in the
introduction of chapter 2.

Translation of DENV Genomic RNA

After virion entry into the target cell, the genome is released into the cytosol by capsid
uncoating; this process may be done through ubiquitination of capsid protein 7. First
round translation of DENV genomic RNA occurs in the cytosol at the surface of the ER
to produce a single polyprotein which is further processed co- and post-translationally by
host and cellular proteases to give all functional viral proteins. Genomic RNA of DENV
contains a type-1 5'-cap structure (m7GpppAm?2), which enables translation through
canonical cap-dependent translation initiation®®. Poly-A-binding protein which interacts
with one of the translation initiation factors, eIF4E, mediates the circularization and
initiation of translation in eukaryote cells, interacts with the 3'-end of DENV RNA, and
initiates translation (3'-SL region alone influence the translation after 40S ribosomal
subunit binding) 3**°. In flavivirus 5'- region has two start codons; translation initiation
from the correct start codon is influenced by a stem structure in capsid coding region
called capsid coding region hairpin (cHP). Mutations in this region disturb the secondary

structure and decrease initiation from the first AUG*!. Cap-independent translation of
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RNA is also described for DENV; although there are no IRES elements like Hepatits C
virus, this cap-independent translation is majorly regulated by 3'- and 5'- UTRs **. In the
host cell, DENV induces translation inhibition at the initiation step and is not functionally
linked to PKR, eIF-2 phosphorylation of stress granule (SG) induction. Through specific
unknown mechanisms, DENV manipulates host cell gene expression at the translational

level.

The single ORF flanked by 5°- and 3°- UTRs codes for the 11 proteins as a single
polyprotein this polyprtoein is processed into individual functional proteins by host and
viral coded proteases. These processed proteins are classified into two categories

structural and nonstructural proteins:

Structural Proteins Capsid, pr, M, and Envelope protein - these proteins make the
structure of the virus particle. Protein M is seen only in the mature virion after budding

out of the host cell, after proteolytic processing of its precursor protein, prM.

Nonstructural Proteins (NSs) there are seven non-structural proteins that result from
proteolytic processing of the polyprotein: NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5,
and a small peptide, 2k peptide, present in between NS4 A and NS4B. These proteins are
called non-structural proteins as these proteins are not part of the final virion structure.
Non-structural proteins help the virus for its polyprotein processing, replication, genome
packaging, and virus particle synthesis. Out of these 7 proteins NS3 (protease, NTPase
and helicase) and NS5 (methyl transferase and RNA dependent RNA polymerase) are
enzymes remaining proteins are predicted transmembrane proteins with some portion of

their structure being cytosolic. Structure and functional characterization of the
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nonstructural proteins and understanding the complex and dynamic interactions among
those during viral replication is the focus of this thesis study.
Dengue Virus (RNA) Replication

Dengue viral replication or multiplication inside the infected cells happens in 5 steps:
Step 1: polyprotein formation through the translation of genomic RNA
Step 2: polyproteins processing and replication vesicle formation,

Step 3: negative sense RNA synthesis by the RNA dependent RNA polymerase (RdRP,
NS5) from the 3’-UTR promoter.

Step 4: ‘strand switching’ by the RARP for replication of the positive sense RNA using
the negative-strand RNA as a template.

Step 5, virus particle synthesis by packing of positive sense RNA with the capsid

From the polyprotein processing step to the virus particle assembly step, non-structural
proteins will make complex and dynamic interactions with each other and host proteins.
Interaction between the non-structural proteins is critical for viral multiplication in the
cell. During the negative-strand synthesis and viral RNA synthesis, double-stranded (ds)
RNA intermediates are formed, which can potentially trigger dSRNA-sensing-and-decay
mechanisms of the host cell. Non-structural proteins’ interaction with host cell proteins
and modulation of the membrane structures of the host cell are a key aspect in viral
replication.

Polyprotein Processing

The viral polyprotein synthesis happens on rough ER surfaces. The newly made
polyprotein, as it exists from the ribosome, is translocated into the ER membrane. As rest
if the polyprotein is translated, a major part of the polypeptide inserts into the ER

membrane and fold into transmembrane domains. The initial polyprotein cleavage events
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happen at the ER surface. After that, the partially processed NS proteins are transported
to virus-induced convoluted membranes*. Though it is not completely understood,
several host proteins and viral NS proteins (such as NS4a) are implicated in inducing
curvatures in the ER membrane such that ER membrane folds into the lumen of the ER.
The polypeptide is cleaved at specific sequences recognized by viral coded proteases and
sometimes host proteases to give rise to individual functional proteins essential for virus

survival and amplification inside the infected cell.

One of the NS proteins, NS3, has serine protease activity. The N-terminal one-third of the
NS3 protein has a canonical chymotrypsin fold, and along with its essential co-factor
protein, NS2b, makes proteolytic cuts at specific NS protein boundaries to form different

NS proteins (Figure 0-6).

The NS2B cofactor - NS3 protein complex is a two-component protease complex that
cleaves at the specific site containing one or more 'basic residues' ('K/R'") and a small side
chain having amino acid (mostly S/G/V) in the scissile site. Along with NS2B3 protease,
host signalase, and Golgi protease also perform polyprotein processing®. After
polyprotein processing, all the functional nonstructural proteins will be involved in the
formation of a replication vesicle on the ER membrane where genomic RNA replication
happens®. In other RNA viruses like Nora Virus, this switching from polyprotein
processing to replication happens as a spatial and temporal event with dynamic

interactions of nonstructural proteins mainly through viral coded protease *°.
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Figure 0-6 ORF of genomic RNA coding for the polyprotein and poly protein processing by viral and
host-coded protease

The Viral Replication Organelles/Replication Compartments

Positive-sense RNA viruses induce extensive membrane rearrangements in the cell
(Flaviviridae-ER, Bromoviridae-ER, Nodaviridae-Mitochondria, Togaviridae Plasma
membrane/endosomes/lysosomes, Tombusviridae-peroxisomes). These virusspecific
membrane rearrangements include single or double-membrane vesicle invaginations and
convoluted membranes*’*8, Flaviviruses are well-known for extensively remodeling
different host organelle membranes to facilitate efficient viral RNA replication. These
membranous structures give certain advantages to the virus by spatially partitioning RNA
replication from viral particle assembly and enriching all the proteins at a confined
location with other metabolites, and protecting all viral components from host innate
immune responses and degradation, giving the virus an efficient way to do replicate its

genome and virus particle synthesis*’. Electron tomography studies of
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DENYV infected hepatoma cells showed single membrane invaginations into ER lumen
with a vesicles type of structure with ~90nm size and some unstructured convoluted
membranes (CMs); CMs of DENV infected cells are rich with all nonstructural proteins.
However, no double-stranded RNA in convoluted membranes indicates this may be a site
of RNA translation and polyprotein processing®, and a recent study showed CMs
involved in regulating nonstructural protein levels in the cells through ER-mediated
degradation mechanism *. These vesicle-like invaginations are observed in ER of
mosquito cells infected with DENV, but they lack CMs *°. NS4B induces DRP1-mediated
elongation of mitochondria and affects the biogenesis of CMs in dengue-infected cells,
which enhances viral replication and impaired immune responses inside the cell’!. On the
other side, vesicle pockets in DENV-infected cells colocalized with dsRNA and other
nonstructural protein complexes indicated that these inner vesicles are the likely sites of
genome replication.

Furthermore, these are juxta positioned near virion assembly sites and connected with a
pore-like opening. And these vesicles are also called 'replication vesicles,’ and
nonstructural proteins inside these vesicles form complexes through interacting with each
other and some host proteins and are involved in the replication of viral genome called

'replication complexes (RCs)' #>3

. DENV-induced vesicle pockets have similar
morphology to their close relatives WNV, ZIKV, and TBEV; these structures are
evolutionarily conserved among flavivirus and may share a similar replication strategy

for their genomes >>°. In DENV infected cells, the biogenesis of the replication vesicles

and convoluted membranes was induced maybe by NS4A mediated autophagy or NS3

recruits fatty acid synthase to this replication complex and activates it, which may help
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the synthesis of lipids which in turn helps in vesicle formation>*%. Along with other
nonstructural proteins 3'-SL region of DENV 3'UTR also has some role in DENV vesicle

pocket formation 3,

Replication complex in replication
vesicle

Figure 0-7 Electron microscopy tomography image (tomography image from ref. 59) of membranous
replication vesicles seen in DENV-infected cells with a schematic of replication complex inside
replication vesicle

The RC is a multi-component structure consisting of viral proteins, host proteins, and the
RNA template and dsRNA intermediate, assembled for the replication of viral RNA, using
colocalization with dsSRNA as a marker for RNA replication, deletion, and mutagenesis
studies of individual nonstructural proteins. Nonstructural proteins have been reported to
play a role in the viral RNA replication *>*%5235 However, the exact stoichiometry and
architecture of the Dengue RC remain unknown.

Model for Viral Replication

Based on the events and interaction interface of the nonstructural and their little-known
functional importance led to the creation of a model for replication events in the dengue
induced replication vesicles. After multiple translation events inside the cytosol,

nonstructural proteins make replication vesicles inside the cell on the ER membrane.
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Where circularized genomic RNA comes, start synthesizing new copies of the genome.
RNA replication is a highly complex and tightly regulated process that requires the
recruitment of host proteins (also known as host factors) are critical for proper RNA

replication®’.

The two critical proteins in viral genomic replication are two enzymes: NS3 and NS5; the
viral helicase-cum-protease and RARP, respectively. Role of other non-structural proteins
(NS2A, 4A and 4B) is not understood, though those proteins are critical for replication.
In a proposed mechanism, other nonstructural proteins (other than NS3 and NS5) interact
and modulate the function of NS3 and NS5 protein in different genome replication steps.
However, understanding on how NS4A, NS4b, NS2A interact with NS3 and/or NS5 and

the functional significance of these interactions in viral RNA replication is limited.

After replication vesicle formation, all nonstructural proteins, along with viral RNA and
dsRNA replication intermediates localize in the replication vesicle®, as schematically
depicted in the Figure 0-7. The initial recognition of genomic RNA happens through
multiple interactions with non-structural proteins such as NS3 (C-terminal domain),
NS4A, and NS2A. Furthermore, the interaction of NS3 with NS4A, NS4B, and NS5
stimulates and enhances its unwinding activity on long RNAs forming a panhandle
structure and other secondary structures to linearize genomic RNA for replication. After
linearization, genomic RNA will be handed over to NS5 - the main enzyme involved in
synthesizing the new negative-sense RNA genome using viral positive sense RNA
genome as a template - to form a dsRNA intermediate. From this negative-sense RNA
genome is subsequently used as a template for the synthesis of the additional positive
sense RNA genome, and an asymmetric replication occurs, and approximately 10 to 100

times more positive sense RNA than negative sense RNA is synthesized by NS5 RdRp
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during replication %2, This asymmetric replication may happen through two different
complexes inside the replication vesicle with and without NS2A. The complex without
NS2A will do the synthesis dsSRNA intermediate, and the complex with NS2A will do the
unwinding of this dSRNA and synthesize and send out positive sense RNA for packaging
into the structural proteins with the help of NS3 by its interaction with structural protein.
This leads to the accumulation of more negative sense RNA inside the replication vesicle,
causing the synthesis of more positive sense RNA. Thus, understanding structure function
relationship of different NS proteins and their interactions with other NS proteins and the
viral RNA is important for explaining the replication mechanism of DENV and other
flaviviruses. Knowledge of the interactions and the functional significance of those
interactions will help greatly to develop novel therapeutic drugs to prevent viral

replication — such as JNJ-A07 described earlier.

Structure-Function Relationship of Dengue Virus Non-Structural Proteins

There are seven nonstructural (NS) proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4B, and
NSS5). These nonstructural proteins are proteolytically processed and present only in
DENV-infected cells. These nonstructural proteins have distinct functions inside the host
cell, including defence against the host immune system, replication, and viral genome
translation.

NS1: is a monomeric protein with molecular weight ranging from 46 to 55 kDa depending
on its glycosylation and exists in two forms: membrane interacting dimer and secretory
lipoprotein of the hexamer. NS1 colocalizes with double-stranded RNA and membranous
structures induced by the virus on ER, indicating its role in replication. Pre-exposure of
NSI1 to dendritic cells showed enhancement in replication. NS1 has a crucial role in early

replication events, especially negative sense RNA synthesis®* . Some NSI1 protein
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interactions with host factors are also essential for replication. In DENV, NS1 protein
interaction with the ribosomal protein RPL18 is required for viral translation and
replication®.

NS1 monomer has three structural domains (Figure 0-8), namely a B-roll dimerization
domain(1-19aa), a wing domain (30-180aa with two glycosylation sites N130, N175),
and a B-ladder domain (181-352aa) at C-terminus 7%, Soluble monomer dimerizes to
gain partial hydrophobicity, allowing it for membrane association, and this functional
dimeric form of NS1 is essential for viral replication. During polyprotein synthesis, NS1
is translocated into ER lumen co-translationally by the transmembrane signal peptide
present at the C-terminus of E protein and coats ER-derived membrane vesicles from the
lumen side as a dimer®-’’. Comparative analysis of DENV and WNV with ZIKV NS1
showed a crucial role in membrane remodelling, a region ranging from 114-129 amino
acids of wing domain loop spike has characteristics of fusion loop and interact with ER
membrane; this interaction requires a functional dimer. It is likely that through this
membrane remodelling function NS1 effects viral replication by without interacting with

RNA or other enzymes involved in replication®®’172,

dimerization domain

wing domain B-roll domain
monomer dimer

Figure 0-8 Nonstructural protein-1 in monomer and dimer form with domain labelling (PDB ID
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Secretory NS1 (sNS1) is a barrel-shaped hexameric lipoprotein with a central opening,
and secretion of sNS1 depends on its glycosylation status. NS1 undergoes
posttranslational modifications such as glycosylation at N135, N207, and N175 in the
trans Golgi network of the host; in some flaviviruses, at least one of the two N-
glycosylation sites (probably N135) in NS1 protein is essential to produce viable virus.

NS2A: NS2A is a 22kDa predicted transmembrane protein, processed by both host
signalase at N-term between NS1 and NS2A and C-terminus between NS2A and NS2B
by viral coded protease’*’*. Topological studies of NS2A predicted there would be eight
predicted transmembrane helices known to associate with the endoplasmic reticulum
(ER) membrane. Out of these, N-terminal 68 amino acids are located in the ER lumen,
amino acids 69 to 209 form five transmembrane segments (Figure 0-9), and the C-
terminal tail (amino acids 210 to 218) is located in the cytosol region 7. The role of NS2A
in virus particle synthesis is first reported in the Kunjin virus; mutations at positions 59
and 149 in the Kunjin virus NS2A affected virus particle production’®. In another study,
a point mutation in dengue NS2A R84E showed an abortive replication which indicates
NS2A is also essential for viral replication’®. Two different forms of NS2A are observed,

in which one helps in replication, and the other helps in viral nucleocapsid formation”’.
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Figure 0-9 NS2A protein membrane topology model with predicted trans membrane helices

Along with replication and virus particle synthesis, in other flaviviruses, NS2A has a role
in inhibiting IFN B- promoter-driven transcription; specific point mutations like A30P
showed reduced inhibitory effect and lesser neurovirulence in WNV and also induced

apoptosis which is independent of interferon response’® 8.

NS2B: NS2B is a 14kDa protein processed on both sides by viral coded protease®!. With
predicted three possible transmembrane helices and an internal ~50 amino acids
(45103aminoacids) stretch of cytosolic region (Figure 0-10) which interact with NS3 and
act as a cofactor for its protease domain. NS2B may be incorporated into ER membrane
co-translationally, and this membrane interaction enhances cleavage activity between
NS2B and NS3%83, Along with its cofactor role in the NS3 protease domain, it was shown
to form a homomeric oligomer; the remaining predicted transmembrane regions have a
possible viroporin function and structure and have a role in recruiting NS3 at ER-derived
replication vesicles®*®. Systematic mutagenesis at the flavivirus conserved residues
within the transmembrane domains of JEV NS2B showed it is essential for viral RNA

synthesis and Virus particle formation®.
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Figure 0-10 NS2B protein membrane topology model with predicted transmembrane helices and soluble
cytoplasmic loop

NS3: NS3 is a 69kDa soluble cytosolic multidomain multifunctional protein with two
different functions in two different subdomains #°1"%. The N-terminal part of NS3 is a
serine protease, and the C-terminal part is an SF2 family helicase with a C-terminal
accessory domain.

Protease Domain (NS3pro) consists of N-terminal 175 amino acids and is a trypsin-like
serine protease cleaves after a 'basic' amino acid: arg/lys, mostly arginine, and most of the
polyprotein processing of nonstructural proteins and between prM/Capsid. NS3pro
recognizes a specific sequence pattern between junctions of nonstructural proteins®.
NS3pro adopts a chymotrypsin-like fold (Figure 0-11), with the -catalytic triad
"His50Asp75-Ser136" *>. Structurally protease domain exists as an independent domain
away from the core helicase domain with a flexible loop. As mentioned previously, the
cytoplasmic region of NS2B acts as a cofactor for the NS3 protein, and this interaction of
NS2B brings it to ER membrane, where it will do proteolytic processing of nonstructural
protein. Along with protease activity, this interaction of NS2B to the NS3 protease domain

increases NS3 helicase domain nucleic-acid binding specificity towards RNA”’.
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Figure 0-11 NS3 protein domain architecture and NS3 protease two different conformations with its NS2B
cofactor region (PDB ID- 3L6p (open), 2m9q (closed))

The Helicase Domain (NS3hel) consists of remaining residues with two recA domains
and an extra C-terminal domain with a different fold in flavivirus compared to HCV of
the same Flaviviridae family®®®?. NS3 helicase belongs to the NS3/NPH-II family of SF2
superfamily with eight conserved motifs (Figure 0-12)- Motif I (193-205), Motif Ia
(222235), Motif 11 (280-295), Motif III (310-320), Motif IV (360-375), Motif IVa (385-
395), Motif V (407-420), Motif VI (450-460). These motifs have a specific function in
helicase activity; motifs I, II, and VI are involved in NTP binding and hydrolysis; Motif
Ia, IV, IVa, and V are involved in nucleic acid-binding. Motif III does the coupling of
ATPase and unwinding of bound nucleic acid polymer, and Motif V does energy
transduction between ATPase and RNA binding cleft. This family of helicases has RNA
or DNA stimulated nucleoside 5'-triphosphatase (NTPase) activity (mostly ATPases),
RNA S'triphosphatase (ATPase) activity, and helicases activity with 3'to 5' directionality;
all these activities are divalent cation (mostly Mg*?) dependent, and both rec domains and

c-terminal domain are essential for this activities®>100-105,
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Figure 0-12 ssRNA and ADP bound form of NS3 helicase domain of NS3 with subdomain and Motif
marking (PDB ID- 2JLX)

DENV helicase recognizes a conserved 12-mer of 5'-genomic RNA region, which
stimulates RNA-mediated ATPase activity and indicates NS3’s specificity towards viral
RNA. Amino acids from both the Rec-A domains of the helicase domain are involved in
this specific interaction (D290 and R538)!%. Asp 290, which has initial interaction with
RNA, is next to the DEXH motif and interacts with R387 in Motif IVa, which involves
inserting RNA into the helicase core, this induces inter-domain closure which changes the
divalent metal ion coordination, which activates ATPase activity and RNA binding
mediated ATP hydrolysis '°7. Along with this helicase activity, NS3 has ATP independent
RNA annealing activity, promotes RNA secondary structure, and dsRNA formation %,
NS3 also interacts with FAS (Fatty acid synthase) and recruit this protein at the replication
vesicle site. This interaction is essential for the replication of vesicle formation and
expansion®®. A proline-rich region in between the protease and the helicase domain

(towards N-terminus of the helicase) is essential for virus particle synthesis.
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Mutation of this region showed lesser infectivity than wild type'®.

NS4A: NS4A is a 14kDa trans-membrane protein processed by both viral and host
proteases as an initial 4A-2K-4B intermediate. Later it will be further processed into a
mature NS4A protein, and a small portion of NS4A/4B cleavage happens post-
translationally, N- terminal cleavage between NS3/NS4A done by NS3 protease C-
terminal cleavage between NS4A and 2K mediated by host protease which has similar
properties like signalase !'°. It is an alpha-helical protein with three transmembrane
helices (Figure 0-13) ranging between 56-75, 81-100, and 104-120 amino acids. NS4A is
essential for viral replication when expressed in mammalian cells without 2K peptide-
induced cytoplasmic membrane alterations, which are comparable to virus-induced ER
membrane alterations; when there is a 2K peptide, there are no significant membrane
alterations in ER membrane which indicates NS4A helps to induce ER membrane vesicle

formation in a 2K regulated manneriii-113.

Figure 0-13 NS4A predicted transmembrane topology with transmembrane helices

N-terminal amphipathic helix of NS4A involved in homomeric oligomerization and exact
oligomeric status is not yet known, and this amphipathic helix is shown to be essential for
viral replication in DENV. When considered and compared with another flavivirus like
WNYV, the N-terminal amphipathic helix region is essential for NS4A stability and proper

folding, and this same region showed to interact with curved lipid membranes 4 7.
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Along with this membrane modulation and role in the replication of DENYV, it has several
other functions like in JEV NS4A showed interaction with DDX42 RNA helicase and
subsequently modulated interferon response to void the immune response of host for viral
survival inside the cell!'®. Moreover, in DENV and ZIKV, it induces autophagy in the
infected cell; this induction of autophagy also fuels replication vesicle formation by
inducing lipid droplets lysis, which helps the virus to sustain inside the cells and enhance

its numbers>®'1°,

NS4B: NS4B is 27kDa trans-membrane protein first produced as a 30kDa precursor
protein with a 2k signal peptide and then post-translationally modified into a 27kDa
mature NS4B C-terminal cleavage between NS4B/NS5 mediated by NS3 protease!?’.
NS4B is initially processed as NS4A-2K-NS4B precursor, which is essential for viral
replication and ER localization of this protein which is mediated by 2K signal *!. NS4B
protein is highly conserved among the DENV serotypes, with an overall protein sequence
conservation of 78%. NS4B interacts with most of the host proteins; these interactions
are essential for viral replication and survival inside the cell by avoiding innate immune
response (NS4B inhibits STAT-1, inhibits Dicer activity, NS4B activates unfolded protein
response by

ATF6/IRE-1 pathway, and helps to overcome ER regulated stress by interacting with
SERP1)!?%!1233 Among all nonstructural proteins, this is the only protein with unknown
function with inhibitors such as NITD-618, SDM25N, and AZD0530 that will bind to it
and stop viral progress inside the cell 124, NS4B, apart from ER, is shown to colocalize in
the nucleus, mitochondria, and phagosomes. Although the exact function of

colocalization in the nucleus is unknown, NS4B induced morpho-dynamic changes in
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mitochondria (elongation of mitochondria) through inhibition of DRP1, which promoted

DENV replication by protecting host immune response >*1?°.
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Figure 0-14 NS4B predicted transmembrane topology model with the functional marking of different
regions

The exact transmembrane nature of NS4B is still a question (Figure 0-14); biophysical
studies proved NS4B dimerization and oligomerization behaviour; a region from 125 to
165 amino acids showed dimerization character, and C-terminal 165 to 250 amino acids
showed oligomerization behaviour, and there are two putative glycosylation sites
mutations (N58Q, N62Q) showed these sites are essential for replication!?%1%7,

NS5 is the largest of all NS proteins with 103 kDa and processed by NS3 protease on the
n-terminal side between NS4B and NS5 891" It is a multifunctional multi-domain
protein like NS3. NS5 consists of an N-terminal methyltransferase (MTase) domain and
a C-terminal RNA-dependent RNA polymerase (RdRp) domain (Figure 0-15).

Methyltransferase domain involved in cap synthesis, a three-step reaction involving NS3
and NS5 necessary for cap synthesis, first 5'-triphosphate of the mRNA is first converted
to diphosphate by an RNA triphosphatase activity of NS3. The second reaction happens

in two steps- the first step, the GMP intermediate, is formed from GTP via a

phosphoramide bond, then it will be transferred to the diphosphate end of the RNA in the
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second step by a guanylyltransferase to yield G*’-ppp’-N. In a third reaction utilizing
Sadenosyl-L-methionine (AdoMet) as the methyl donor, the transferred guanosine moiety
is methylated by a (guanine-N7)-methyltransferase (N7MTase) to yield "™°G*"-ppp”’-N
(cap O structure) a second methylation reaction catalyzed by a (nucleoside-2'-O-)
methyltransferase (2'OMTase) occurs on the first nucleotide three ’ to the triphosphate

bridge to yield ™°G*"-ppp”’-Nme '251%.
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Figure 0-15 NS5 protein domain architecture (PDB ID- 5ZQK)

The methyltransferase domain ensures efficient de novo initiation and elongation steps
by stimulating RNA template loading and increasing the binding affinity of NTPs to the
priming site and the catalytic site'*’. In ZIKV, this methyltransferase domain of NS5 is
essential for repressing IFN-B production, IRF3 activation, and RIG-I K63-linked
polyubiquitination. Through these different mechanisms, NS5 may help DENV to surpass
the dsSRNA-stimulated IFN response !3!.

RDRP domain carries out de novo RNA synthesis, has an internal nuclear localization
signal, and exists as a dimer with both domains facing opposite directions!?3!32133 RDRP

domain adapts a canonical right-hand conformation with fingers, palm, thumb, and an
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NLS (316 to 415 with BNLS and o/BNLS sequences) containing region, which is essential
for overall structural stability. The Finger domain (273 to 315, 416 to 496, and 543 to

600) base forms a concave surface that may accommodate the methyltransferase domain.
The palm domain (497 to 542 and 601 to 705) contains four of six conserved motifs which
are responsible for NTPs binding and catalysis, thumb domain (706 to 900) present at the
C-terminal of RARP with conserved motifs, with finger subdomains tips it will form a
tunnel for RNA template, unlike other RDRPs in DENV. Other flaviviruses have a
priming loop (initially Trp-795 and Thr-794, Ser-796 and Arg-737) which makes initial
contacts with 3'dGTP to initiate denovo initiation and replication 3%, A linker region of
NS5 (residues 266-271) involved in maintaining the interface interactions between
methyltransferase and RARP domains allows conformational freedom for both the

134

domains **. NLS sequence helps NS5 to import into the nucleus, which may help NS5

from proteasome-mediated degradation in the cytosol 3136,

Some putative sumo interacting motifs present in the N-terminal domain also appears to
be important for viral replication - mutations in these motifs showed severe defects in
replication of DENV!%7. NS5 also interacts with several host proteins like STAT2, URB4,
and Impa2, which help to modulate the innate immune system and protect NS5 from

degradation'3®.

Complex and Dynamic Interactions of Dengue Virus Non-Structural Proteins

Flavivirus non-structural proteins interact with each other in a complex and dynamic
manner. These interactions are essential for replication and polyprotein processing.
NS4A, NS4B, NS2B, and NS2A being transmembrane proteins, show homomeric
oligomerization, which may help in the replication-vesicle curvature and structure

induction. NS4 A and NS4B's are predicted transmembrane proteins and interact with each
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other. Mutational analysis showed that abrogation of NS4A-NS4b interaction is

determental to viral replication'!

. Recent studies showed NS2A might form an
oligomeric complex near the pore opening of replication vesicle interacts with structural
protein and, with the help of other nonstructural do the packaging viral genome into the
capsid'®. Along with these predicted transmembrane proteins, the dimer form of the NS1
protein with its wing domain loop spike interacts with replication vesicle from the lumen
side of ER; this dimeric NS1 is essential for RC formation, and infectious WNV clones
lacking NS1 gene were not able to form a functional RC'*°. NS4 A N-terminal cytoplasmic
loop showed to bend artificial membranes invitro, NS2B and NS2A with predicted
viroporin topology may help maintain the environment inside the replication vesicle
feasible for replication. Besides remodelling of ER membrane during the formation of IV

and CMs and colocalization with dsSRNA, how or whether the membrane-bound NS

proteins play a direct role in RNA synthesis is unclear.

In the case of other heteromeric interactions, NS1 interaction with NS4A and NS4B was
shown for flaviviruses through genetic assay, where a mutation in NS1 was suppressed
by mutations in NS4A and NS4B!41:142 Moreover, the fusion loop structure of NS1 wing
domain induced curved membranes, Cytoplasmic loop of NS4A interacts with curved
membranes, indicates their colocalization ''!. In DENV, NS1 protein G159-X-G161motif
in wing domain interacts with NS4A-2K-NS4B precursor but not individual proteins, and
this interaction is shown to be essential for replication with unknown mechanism and
disturbing this interaction did not affect membranous vesicle induction and virus particle
synthesis'?!. First of the predicted transmembrane region (40 to 76 amino acids) of NS4A
and NS4 B's 84 to 146 amino acids region involved NS4A-NS4B interaction which is

essential for replication of DENV, but this interaction may happen in NS4A-2K-NS4B
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precursor which was already shown to interact with NS1 is essential for viral replication

which may be necessary for the formation of replication complex'#

. The N-terminal part
of NS2A interacts with NS3, and there is a 'basic' cluster comprising R22-K23-R24 in the
N-terminal region of NS2A that is involved in virus assembly. The strand displacement
function of NS3 along with NS2A is thought to be required for virus particle synthesis
and for packaging the genomic RNA (Figure 0-16) into capsid'**. Terminal 285
nucleotides of 3'-UTR interact with the cytosolic loop of NS2A, and this sequence may
act as a signal for capsid packaging; during virion assembly, NS2A protein recruits viral
RNA by its specific interaction with 3'-UTR and other structural proteins, NS3, and

protease to the virion assembly site and helps in nucleocapsid formation'*.

DENV NS3 and NS5 interaction is the most critical viral component of the RC because
both the proteins perform all the enzymatic activities required for RNA replication®!.
Functionally this interaction is a typical helicase-polymerase interaction which is seen in
genome replication mechanisms in general. N-terminal (residues 320-368; known as
bNLS) of NS5 interact with last 50 amino acids of NS3 C-terminal domain. This
modulates NS3 helicase domain functions and stimulates NS3 helicase to unwind longer

RNA duplexes which are required NS5 polymerase activity!+147,
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Figure 0-16 Schematic representation of viral genome replication and possible viral packaging sites

The helicase domain of NS3 interacts with the NS4A cytoplasmic C-terminal acidic
EELPD/E motif, which appears to be functionally similar to the acidic EFDEMEE Motif
of hepatitis C virus (HCV) NS4A, which is essential for regulating the ATPase activity of
NS3hel and may act as a cofactor for helicase activity. The interaction of NS4A protein
with NS3 will make NS3 sustain the helicase activity at low ATP concentration in
WNV!0, Yeast two-hybrid assay, coimmunoprecipitation, pulldown, and colocalization
assays showed the interaction between NS4B and NS3 is required for dissociation of NS3
from single-stranded RNA, implying helicase activity modulation by NS4B!#%14°,
Another NS-protein interaction, NS2B-NS3 interaction, is not only essential for the
protease activity of NS3, but also brings specificity towards RNA as a substrate for
unwinding in NS3. Among these nonstructural protein interactions, NS3-NS5 and

NS2BNS3 interactions showed serotype specificity! 32130151,

Some of these nonstructural proteins are also shown to interact with genomic RNA, which

is essential for packaging and replication. NS2A, NS4A(weak), and NS3 were shown to
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interact with the 3'-UTR, although NS2A showed strong interaction with terminal 283
nucleotides of the 3'-UTR necessary for replication and nucleocapsid synthesis. In the
5S'UTR also, a structurally conserved SLA region interacts with NS5 and acts as a
promoter for RARP activity of NS5, both SLA and SLB structures in this region are
essential for negative-sense RNA synthesis, and first, 12 bases of the SLA region form

base-specific contact with NS3 helicase.

NS3's Multiple Roles and Interactions in Polyprotein Processing and Replication

As explained in the section preceeding this one, NS3 interacts with multiple nonstructural
proteins (Figure 0-17) and has a role in multiple processes showing its importance as a
centre molecule for viral multiplication inside the cell. How do these nonstructural protein
interactions with NS3 impact its function, and their structure-function relationship will
give the clues for drug design. Out of all those interactions NS3 made with other
nonstructural proteins, interactions of NS2B, NS4B, and NS4A with NS3 are important

to understand as these interactions affect NS3's protease and helicase activities.

Figure 0-17 Schematic NS3 protein interaction with other nonstructural proteins



NS2B interacts with the N-terminal protease domain of NS3. In DENYV, the protease is an
independent structural domain of NS3 with a chymotrypsin-like fold and conserved serine
protease motifs. The C-terminal half of NS2B (soluble cytoplasmic region of 45100

)8387.152 " contributing

amino acids) acts as a cofactor for NS3 and forms a complex (NS2B3
one beta strand and a beta-hairpin to the chymotrypsin fold of the protease domain. More
detailed description of the NS2b-NS3 protease domain interaction is presented in Chapter

2. A schematic depicting the complex interactions between NS3 and other NS proteins is

shown in Figure 0-17.
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Figure 0-18 NS2B3 open conformation with the active site and S1 pocket residues highlighted (PDB ID-
3L6P)

NS3 protease, like other serine proteases, has a catalytic triad "His50-Asp75-Ser136"
arranged near the S1 pocket comprising ser163, Tyr165, Tyr150, Aspl129, and the
backbone residues at position 130 tyrosine and 132 asparagine helps to access the P1
basic residue by the active site in both WNV and DENV (Figure 0-18). S2 pocket, which

interacts with additional basic residue and gives additional specificity to cleave only viral

36



polyprotein at specific sites, is still unclear; it was shown in WNV >3 but considering the
second ‘basic’ residue fluctuates between P2 to P35, it needs further more clarification.
Structurally, compared with HCV protease, where the cofactor part of NS3 comes from
NS4A and has some different secondary structures, the basic fold is precisely similar to
NS3 of Dengue. However, these two proteins have different cleavage site recognition and
cleavage specificity (HCV- C/S), and the P6 positional specificity of HCV protease
having a negatively charged residue is essential for its cleavage specificity!'>*.

Like other naturally occurring proteases like trypsin and thrombin, NS3 also has an
aspartate six residues before catalytic serine, which gives cleavage specificity after basic
residue in trypsin and thrombin by holding side chain on this basic residue during peptide
bond cleavage, but in NS3 mutation at this position has minimal effect on cleavage
specificity of NS315°. Overall structural and mutational studies understanding giving the
clues about the fold responsible for arranging the catalytic triad for cleavage of the peptide
bond is the same, but other structural elements of the protein influence cleavage
specificities at the P1 position. In trypsin and chymotrypsin, changing specific loops and
flexible regions of the protein on the surface exchange their functional cleavage
preferences after a particular residue. However, the residue held in the catalytic pocket,
after which peptide bond cleavage happens, and how it comes into the catalytic pocket is

not yet disclosed for most proteases'>®!%’.

Dengue protease has two different
conformations, 'open' and 'closed,' but most of the substrate-bound crystal structures and
solution NMR structures were in closed conformation with change in some part NS2B
(77-87amino acids region) structural orientation towards the catalytic pocket. How these

conformations interchanged and protease-activated and recognized specific cleavage sites

between junctions, and the role of these conformations and residues in the initial
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recognition of cleavage sites and the residues involved in S2 pocket formation are the
questions to be answered.

Along with NS4B, NS4A also colocalizes with both NS3 and NS2B in the replication
vesicle with dSRNA. NS4A interaction with NS4B and NS1 was essential for replication
and virus particle synthesis. In ZIKV and WNV showed NS4A-NS3 interaction, whereas
NS4A N-terminal cytoplasmic helix showed interaction with NS3 and modulated its
ATPase activity '“*15¥ However, this ATPase modulation was reported with a small
stretch of NS4A sequence as an uncleaved protein. During polyprotein processing, a
transient intermediate of uncleaved NS3-NS4A is required for the cleavage between
NS4B-NS57393120  After polyprotein processing, these cleaved NS3-NS4A will be
processed into individual proteins and transported to ER membrane residing replication
vesicles. After this cleavage, whether this interaction in the context of DENV replication
is it shares the same interface or is there another dynamic interaction is possible or not is
a question to be answered.

Scope of the Present Study

As evident from the review of the literature on DENV genomic RNA replication
mechanisms and role of different non-structural proteins, their interactions with each
other and with the viral RNA, several independent studies showed, using various
experimental approaches, the criticality of NS protein interactions in viral replication. Of
different NS protein interactions that are reported so far, interaction of NS3 with NS5,
NS4b appears to be one of the critical interactions for DENV RNA replication.
Modulation of NS3 helicase activity by NS3-NS4b interaction is observed in vitro.
However, mechanistic details on how the interaction modulates the helicase activity is not

known.
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Similarly, NS2b interaction with NS3 is reported to be critical for the protease activity of
NS3. Studies in vito (with purified recombinant NS3 protease and NS2b co-factor and
DENV infection studies in cell lines) showed that NS2B is required for stabilization of
the NS3 protease and thus protease activity, as well as for substrate specificity. This is
despite the fact that the serine protease domain of NS3 has all the required elements for
the protease activity. However, mechanistic details on how NS2B co-factor contributes
(structurally) to the NS3 protease domain to make it active and brings about the substrate
specificity is not known.

This study was focussed on biochemically characterizing the NS3-NS4b and NS3-NS2b
interactions using recombinant proteins and enzyme assays for NS3 helicase activity and
protease activity. The study was also focussed on detailed characterization of the
conformation dynamics in NS3 protease domain and NS2b co-factor after interaction that

might explain the mechanism of protease substrate specificity.

Thesis Work Objective
In vitro characterization of interactions between NS3 helicase domain and NS4b, and
NS3 protease domain and NS2B co-factor proteins.
Specific Aims
* Structure-function characterization of NS3-NS4B complex and map interaction
interface to deduce a mechanistic model of how NS4B modulates the function of
NS3 helicase activity.
o Express and purify NS4B and NS3 helicase domain in E.coli.
o Biochemical and biophysical characterization of NS4B and NS3 proteins.
o Biochemical characterization of interaction between NS3-NS4B.

o Crystallization of NS3-NS4B complex for structural determination.
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o Functional/enzyme assays for NS3 helicase activity to explain helicase

activity modulation by the NS4B-NS3 interaction
Structure-function characterization of NS2B-NS3 protease complex for its
substrate specificity using in-silico, biophysical and biochemical techniques. o
Express and purify NS2B-NS3 protease.

o Develop a substrate peptide that would mimic the natural NS3 scission site
and optimize a gel-based protease assay using the substrate and
recombinant NS3-NS2b.

o Crystallization of NS2B-NS3 complex along with the substrate for
structure determination.

o biochemical characterization of NS2B-NS3 protease substrate specificity.

Find out the interaction between NS3 and NS4 A map the interaction interface and

the functional characterization of this interaction.
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Chapter 1: Structural and
Functional Characterization
of NS3-NS4B Interaction
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1.1 Introduction — Localization of NS3 and NS4B in RC and Scope for Interaction

As detailed in the Introduction chapter, in the DENV-infected cell, all the non-structural
proteins, viral genomic RNA, and ds RNA intermediates of replication (Replication
Complexes, RC) localize to specialized membrane-bound complexes on the ER
membranes of various morphologies, collectively defined as replication organelles
(RO)*30159160 " Ag the viral polyprotein is synthesized, stretches of the polyprotein
corresponding to NS2A, 2B, 4A, 4B, and a small peptide, 2K, connecting 4A and 4B
(transmembrane proteins) are inserted into the ER membrane. NS3 and NS5 proteins
(soluble proteins), on the other hand, reside in the RO lumen, whose contents are in a
continuum with the cytoplasm and are the major enzymes involved in replication (Figure
1-1). However, NS3 is anchored to the membrane surface through interactions with
NS2B, NS4B, NS4A, and NS2A. NS4B is a predicted transmembrane protein without
any sequence similarity with other known proteins and does not have any conserved

motifs but essential for replication, as mutations in NS4B result in defects in replication
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Figure 1-1 Replication organelle with a zoomed-out image of NS3 structure cartoon representation with
domain architecture and proposed NS4B interaction site on NS3
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Briefly, structural features of DENV NS3 are described here. NS3 is a multidomain
multifunction protein with N-terminal one-third part of the 619 amino acid long protein
(in DENV serotype 1) folds into an independent domain with a canonical chymotrypsin-
like fold forming a serine protease. This domain, along with the part of NS2B proteins
cytoplasmic region, acts as a co-factor and is involved in the proteolytic processing of the
polyprotein. The C-terminal reminder of the protein folds into three distinct structural
domains: two recA domains and an alpha-helical c-terminal subdomain (present in most
of the monomeric SF2 helicases) and together functions as an RNA helicase. A flexible
linker connects the N-terminal protease domain to the helicase domain. The crystal
structure of the helicase domain alone®® or full-length DENV NS3163:16% for serotype-2
and serotype-3 are published. The subdomains recA-1 and recA-2 have the canonical
sequence motifs (I, Ia, II, IIL, IV, V, VI) of a P-loop containing nucleoside triphosphatase
(ATPase activity) and SF2 family RNA helicase. The C-terminal subdomain (CTD) is
seen in all flavivirus NS3 proteins. Based on the structural features and canonical helicase
sequence motifs, NS3 is categorized into the DExH subfamily RNA helicases of the SF2
superfamily of monomeric helicases'®’. This family of helicases loads onto a free 3’-end

of the polynucleotide and unwinds the duplex in the 3°- to 5’- direction.

Different ligand-bound structures of DENV NS3 helicase'®”” show that ssSRNA binds in
the cleft formed in the recA domains and the CTD interface, whereas an ATP molecule
binds in the interface of the two recA domains. A structural mechanism of ATP hydrolysis-
coupled RNA unwinding is proposed. The RNA binding and ATP hydrolysis lead to the
inward movement of the P-loop (motif Ia), a twisting motion of the recA domains on each

other, and the outward movement of CTD away from the recA domains.
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These domain motions, especially recA domain motions, lead to the translocation of the
RNA in the RNA-binding cleft coupled to every cycle of ATP hydrolysis. However,
several aspects of the helicase mechanism are not understood completely. For example,
the role of the CTD subdomain in the helicase mechanism is not understood well. The
CTD is involved in interactions with other NS proteins, NS4B '#%:161 and NS5'%’. In other
SF2 superfamily members wherein subdomains analogous to the CTD are present
(domains additional to recA-like domains), those subdomains are used for interactions

165,166 Several

with other proteins that act as regulators of the helicase function
experimental pieces of evidence support the idea that NS3—NS4B interaction is critical
for viral replication. Interestingly, DENV NS3 helicase, other flavivirus helicases, and a
few other superfamily members show poor RNA helicase activity without interacting
proteins!®>1%¢ The in vitro helicase activity of DENV NS3 helicase is enhanced upon

interaction with NS4B protein'®. However, the mechanism of the helicase activity

modulation is not known.

NS4B is a predicted transmembrane protein and co-localizes along with NS3 in
replication complexes on ER membrane®. The previous studies'é” provided the first
biochemical evidence for two helices in the N-terminus of NS4B that peripherally
associate with the membrane (named TM1 and TM2) and three transmembrane helices
[spanning regions 101- 129(TM3), 165-190(TM4), and 217-244(TM5) in DENV
serotype-2 NS4B sequence] in the C-terminal half of the protein. As per this proposed
membrane topology, the N-terminal (until the beginning of the TM3) region of the protein
would be on the ER lumen side, and the loop connecting the TM3 and the TM4 (cytosolic
loop) is the only possible interaction site with the NS3. Studies for fine mapping this

interaction based on this topology map, specifically between the NS4B cytosolic loop and
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NS3. However, did not rule out the possibility that other regions of NS4B also interact
with NS3%>1%¥_ Contrary to current knowledge, a recent study showed that the N-terminal
region of NS4B, but not the cytosolic loop, is an important determinant of interaction with
NS3!% To add support to this, a previous mutation-based genetic analysis of NS3NS4B
interaction showed a lethal point mutation in the NS4B N-terminal region L28A has a

suppressor mutation in CTD of NS3 Y601D!6!,

Interestingly, the N-terminal half of NS4B (spanning the TM1 and TM2 helices) plays a
role in modulating the innate immune response by inhibiting IFNo/f signalling, probably
through direct interaction with STAT1, and modulating its nuclear localization '®°. Since
STATT1 is a cytosolic protein, it is reasonable to think that the N-terminal 100 amino acids
of NS4B are localized on the cytosolic side of the RO in contrast to the proposed topology
for NS4B. Thus, the N-terminal region of NS4B may be an interacting site for NS3. For
this study, the idea that the N-terminal 100 amino acids region of NS4B is on the cytosolic
side of the RO is favoured. The Results and Discussion sections present other reasons for

making this assumption.

As NS3 and NS4B proteins and their interaction are critical for viral replication, they are
potential drug targets!!:146162170.171 "Recently, a small-molecule drug, JNJ-A07, that
blocks NS3-NS4B interaction is shown to be a highly effective pan-serotype DENV
inhibitor'!. A complete understanding of the NS4B-NS3 interaction interface and the
mechanism by which NS4B can modulate the helicase enzyme activity of NS3 will
significantly help in devising such drug strategies. Our study thoroughly characterized
the NS4B—NS3 interaction and provided a map of the NS4B—NS3 interaction interface.
Our studies were also aimed at understanding the structural mechanism of the helicase

activity enhancement upon NS3 interaction with NS4B. Upon interaction with NS4B,
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there are significant tertiary structure changes in NS3. Based on these observations, a
plausible mechanism proposed for the NS4B interaction-dependent enhancement of NS3
helicase activity wherein the interaction between the proteins modulates the dynamics of
the CTD domain motion towards and away from the RNA-binding cleft, leading to

helicase activity enhancement.

1.2 Material and Methods

1.2.1 Dengue Virus sequences and Sequence Predictions

The sequences of the non-structural proteins of the dengue virus used in this study are
from NCBI GenBank accession number JN903579. Transmembrane helix predictions on
the sequences are made with TMHMM, Phobius, or PSIPRED MEMSAT-SVM by

submitting the NS4B sequence on the respective servers.

To check if there are any conserved secondary structures in the 3’-UTRs of flavivirus
genomes, first analyzed, the last 120 nucleotide sequences of the DENV serotype-1
genome (corresponding to the domain III region of the 3'-UTR). And then performed a
multiple sequence alignment of this sequence with other flaviviruses' corresponding

3'UTR sequences.

For predicting the secondary structures in the DENV1 3'-UTR sequence, an RNA

structure application on the web server was used
(https://rna.urmc.rochester.edu/RNAstructure.html). RNA multiple secondary structure
alignment with 14 different flavivirus sequences (including DENV serotypes 1, 2, 3, and
4 3'-UTR sequences) on the RNAalifold server (http://rna.tbi.univie.ac.at/). The RNA and

DNA stem-loop forming oligos that are used in the helicase assays (see below) were
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designed based on the secondary structure prediction in the RNA structure web
application.

1.2.2 Bacterial Two-Hybrid (BACTH) Assay

A bacterial two-hybrid assay (BACTH) was performed following the protocol described
earlier!”2. Full helicase domain (residues 178—619 as per DENV serotype-1 sequence
numbering scheme) or only the recA domains (residues 178-478) or recA-2 and CTD
subdomains (residues 313-619) or only the CTD subdomain of NS3 helicase (residues
478-619) were cloned as a C-terminal fusion with the T25 fragment of the adenylate
cyclase of the BACTH assay system, in the pKT25 plasmid. The resulting plasmids are
named pSM61, pPSM63, pSM64, and pSM62, respectively. Similarly, coding DNA of full-
length NS4B1-249 (pSMS55) or N-terminal 57 residues (plasmid pSM59) or NS4B
residues 58-249 (plasmid pSM60) from DENYV serotype-1 is cloned as an N-terminal
fusion of the T18 fragment of the adenylate cyclase in the pUT18 vector. To perform the
BACTH assay, different combinations of pKT25-NS3 helicase and pUT18-NS4B
plasmids were used for transforming the E. coli BTH101 strain. The transformant cells
were plated on an LB agar plate containing 50 pg/mL kanamycin and 100 pg/mL
ampicillin. The transformants that grew on the plate were patch streaked on a
MacConkey-maltose agar indicator plate supplemented with 50 pg/mL kanamycin, 100
pg/mL ampicillin, and 0.5 mM IPTG and incubated at 30°C for 96 h. The plasmids
pUTI18-Zip and pKT25-Zip, containing the interacting domains of the GCN4 leucine
zipper, were used as a positive control in the assay. Empty pUT18 and pKT25 plasmids

were used as a negative control for the assay. Each experiment was done in triplicates.

1.2.3 Homology Structure Modeling of NS3, Ab-Initio Structure Prediction of NS4B

A homology model of DENV serotype-1 NS3 was built using the DENV serotype-3 NS3
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structure (PDB  ID: 2WHX) using the ‘SWISS-MODEL’ server

(https://swissmodel.expasy.org).
Two newly released machine learning algorithms based on protein-structure-prediction

software, AlphaFold2.0!”, and RoseTTAfold!’*, are used to predict a structure model of
DENV serotype 1 NS4B. AlphaFold2.0 predictions used the AlphaFold Colab notebook

(Shared publicly through a Creative Commons At-tribution-NonCommercial 4.0
International license). This AlphaFold Colab notebook uses the BFD database for
prediction after a multiple-sequence alignment. An energy-minimized predicted model
PDB file was downloaded along with the pLDDT scores. Structure Figures were prepared
with PyMOL. The DENV serotype-1 NS4B sequence was also submitted on the
RoseTTAfold server for structure prediction. The five best structure models, as scored
based on angstrom error estimate per residue parameter, were used. Since there was no
significant difference in the predictions using AlphaFold2.0 or RoseTTAfold, finally the

structure predicted by AlphaFold2.0 was used for further analysis.

1.2.4 Crystallization of NS3 Helicase - NS4BN57 Complex

NS3 protein concentrated to Smg/ml in 20mM Tris, pH7.5 buffer containing 150mM
NaCl, 5mM DTT, 10% glycerol buffer. Crystallization conditions were tried for NS3,
NS3:NS4B(1:3), and NS3:NS4BN57(1:3) protein in all ratios NS3 concentration was
kept at 3.5-5mg/ml. Crystallization drops were set in a 1:1 ratio (1ul protein and 1ul of
crystallization buffer) with 0.1M MES pH 6.0 and pH6.5 8-15% PEG4000 conditions in

a hanging drop mode.

1.2.5 Molecular Docking
For performing molecular docking simulations, an energy-minimized structure of the

homology model that built for DENV serotype-1 NS3 and the predicted structure of
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NS4B. A molecular docking simulation was performed on the Haddock server!’>. Initially
a rigid body; global, blind docking run on the ClusPro!’® server (https:/cluspro.bu.edu)
to get a possible docking pose and information about the interacting residues. Using the
set of residues in the interface of the docked pose from the clusPro docking run, a local,

flexible = simulated  docking was set up in a Haddock 2.4
(https://wenmr.science.uu.nl/haddock?2.4) docking server. The N-terminal 57 residues of
NS4B were set as active and flexible regions in the docking run. The docked pose with a

rank ‘1’ docking score was used for further analysis.

1.2.6 Molecular Dynamic Simulations

Molecular dynamic simulations were performed on the NS4B-docked NS3 structure using
GROMACS software. Two different simulation runs were set up, one with the NS3
structure alone and another with the NS3—NS4B complex structure (correspond-ing to the
best docking pose from the molecular docking studies). Both proteins were solvated with
water (water model-TIP3P), and no ions were added. The NS4B-docked NS3 protein
model was enclosed in a box of 14.903 nm, 14.910 nm, and 14.906 nm dimensions. The
system was energy-minimized in an NVT ensemble and equilibrated for 125 picoseconds
in the NPT ensemble. Each system was simulated using Gromacs-5.1 with a
CHARMM36 forcefield with a 1fs step time. Periodic boundary conditions were applied
in the simulation. The system was subjected to simulation production for 20ns at 303 K

after equilibration.

1.2.7 Bacterial Expression and the Purification of NS3 and NS4B Proteins
The helicase domain of DENV NS3 (NS3Hel) is expressed in a Rosetta DE3 (E.
colibased) expression system and purified the protein using six-histidine-tag affinity

chromatography, following a protocol previously published®® with a few modifications.
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DNA clones with NS3 and NS4B coding regions, pDV1-419NS2B3 and
pDV1419NSP4b, respectively, were a donation from Dr. E. Sreekumar, Rajiv Gandhi
Centre for Biotechnology, Thiruvananthapuram. The coding DNA corresponding to NS3
residues 178 to 619 was PCR-amplified (primers SM31 and SM6) cloned into pET24b
vector using Nhe I and Xho I sites so that the resultant protein has a 6-histidine-
purification tag as a C-terminal fusion. The coding region of DNA corresponding to NS4B
residues 1-249 was PCR-amplified (primers SM96 and SM10), respectively, and cloned
into pET24b with a C-terminal six-histidine tag. All clones were sequence

verified.

For expression, competent cells of Rosetta (DE3) E. coli were transformed with pSM10
plasmid. Transformant cultures were grown in LB Broth supplemented with 50 pg/mL
kanamycin and 34 pg/mL chloramphenicol to an optical density at 600nm (OD600) of

0.6. Protein expression was induced by 0.3mM isopropyl B-D-1thiogalactopyranoside
(IPTG), after which cultures were grown at 14°C for 20 hours. Cells were harvested by
centrifugation and lysed by sonication in 20mM Tris-Cl, pH 7.4, buffer containing 1M
NaCl. Protein purification was done from the clarified ly-sates using 6-His-tag affinity to
a Ni-NTA agarose column. The protein was bound to Ni-NTA with 20mM imidazole
containing buffer, followed by a 50mM imidazole wash step and elution with 300mM
imidazole-containing buffer. As a final purification step, the 300mM imidazole elution
fraction from the His-tag-affinity purification step was concentrated and loaded on to a

Superdex-75 Increase 10/300 GL gel-filtration column. Elution was done with 20mM
Tris-Cl, pH 7.4, buffer containing 150mM NaCl and 1mM EDTA. The purity of the

protein was assessed by SDS-PAGE analysis of the concentrated fraction of the gel-
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filtration chromatography eluent. Protein concentration was estimated by recording the
absorbance at 280 nm and using the E1% value of 13.54.

For the expression and purification of the NS4B full-length, previously published
bacterial expression and protein detergent extraction protocol was adapted'?’. The
plasmid pSM6 was used to transform BL21(DE3) E. coli. The transformant bacterial
culture was grown for 16 hrs at 18°C after protein expression induction with 0.5mM
IPTG. The cells were harvested by centrifugation and lysed by sonication in 20mM TriCl,
pH 7.4, containing 150mM NaCl (TN). The NS4B was in the pellet fraction after the
clarification step of centrifugation at 30,000x g for 30 min. The protein was solubilized
and extracted out of the pellet by detergent extraction protocol using incubation in TN
buffer containing 3% LDAO and 3M guanidine hydrochloride for 1 hour at RT. After a
centrifugation clarification step (30,000x g for 30 min), the clear extracts were diluted to
reduce the concentration of the detergent and Gd.HCl to 1% and 1M, respectively, before
loading onto a Ni-NTA agarose column. The protein was eluted as a pure fraction with
200 mM imidazole and 0.1% LDAO-containing TN buffer. The fractions containing the
pure NS4B protein were concentrated, as assessed by SDS-PAGE analysis. The
concentrated fraction was loaded on to a Superdex-75 increase 10/300 GL gel filtration
column and eluted with TN buffer containing 0.05% LDAO and 1mM EDTA. NS4B
protein eluted at different elution vol-umes in the gel-filtration chromatography. Each
elution fraction was collected separately and concentrated by ultra-filtration. Protein

concentration was estimated by recording Abs.280 nm and using an E1% value of 12.6.

NS4B also purified without using a detergent extraction protocol. The protein expression
conditions differed from the above-described protocol in that the incubation temperature

was set to 37°C, and protein expression induction was done by adding 1mM IPTG to the
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culture for 4 hours. The cell lysis was done by sonication, and lysates were clarified using
centrifugation. The pellet fraction after the clarification step was incubated with 6M
Gd.HCI containing TN buffer overnight. After a clarification step by centrifugation, the
clear fractions from the denaturant extraction step were loaded onto a Ni-NTA agarose
column. The protein was slowly refolded on the column by changing the concentration of
Gd.HCI in the wash and elution steps sequentially to 3M and 1M. The protein thus eluted
off the column with 300mM imidazole and 1M Gd.HCl containing TN buffer was further
diluted so that the concentration of the denaturant was reduced to 0.05M. The protein was
kept on ice at this step. Subsequent purification steps included the protein concentration
using ultrafiltration and then gel filtration chromatography on a Superdex75 column. The

protein thus obtained is more than 95% pure.

The N-terminal 57 residues region of NS4B (NS4BNS57) was expressed in a similar way.
The protein was expressed from a pET24b vector in BL21(DE3) E. coli cells. The
expression conditions were: culture growth temperature set to 30°C and protein
expression induction with 0.5mM IPTG. The NS4BN57 is expressed in the form of a
soluble protein. The protein was purified from the clarified lysate (in TN bufter) using

Ni-NTA His-tag affinity chromatography.

1.2.8 Far-UV Circular Dichroism (CD) and Intrinsic Tryptophan Fluorescence Spectroscopy
Far-UV CD measurements were done using a Jasco 1500 spectropolarimeter. The protein
concentration was 0.2 mg/mL in each case. Spectra were recorded at 50 nm/min scan
speed in the wavelength range of 200-250 nm. Bandwidth was set to 1 nm. Each spectrum
was an accumulation of three scans. Each spectrum was blank-corrected (TN buffer alone
or TN buffer along with 0.05% LDAO when NS4B purified by detergent extraction

method was used) and smoothened. Mean residue ellipticity, Om.r.e, was calculated using
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the equation [@]m.r.e = 100x0/(CNI), where 0 is the observed ellipticity at a given
concentration of protein, C is the molar concentration of the protein, N is the number of

residues in the protein, and 1 is the cell path-length in centimetres.

For studying secondary structural changes in NS3Hel or NS4B or both upon interaction,
the method described by Greenfield NJ, 2015 was followed'””. The far-UV CD spectra
were recorded for NS3Hel alone or NS3Hel: NS4B protein mixtures at different molar
stoichiometries (1:1, 1:2, 1:3). The NS4B protein that is used in this assay was purified
following the detergent-free protocol described above. The data was analyzed by
converting the ellipticity values to Om.r.e. In the mixture of the two proteins, the Om.r.e
was calculated using the cumulative molecular weight of the monomer mass of NS3 and
the monomer mass of NS4B (51.8 kDa for NS3Hel + 27.8 kDa for NS4B). If there were
any secondary structure changes, upon interaction, it was expected that the observed

Om.r.e for the mixture would be different from the expected value.

Intrinsic tryptophan fluorescence spectra were recorded using an FLS 1000 fluorimeter
(Edinburgh Instruments, UK). The protein was used at a 0.05 mg/mL concentration for
recording the fluorescence spectra. The excitation wavelength was set to 295 nm, and the
emission wavelength range was set to 300-500 nm. The excitation and emission
bandwidths are set to 1 nm. Spectra were blank-corrected and smoothened using the

Fluoracle (Edinburgh Instruments, UK) software. For each spectrum recorded on the
NS3:NS4B mixture, the corresponding NS4B concentration spectrum was subtracted,

following the protocol described earlier!’®,
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1.2.9 Bio-Layer Interferometry (BLI)

A Bio-layer interferometry assay was performed to test the interaction between NS3Hel
and NS4B proteins. Measurements were recorded using the Octet (FortéBio) platform
using High Precision Streptavidin (SAX) Biosensors (FortéBio) (courtesy of FortéBio).
Using standard reagents and protocols supplied by the manufacturer (FortéBio), the NS4B
protein was biotinylated. The NS4B protein was loaded onto the sensor at 2 pg/mL
concentration. After a wash step with BLI buffer, the NS4B-bound sensor was incubated
with different concentrations of NS3Hel, (20, 6.647, 0.7407 uM) in TNE with 0.05%
tween-20. Binding was followed for 200 secs, where it reached equilibrium. The
biosensor was then incubated in the buffer for 200 secs to measure the dissociation
reaction. The shift in the wavelength of light reflecting from the sensor (in nm) is
measured in real-time during the binding and dissociation phases. The binding response
curves (sensorgrams) for the indicated NS3 helicase protein concentrations over the
NS4B-immobilized sensor are plotted. The equilibrium dissociation constant (KD) of
binding was estimated from the curve-fitting on the response curves using Octet software

(FortéBio).

1.2.10 Liposome Preparation and Co-Floatation Experiments

Small unilamellar vesicles (SUVs) were prepared, as described by us earlier, with
synthetic purified lipids POPC and cholesterol in a 1:1 ratio. A lipo-some co-flotation
assay was performed using NS4B purified using a detergent extraction protocol (200 pg)
and 0.5mM of lipid vesicles in a final volume of 200uL TNE buffer. Briefly, the liposome—
NS4B protein mixture was placed above a 40% sucrose bed (4 mL), which was topped
by two layers of 20% and 5% (4 mL each) sucrose. After ultracentrifugation for three h

at 200,000x g, fractions from the top (4 mL) and bottom (4 mL) were collected. Aliquots
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from each assay's top and bottom fractions were analyzed with Western blotting using
anti-His-tag monoclonal antibodies.

1.2.11 Electrophoretic Mobility Shift Assays for Helicase Activity Measurement

An adapted protocol described by Xu et al. (2005)*> was used for helicase activity
measurement using an electrophoretic mobility shift assay (EMSA). The protocol was
further optimized with an RNA and a DNA stem-loop oligos that were designed (see
dengue virus sequences and sequence predictions section above) to mimic the 3'-SL of
the DENV. Briefly, an RNA oligo with the sequence
5'UCUACAGCAUCAUUCCAGGCACAGAACGCCAAAAAAUGGAAUGGUGCU
GUUGAAUCAACAGGUUCUUUUU-3"  with  FAM  (6-Carboxyfluorescein)
fluorophore attached at the 5’- end of the oligo was procured from GenScript, USA. The
RNA oligo was visualized after the EMSA gel run using the FAM fluorescence. A 66-
nucleotide DNA oligo was synthesized with sequence 5'-
TCTACAGCATCATTCCAGGCACAGAACGCCAAAAAATGGAATGGTGCTGTT
GAATCAACAGGTTCT-3'. Before using the oligonucleotides in the EMSA assays, a 94°
C denaturation and slow annealing step was included to ensure a proper stem-loop
structure. The helicase assay was done by mixing the RNA (0.75 picomoles per reaction)
or the DNA oligo (3 picomoles per reaction) with 20 and 50 molar excess of NS3Hel
protein alone, respectively, or with NS3Hel: NS4B in different (1:1, 1:2, 1:3) molar ratios.
The final reaction volume was adjusted to 10 pL to achieve a final buffer concentration
of 20 mM Tris-Cl, pH 7.4, containing 60 mM NaCl and ImM MgCI2. The assay was
started by adding ATP to the reaction mixture at 2mM concentration for RNA oligo and
4mM for the DNA oligo reaction mixture. The reaction was stopped by adding the EMSA

loading dye (containing 5% glycerol and 10mM EDTA) to the reaction mixture at the
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indicated time points. EMSA was performed on 15% native Tris Borate EDTA
(TBE)polyacrylamide gel. Before the experiment, it was first confirmed that the 3'-SL
DNA/RNA oligos actually form a stem-loop structure by analyzing the oligos on EMSA
along with the heat-denatured sample of the oligo in the next lane. The mobility of the
heat-denatured oligo in EMSA matched that of unwound stem-loop/duplex substrates
used for the DENV NS3 helicase by others [20]. The oligo samples that were not
denatured showed slower mobility in EMSA compared to denatured/unwound oligo,
confirming that the DNA/RNA oligos formed stem-loop structures as predicted. The RNA
or the DNA oligo alone in helicase assay buffer served as negative controls for the
respective experiments. NS4B alone and NS3 without adding ATP along with the RNA
and the DNA oligo are also included as controls to check that the unwinding activity is
not because of some unknown factors coming from the protein preparations or buffer
components. After the electrophoretic run, staining for DNA was done using SYBR Gold
as per the manufacturer’s protocol, and the gel images were recorded. For experiments
with RNA oligos, the gels were imaged directly after the electrophoretic run using the
Alexa 488 filter of a gel imager. The helicase activity was estimated by taking pixel
intensity (from the images of the stained EMSA gels) of the ssSRNA (un-wound RNA
stem-loop) or ssDNA band over the cumulative intensity of the single-stranded and the
stem-loop bands. For comparing helicase activity in the absence and in the presence of

NS4B, normalized the helicase activity in each case to helicase activity with NS3 alone.

The % helicase activity in each case is plotted in a bar plot along with + standard error.
The average helicase activity with NS3Hel alone at one hour past ATP addition to the

reaction mixture was taken as 100%.
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NS3Hel RNA duplex unwinding activity was also assessed using a molecular beacon
assay published earlier [42]. Two RNA oligos: CY5- 5'-GACGUCAGUUGUUAGUCU
ACGUC -3—BHQ2 (wherein CY5 is a fluorophore with excitation and emission

maximum at 630 and 670 nm, respectively, and BHQ2 is a black hole quencher) and 5'-

AGACUAACAACUGACGUC vUuuuuuuuuuuuuuuuuuuu-3’, with

complementary sequences (underlined text in both sequences), are used to form an RNA
duplex. The helicase reaction mixture contained 30 nM of dsRNA with 100 nM of
NS3Hel protein alone or NS3Hel: NS4B/NS4BNS57 in a 1:3 molar ratio. The final reaction
volume was adjusted to 25 pL to achieve a final buffer concentration of 20 mM Tris-Cl,
pH 7.4, containing 15 mM NaCl and 2mM MgCI2. The assay was started by adding ATP
to the reaction mixture at 2mM concentration, and the fluorescence intensity of CY5 (at
670 nm) was recorded for the next 30 min. Fluorescence intensity (FAU at 670 nm) before
the addition of ATP was taken as the starting fluorescence value (F0), and fluorescence
intensity at 30 min after starting the assay as the assay end point value (F30). As the
fluorescence of CY5 would be quenched by the black hole quencher after the duplex is
unwound and the labeled oligo formed a stem-loop structure, the F30 value would be
lower than FO. The FO — F30 was taken as 100% helicase activity of NS3Hel. The percent
increase in helicase activity in the presence of NS4B or NS4BN57 was calculated using
the formula (F’0- F’30) X 100/(FO- F30), where F’30 and F’0 are endpoints and initial
fluorescence values in reaction mixtures with NS3:NS4B or NS4BN57 in a 1:3 molar

ratio.
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1.2.12 ATPase Assay

The ATPase activity of NS3Hel was measured by quantifying the release of free phosphate
(P1) following ATP hydrolysis by malachite green assay in the presence of a DNA stem-
loop following a protocol described earlier [43]. The assay was performed in a final
volume of 30 puL by mixing NS3Hel (50 nM) protein alone or NS3Hel:
NS4B/NS4BN57 in a 1:3 molar ratio. The NS3 protein was pre-incubated with 0, 0.3,
0.6, 1.2, 2.4, and 4.8 uM of the DNA stem-loop oligo in a reaction buffer of 20 mM
TrisCl, pH 7.4, 1 mM MgCl2, and 60 mM NaCl. The ATPase reaction was started by
adding ImM of ATP and incubated further for 40 min at 30 °C. The reaction was
stopped by adding 20 mM EDTA, and aliquots were collected every 10 min and stored
at 4°C until further processing. A total of 10 uL malachite green reagent (Sigma, USA)
was added to a 40 puL sample and incubated at room temperature for 30 min to form a
complex with molybdate and free orthophosphate. Samples were transferred into a 96-
well plate, and the absorbance at 620 nm was recorded using a Thermo Varioskan
microplate reader. From the Abs.620nm values, the orthophosphate concentration, and
thus the Pi released from the ATPase activity of the helicase, was estimated using a

calibration curve with known concentrations of orthophosphate.

For Michaelis—Menten kinetics studies on NS3Hel, the ATPase assay was done with
different concentrations of the substrate (stem-loop DNA oligo), keeping the ATP
concentration and enzyme concentration in each experiment constant. Initial velocity
measurements at different substrate concentrations and fitting the data into an MM-

kinetics model @ was  done using the ICEKAT web application
(http://icekat.herokuapp.com/icekat accessed on 12th November 2021). Slopes from the

linear range of each malachite green absorbance versus time kinetic trace are taken as the
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initial rates. The kinetic data is fit to an MM-kinetic model using a non-linear regression

method either in the ICEKAT application or in Graphpad Prism software.

1.3 Results

1.3.1 N-Terminus 57 Residues of NS4B Are Enough to Interact With NS3

To fine-map the interaction regions on NS3 and NS4B, a bacterial adenylate cyclase based
two-hybrid (BACTH) assay were performed. The interaction of full-length NS4B, only
the N-terminal 57 residues region and N-terminal 57 residues truncated NS4B proteins
with different subdomains of the NS3 helicase were tested in the BACTH assay. The
rationale for selecting different truncations of NS4B for testing the interaction is as
follows: earlier sequence predictions and biochemical studies'®” showed that most of the
protein inserts into the ER membrane (TM3, TM4, and TM5) and only the N-terminus
100 residues (or the loop connecting TM3 and TM4, if the protein inserts into the
membrane in orientation as proposed by Miller et al.'®”) might be accessible for NS3
interaction. Hence, the focus and interest are to see if the N-terminal region of NS4B
alone can interact with NS3. Even in the N-terminal 100 residues, two membrane
associating helices are predicted, although there is an inconsistency in previous
transmembrane region predictions reported in different studies. This experiment included
only the N-terminus 57 residues (till the end of the predicted first helix) as this region
may be the most distal structural element of the NS4B protruding into the cytosol side of

the RO and thus most accessible to NS3 for interaction.

The interaction between the proteins was assessed qualitatively by observing red color
development on the MacConkey/maltose agar indicator plates surrounding the double
transformed bacterial colonies and comparing it with colour development on the control

plates. As expected, and confirming earlier observations by others!*®16! the full-length
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NS3 helicase and full-length NS4B transformed colonies showed red color development,
nearly comparable to that of the positive control bacterial patch (Figure 1-2).
Furthermore, it is also observed that recAl and recA2 subdomains alone of the NS3
helicase, as well as recA2 and CTD and the CTD subdomain alone, interacted with NS4B
comparably to the full-length NS3 helicase (Figure 1-2). This implies that the NS3—NS4B
interaction interface may spread over a large surface area of NS3, spanning different

subdomains of the helicase.

pKT25 - NS3 Helicase

helicase RecA 2 &
full length RecA 182 cTD

1-249

GCN4 leucine zipper
positive control

58-249

pUT18-NS4b
1-57
-| - - .
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o

empty plasmids
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Figure 1-2 BACTH assay of NS3-NS4B interaction -Images of colony patches on MacConkey/maltose
agar indicator plates with different truncations of NS3 and NS4B constructs

Surprisingly, when only the N-terminus 57 residues region of the NS4B was tested in the
assay, the color development and colony growth were much more robust than those
observed with full-length protein constructs (Figure 1-2, middle row), indicating a more
robust interaction strength. Stronger interaction between the N-terminal 57 residues
fragment of NS4B with the NS3 helicase full-length protein or with different subdomain

variants of it in different replicates of the experiment. On the other hand, the N-
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terminal57-residues deleted NS4B construct did not show any interaction with NS3
(Figure 1-2, bottom row, no color development). These observations align with our
thinking that the N-terminal end of the NS4B is the only region accessible for NS3

interaction. Supporting this idea, a recent study'®®

also noted that the N-terminal region
of NS4B (residues 51— 83) is enough to interact with NS3. Thus, from our BACTH assays,
it is apparent that the

N-terminal 57 residues of NS4B (or a sub-region within) is enough for interaction with
NS3, and the interaction interface on NS3 spans all three subdomains of the helicase
domain. However, from these experiments, it cannot exclude the possibility of other
regions, especially the long loops connecting the predicted transmembrane helices, also

148

interacting with NS3. Earlier biochemical studies'*® also noted that subdomains 2 and the

C-terminal subdomain of NS3 helicase are essential for interaction with NS4B.

1.3.2 Molecular Docking Simulation Shows That the N-Terminus Region of NS4B Interacts
with RecA-2 and the CTD Subdomains of NS3

To validate our bacterial two-hybrid assay results and understand the interactions between
NS3 helicase and NS4B, a molecular docking simulation was performed with a homology

model built for NS3 of DENV serotype-1 and predicted the structure model of NS4B.

The crystal structures of NS3 are published for DENV serotypes 2 and 4. However, no
crystal structure is available for the NS3 of DENV serotype-1. So a homology model was
generated for serotype-1 NS3 using the DENV serotype-2 full-length NS3 (PDB Id.
2WHX) structure model as a template. The generated homology model was validated
using the provided scores, and the model from the swissmodel server, the QMEANDisCo
score for the predicted model is 0.81 + 0.6, and the model has 0.84% Ramachandran

outliers.

61



There is no crystal structure model available for NS4B, and attempts at crystalization of
NS4B protein resulted in bad-quality crystals which are not diffracted. Secondary
structure prediction on the amino acid sequence predicts seven long helices that span
through the majority of the protein sequence, except for the N-terminal 37 residues
(Figure 1-3). Transmembrane helix predictions using different prediction software are
inconsistent. TMHMM server did not predict any transmembrane helices, whereas
PSIPRED MEM-SAT-SVM predicted six transmembrane helices. However, three TM

helices are consistently predicted in most servers: the regions 100-150, 175-200, and

218-241 by Phobius and PSI-PRED MEMSAT-SVM prediction algorithms (Figure 1-3).
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Figure 1-3 NS4B predicted transmembrane topology map (prepared using phobius)

The sequence of NS4B is unique, so there is no possibility of generating a homology
model. RoseTTAfold and AlphaFold 2.0 use a machine-learning approach and are shown
to accurately predict novel protein structures even when a homologous protein structure
template is not available. The structure predicted by both AlphaFold and RoseTTAfold
for DENV-1 NS4B, and these two models have identical folds when aligned RMSD

deviation is less than 1A (Alphafold is shown in Figure 1-4), so we proceeded with
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AlphaFold model. In the AlphaFold model, for most parts of the sequence, except for the
first 32 amino acid residues, the predicted local distance difference test (pLDDT) score is
>90, which implies that the level of confidence in accurate prediction is high for that
region (high likelihood of the predicted structure matching with the experimentally
derived structure with low Co-RMSD value). The N-terminus 32 residues region has a
pLDDT measure of <70. The N-terminus 36 residues are predicted to be a disordered

region, except for a small helix (LLETTKKDL) in the beginning (Figure 1-4).
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Figure 1-4 Ab-initio AlphaFold 2.0 structure model of NS4B, with schematic of sequence secondary
structure and TM predictions

The predicted 3D structure of NS4B is in line with the secondary structure predictions on
the sequence. A model for DENV serotype-1 NS3 using AlphaFold2.0 is also generated,
explicitly not using any PDB template. Most of the sequence in the predicted model has
a pLDDT score of >90, except for the N-terminal residues of the protease domain and the
long loop connecting the protease to the helicase. The structural alignment of the model
predicted by homology modeling and the model predicted by AlphaFold 2.0 model (only

NS3 helicase domain) showed Ca-RMSD value of 0.886 A, indicating that the AlphaFold

63



2.0 prediction is almost as efficient as model prediction by homology modeling. This

increased our confidence in the model that we built for NS4B using AlphaFold2.0.

Later, a molecular docking simulation was performed with the generated structure models
of NS3 and NS4B. The best-docked pose predicted by the Haddock server for the NS3—
NS4B complex, as assessed by the lowest intermolecular energy score of -151.8 + 16.6
with a cluster size of 10 (Figure 1-5). As expected, only the N-terminal disordered region
of NS4B exclusively interacts with NS3. The interaction interface spans recA-2 and the
C-terminal subdomains of NS3; earlier studies also showed that NS4B interacts with
recA2 and CTD of NS3!*8, The N-terminus 32 residues disordered region of NS4B runs
lateral to the RecA-2 domain, on the side opposite the RNA-binding cleft, and reaches
the C-terminus subdomain of NS3. This explains BACTH results wherein the observed
interaction of full-length and N-terminal 57 residues region with all NS3 variants tested.
In the docked position, Lys10 of NS4B and Glu568 in the C-terminal subdomain of NS3
helicase are at a distance it may form a salt bridge in between, and possibly stabilizing
the interaction (Figure 1-5, zoomed-in region of the interaction interface). Notably,
residues 10 to 28 in the NS4B are positioned next to a loop that connects the recA2 and
CTD in NS3. This loop region exists as a helix in the apo (before ssRNA and ATP binding)
form of NS3. This region is proposed to be a hinge (Figure 1-5) for the CTD swiveling
motion on the recA2 after substrate binding!'%’. Interestingly, when only the N-terminal
51-83 residues of NS4B were modelled and docked onto the NS3 helicase, the peptide

model was positioned between the recA domains'®.
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Figure 1-5 Molecular docking simulation : Haddock docked pose of NS3-NS4B (zoomed out image of
interface of NS3-NS4B interaction and a putative salt bridge which may stabilize the interaction)

The structure model generated through AlphaFold is also marked with the possible
boundaries of the membrane (Figurel-5), depicting the possible orientation of the NS4B
in the ER membrane. If this were to be the orientation of NS4B TM helices in the ER
membrane, then the N-terminal 36 residues disordered region of NS4B would extend as
a flexible tail away from the membrane into the cytosol side of the RC and interacts with
NS3. This model is in accordance with the mechanistic model of NS4B—NS3 interaction
that others'*!"!'”® have proposed—only the N-terminus flexible tail of NS4B would extend

away from the membrane surface and interacts with NS3.

1.3.3 Recombinant NS4B and NS3 Proteins Interact Independent of NS4B Membrane
Insertion

To further validate our BACTH and molecular docking analysis, DENV serotype-1 NS3
and NS4B proteins were expressed and purified, and thorough biochemical

characterization of the interaction between the proteins was conducted.
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The NS3 helicase domain was cloned (as per DENV serotype-1 sequence numbering
residues 178-619 of NS3) into a bacterial expression vector in fusion with a C-terminal
6-histidine purification tag (Figure 1-6A). The bacterial two-hybrid assay and molecular
docking results indicated that only the helicase domain interacts with NS4B. Moreover,

earlier studies'*’

showed that the bacterially expressed helicase domain folds into a
functional protein independent of the protease domain of NS3. The purified protein elutes
in gel-filtration chromatography as a single sharp peak at an elution volume that
corresponds to the monomer mass of the protein (Figure 1-6B). Secondary structure
analysis by far-UV circular dichroism spectroscopy shows a spectral signature (Figure
d 107

16C) typical of a predominantly helical protein, consistent with the earlier reporte

secondary structure content for the protein.
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Figure 1-6 Recombinant NS3 helicase expression and purification (A) SDS-PAGE analysis of NS3 helicase
(B)Size exclusion chromatogram of NS3 helicase (C) Far-UV CD spectra of NS3 helicase

The NS4B protein was also expressed and purified by adopting a protocol that was
published earlier. Since NS4B is predicted to be a transmembrane protein, using LDAO
detergent extraction of the NS4B protein was done from the insoluble fraction of bacterial
cell pellets and purified using the 6-His Ni-NTA affinity purification protocol. To rule out

the possibility of artifacts in the interaction studies due to the detergent, the protein was
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exchanged into a buffer containing LDAO at a critical micellar concentration as the final
purification step. SDS-PAGE analysis on the purified protein showed that the protein was

more than 95% pure (Figure 1-7 A).

Size-exclusion chromatography on the purified NS4B revealed that the protein forms
large oligomers, which are in equilibrium with a dimer and monomer population (Figure
1-7B). Two elution peaks were observed in the resolution range of the gel-filtration
column and another broadly spread elution pattern, starting from the void volume and
extending into the column resolution range. While the protein elution peak at 15.5 mL on
a ~24 mL Superdex-200 column can be ascribed to the monomer (estimated molecular
weight of 27 kDa; A 29 kDa marker protein, carbonic anhydrase, eluted at 16.5 mL), the
peak at 14.2 mL corresponds to a dimer molecular mass of NS4B (Figure 1-7B). In the
broad peak, the precise oligomer size of the protein, however, could not be determined.
All three fractions contained only NS4B and not any contaminant proteins (Figure 1-7B,
inset on the right side). The oligomers could not resolve even in a wider-resolution-range
SEC column, the superose-6 column. Furthermore, the equilibrium shifted to large
oligomers very rapidly, as the protein formed large oligomers within a few hours of
storage at 4° C (Figure 1-7B, inset in the left). Interestingly, the oligomers of NS4B are
entirely soluble, and there is no significant precipitation of the protein either on the gel-
filtration column or in storage. Others made similar observations with purified
recombinant NS4B'?7 and the protein expressed in DENV-infected cells'*1*’. Far-UV
CD spectroscopy (Figure 1-7C) on the protein reveals that the protein is predominantly
helical (negative peaks at 208 nm and 222 nm), as expected from the secondary structure

and tertiary structure predictions.
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Figure 1-7 Recombinant NS4B expression and purification (A) SDS-PAGE analysis of purified
recombinant NS4B protein (B) Size exclusion chromatogram of NS4B (C) Far-UV CD Spectra of NS4B
protein

To characterize the interaction between NS3 and NS4B, the trials to isolate the monomeric
fraction of the NS4B protein were made, as non-specific interaction between the protein
molecules in the oligomers may mask the region that interacts with NS3. Despite several
attempts and testing different buffer conditions (different non-denaturing detergent
concentrations), isolation of the monomeric protein was not fruitful. Earlier studies'®!
showed that the NS4B protein expressed in mammalian cells after a recombinant dengue
virus infection could be co-immunoprecipitated along with NS3. It is may possible that
NS4B oligomerization does not affect its interaction with NS3. An alternate possibility is
that NS4B—NS3 interaction may induce conformational protein changes to populate more
monomeric NS4B. An interaction kinetics assay was performed using Bio layer
interferometry to test these possibilities and the interaction between the purified NS3Hel
and NS4B proteins. The estimated KD value of the binding equilibrium is 0.508 uM
(Figure 1-8A). These observations suggest NS4B oligomerization does not affect its

interaction with NS3.
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Figure 1-8 NS3-NS4B interaction with BLI and SEC (A) Bio Layer interferometry of NS3-NS4B
interaction (B) Size exclusion chromatogram NS3-NS4B protein mixture

Mixtures of NS3Hel and NS4B were incubated and loaded onto size-exclusion
chromatography at different stoichiometries to check the complex formation (Figure
18B). Fractions collected from each run were analyzed by Western blotting using an
NS3specific polyclonal antibody. Surprisingly, there is no interaction found between
NS3Hel with monomeric NS4B, as there is neither a significant reduction in the NS4B
monomeric peak (green dotted lines in Figure 1-8B) nor the appearance of a new elution
peak that would correspond to NS3Hel-NS4B (1:1 molecular ratio) molecular mass.
However, the elution peak corresponding to the NS4B oligomers showed a small but
significant increase in absorbance (280 nm) intensity (Figure 1-8B). When the fractions
corresponding to this peak were analyzed by Western immunoblotting, a small amount of
NS3Hel could be detected in those fractions, confirming that NS3Hel co-eluted along
with NS4B oligomers. In gel-filtration runs with NS3Hel alone, the protein did not elute

in those fractions.

To test whether the oligomerization of NS4B or the membrane insertion of the
transmembrane helices of NS4B is a prerequisite for NS3 interaction. It is possible that,
upon membrane insertion, NS4B would present the N-terminal 36 residues in the right

conformation to interact with NS3, and oligomerization may provide a similar
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environment. A co-flotation assay was performed with NS4B-lipid LUV mixtures, and
NS4B did not show any association with lipid LUVs (Figure 1-9); NS4B is seen only in
the bottom fractions. This observation negates our hypothesis that the membrane insertion

of NS4B is a requirement for its N-terminus interaction with NS3.
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Figure 1-9 Lipid co-floatation assay of NS4B with LUVs, top- the schematic of lipid co-floatation assay,
bottom is the western blot of lipid co-floatation assay top and bottom fractions with Anti His tag antibody.

These results show that the membrane insertion of NS4B is not necessary for its
interaction with NS3 in vitro. A meaningful interpretation of these results is that the N-
terminus disordered region of NS4B is enough to interact with NS3, as indicated by our
bacterial two-hybrid assays and molecular docking studies. Furthermore, the
oligomerization of NS4B does not hinder or effect the protein N-terminal region

interaction with NS3.

1.3.4 Interaction Between NS4B and NS3 Leads to Conformational Changes in the Helicase
Subdomains

To explain the mechanism of NS3 helicase activity modulation by NS4B, we tested if the
interaction between NS3 and NS4B leads to conformational changes in the proteins.
FarUV CD spectra of NS3Hel alone or an NS3Hel-NS4B protein mixture at different
stoichiometries were recorded to test the secondary structure changes upon interaction.

The blank-corrected and normalized spectra overlay (Figure 1-10B) is analyzed to
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interpret the interaction described by Greenfield NJ, 2015'"7 (see the Methods section for
details). The far-UV CD spectra of NS3Hel and NS4B nearly overlapped. In the
normalized spectra at higher ratios of NS3:NS4B, there is no significant change in the
spectra of NS3, implying that there are no significant secondary structure changes in NS3
helicase upon interaction with NS4B if there are any secondary structure changes, a
significant change in the spectra for the NS3Hel: NS4B mixtures is expected upon

interaction.

Suppose the interaction results in large domain movements or changes in the tertiary
structure; changes in the intrinsic tryptophan fluorescence can report such changes in the
tertiary structure of the protein. Intrinsic tryptophan fluorescence of NS3Hel in the
presence of different molar excess ratios of NS4B was recorded and compared it to
NS3Hel alone spectrum, as can be seen in Figure 1-10C, the fluorescence intensity at the
emission maximum (Amax emission: 345 nm) of NS3Hel in the presence of NS4B is high
compared to NS3 alone. This signifies a change in the tryptophan environment in NS3
after the interaction. Nine tryptophan residues exist in the DENV serotype-1 NS3 helicase
domain, of which five are in the C-terminal subdomain (Figure 1-10A). In the docked
pose of NS3-NS4B (from our molecular docking studies), the N-terminal disordered
region of NS4B arches around the RecA-2 and C-terminal sub-domains. Thus, we
interpret the change in tryptophan fluorescence observed in our experiment as due to the
N-terminal domain of NS4B interacting with the C-terminal subdomain of NS3 and
possibly moving it closer to RecA domains. This would rigidify the environment
surrounding the five tryptophans in the CTD, possibly resulting in the observed intrinsic

tryptophan fluorescence changes.
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Figure 1-10 NS3-NS4B interaction biophysical characterization, (A) Schematic cartoon representation of
NS3-NS4B Haddock docked pose with 'trp' residue marking in the interface (B) Normalized far UV-CD
spectra of NS3-NS4B in different molar ratios (C)Normalized intrinsic tryptophan fluorescence spectra of
NS3-NS4B in different molar ratios

Earlier molecular dynamics simulation studies on different flavivirus NS3 structures
showed that, upon ATP-binding and hydrolysis, there are allosteric changes in the RNA
binding cleft (between RecA domains and CTD)!%1%° Based on this, it was explained
that the allosteric changes possibly couple the RNA unwinding to ATP hydrolysis. The
hinge connecting the CTD to the recA2 domain is flexible, and the CTD closing-in and
moving-out motions into the RNA-binding cleft may contribute to the duplex-unwinding
after each ATP hydrolysis cycle. BACTH and molecular docking studies showed that

NS4B interacts with the CTD of the helicase.

Molecular dynamics simulations were performed on the NS4B-docked structure of NS3
to see if this interaction leads to any motion in the CTD, as it was interpreted from our
intrinsic tryptophan fluorescence studies. An overlay of the end of the MD simulation
trajectory structure with that of the initial structure (input of MD production run) is shown
in Figure 1-11. As can be seen from the overlay of NS3 structures (NS4B is not shown in

the Figure for clarity), the RecA and the protease domains did not show significant

72



motion. There was no significant movement of the center of mass of these domains during
the entire trajectory. However, a center-of-mass analysis on the CTD showed that,
compared to the initial structure (t = 0 ns in Figure 1-11A), the t = 20 ns structure moved
by 3.3 A, away from the RecA domains. An RMSD and RMSF analysis of the trajectory
also showed a major deviation in residues corresponding to the CTD within the time-scale
of the simulation. These results also suggest that CTD domain motions, probably on the
hinge connecting the RecA-2 domain to the CTD domain, are possible away from and
towards the RecA domains. As proposed earlier, the CTD domain motions may contribute
to the RNA duplex unwinding activity of the helicase!’*!®°. Furthermore, as revealed by
our MD simulation results, the interaction of NS4B with the helicase CTD brings about
similar motion in the CTD. However, we note that an all-atom or coarse-grained MD
simulation for longer time-scales (microsecond scale) is required for reaching
convergence of the simulation for a protein of the size of DENV NS3 (nearly 620 amino
acids long). Future work in the lab aims to perform the simulations on a high-performance

computer cluster and elaborate on the preliminary findings of this MD simulation study.
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Figure 1-11 Molecular Dynamics simulation of NS3-NS4B (A) Trajectory snap shots at 0 ns(grey) and 20
ns(teal) with the surface representation of NS3 CTD subdomain (D) RMSD of NS3 with and without NS4B
(C) RMSF of NS3 with and without NS4B (inset is showing the region of NS3 CTD subdomain)
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To provide more direct evidence for the CTD domain motion into the RNA-binding cleft,
upon NS3—-NS4B interaction, crystallization of NS3 with full-length NS4B and NS4BN57
with NS3Hel was attempted. However, despite several crystallization attempts, co-
crystallizing NS4B full-length orNS4BN57 along with NS3Hel. The crystals are obtained

only with NS3Hel (Figure 1-12).

Figure 1-12 NS3 helicase protein crystallization, crystals of NS3 helicase

Attempts to express a smaller fragment of NS4B N-terminus (residues 1-36) or an N-
terminus disordered region along with scaffolding proteins are ongoing in the lab. For a
single molecule FRET experiment to see the domain motions in the presence of NS4B
was planned and attempts to introduce a FRET pair of fluorophores between the CTD and
recA2 through the introduction of cysteine or the introduction of an unnatural amino acid
that is a photoactivable cross-linker in the CTD lead to protein misfolding (very low
solubility). Attempts to express CTD alone were unsuccessful. All of these observations
suggest that CTD plays a vital role in the structure and function of the helicase, and

mutations in the subdomain may not be tolerated.
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1.3.5 NS3 Helicase Activity on the 3'-SL of the 3-UTR Is Enhanced Upon NS4B
Interaction

Similar to many other SF2 helicases, flavivirus helicases show very poor in vitro helicase
activity until an interacting protein enhances their activity. For dengue virus NS3 helicase,
interaction with NS4B enhances its in vitro helicase activity'’. Does the interaction
between NS4B and NS3 helicase CTD cause helicase activity enhancement? A helicase
assay was optimized for NS3 in the presence of NS4B to test the enhancement, using
either an RNA or a DNA oligo corresponding to the 3'-SL regions of the DENV serotypel
sequence. Secondary structure predictions on the sequences show that both RNA and the
DNA oligos can form a stable stem-loop structure (—29.00 and —15.83 kCal/mole of
folding energy, respectively, as per RNA structure software prediction) that mimics the

natural substrate of the helicase (Figure 1-13).
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Figure 1-13 3'-SL representing RNA and DNA oligos substrates used for Gel based helicase assay
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NS4B was purified without using LDAO detergent in the protocol for helicase assays.
NS4B protein was purified without the detergent for the following reasons: (i) the LDAO
detergent present in the NS4B preparation (purified following LDAO detergent extraction
protocol) may interfere with NS3 helicase activity, (ii) And the results from this study
showed that NS4B membrane insertion is not necessary for interaction with NS3, and (iii)

the dynamic oligomerization of NS4B is observed even in the presence of detergent

micelles.

NS4B purified without using detergent extraction showed far-UV CD spectra that almost
overlapped with that of the protein purified in the presence of LDAO (Figure 1-14A) and
formed large soluble oligomers (Figure 1-14B). However, we did not see a mono-mer or
dimer population. This implies that there are no significant differences in the overall

folding of NS4B with or without the membrane environment.
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Figure 0-14 Secondary structure analysis of NS4B purified by Gd.Hcl (A) Far UV-CD spectra overlay of
NS4B purified with and without detergent (B) Size Exclusion Chromatogram of NS4Bprotein purified
without detergent

The N-terminal 57 residues region of NS4B (NS4BN57) was also expressed and purified
in soluble form. Surprisingly, soluble NS4BNS57 also oligomerizes, eluted at a volume

corresponding to ~340 kDa (monomer mass is 7.5 kDa) on a Superdex-200 column. Gel-
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filtration chromatography on a mixture of NS4BN57 and NS3 (1:1 molar ratio) showed
that the proteins formed a stable complex. NS3 coeluted along with NS4BN57 oligomer
(Figure 1-15 and inset in the right panel). This observation further validates our BACTH

analysis and docking prediction that only N-terminal 57 residues of NS4B is enough to

interact with NS3.
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Figure 1-15 SEC analysis NS4BN57 and its interaction with NS3(A) Size Exclusion Chromatogram of
NS4BN57 and NS3 independent control runs with inset image of peak fractions SDS-PAGE (B) Size
Exclusion Chromatogram of NS4BN57:NS3 in 1:1 molar ratio with inset image of westernblot of peak
fractions probed with polyclonal NS3 antibody

Either the full-length NS4B or the NS4BNS57 proteins were used to test their effect on the

helicase activity of NS3Hel.

Then, using the 3’-SL forming RNA and DNA oligos as substrates and purified NS3 and
NS4B proteins, the NS3 helicase enzyme assay was optimized, adapting a gel mobility
shift assay described earlier”. The rationale of the assay is that the stem-loop structure is
more retarded in the electrophoretic gel compared to the resolved single-stranded
oligo(Figure 1-16A). DENV NS3 helicase can use duplex DNA or duplex RNA as a
substrate in vitro. In a control experiment, a sample of the heat-denatured DNA oligo
(without allowing annealing) was loaded next to a sample of the annealed 3'-SL oligo in

a gel-mobility shift assay. The annealed oligo is retarded more (ran above the denatured
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oligo) than the denatured (completely unwound) oligo (Figure 1-16B), confirming that
the 3'-SL oligos that we used formed stem-loop structures as predicted. Adding NS3Hel
protein alone to the 3’-SL oligo did not show a band corresponding to unwound (Figure
1-16C, Lane 2), signifying that are no unknown components in the NS3 helicase protein
preparation that may cause the unwinding of the stem-loop. Figure 1-16A shows a
representative gel image from the helicase stem-loop unwinding experiment using the
DNA oligo as substrate. In the presence of NS3 and ATP, a significantly lower band
corresponding to the unwound 3'-SL DNA oligo is seen (marked ssDNA in Figure 116C).
A band corresponding to the resolved DNA (ssDNA) is seen when NS3 is present in the
assay mixture. No ssDNA band was seen when only NS4B was added to the assay or
when ATP was omitted. This confirmed that the designed DNA oligo formed a stable
stem-loop structure, as predicted, and the DNA duplex unwinding activity observed is
precise because of the NS3Hel helicase activity. Two hours after the assay start time (time
of addition of ATP to the reaction mixture), most of the stem-loop band intensity is
reduced, and the intensity of the band corresponding to the resolved DNA increased. For
a comparison of the helicase activity of NS3Hel in the presence of NS4B or NS4BN57,
the one-hour time point was chosen as the endpoint of the assay, as this allowed us to

assess the in-crease in helicase activity better.
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Figure 1-16 Helicase assay of NS3 (A) Schematic of NS3 helicase assay (B) EMSA of stem-loop DNA
and denatured stem-loop DNA (C) EMSA on the DNA stem-loop substrate. As indicated, a band
corresponding to the stem-loop resolved DNA (marked ssDNA) is seen only when NS3Hel and ATP are
included in the assay. In the presence of NS3Hel alone (no ATP) or NS4b alone, the DNA stem-loop (D)
EMSA of RNA oligo-based NS3 helicase assay

NS3 helicase assay was also performed using 3'-SL RNA oligo as substrate with FAM
label at 5° side—the natural substrate of the helicase. A representative image of the gel
from the gel mobility shift assay is shown in Figurel-16D. Unlike the 3'-SL DNA oligo,
the RNA oligo showed a few lower bands in addition to the band corresponding to the
stem-loop. However, when the oligo was incubated with NS3Hel and ATP in the assay
buffer, the band intensity corresponding to the unwound oligo (marked ssRNA in Figure
1-16D) increased, with a concomitant decrease in the intensity of the stem-loop band.

This confirms that the NS3Hel can use the 3'-SL RNA oligo as a substrate and can unwind

it.
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The first in vitro biochemical evidence is that DENV NS3 helicase uses 3'-SL as a
substrate. However, we noticed that when NS4B proteins were added to the assay mixture
along with the RNA oligo, a major proportion of the oligo precipitated and did not enter
the gel. This probably happened because the hydrophobic dye (FAM) that we conjugated
to the oligo for detection after the electrophoretic run binds non-specifically to the
hydrophobic patches on NS4B. As a result, we could not use the RNA oligo in the helicase

assays with NS3—NS4B or NS3—-NS4BN57 mixtures.

A fluorophore and a quencher attached single-stranded RNA oligo used in a molecular
beacon assay to test DENV NS3 helicase assay adapting a protocol described earlier!,

As schematically depicted in Figure 1-17, the fluorophore—quencher pair attached to an
RNA oligo is annealed along with a complimentary un-labeled oligo. If NS3Hel unwinds
the duplex RNA, the labeled oligo can form a stem-loop structure, thus bringing the
fluorophore and the quencher into FRET distance, leading to quenching of fluorescence.
The extent of quenching is used as a measure of NS3 helicase activity (one representative
CY5 fluorescence intensity vs. time of the assay is shown in Figure 1-17, next to the
schematic). The sequence of the labelled-RNA oligo is not that of the 3’-SL region,
though. This assay was used to measure the helicase activity on the RNA duplex in the
presence of NS4B and NS4BNS57 in place of the gel-mobility shift assay. In the presence
of NS4B or NS4BN57, the helicase activity on the RNA duplex was enhanced (table in
Figure 117). However, the fluorescence signal was very noisy when NS4B was included
in the assay, resulting in large standard errors in the experiment. Since the 3'-SL RNA and
DNA oligo as the substrate of NS3Hel did not show any difference, the 3'-SL DNA oligo
as a substrate for further studies to quantify the helicase rate enhancement in the presence

of NS4B or NS4BN57.
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Figure 1-17 Molecular beacon-based helicase assay of NS3 in the presence of NS4B and NS4BN57
percent increase in helicase activity.

To assess the effect of NS4B on NS3 helicase activity, performed the helicase assay in the
presence of different molar ratios in excess of NS4B to NS3Hel using 3'-SL DNA oligo
as substrate. A representative gel image from the helicase assays is shown in Figure

1-18A. The ratio of background-corrected pixel intensities of the un-wound oligo band
(ssDNA) to the sum of pixel intensities from the stem-loop band and unwound (ssDNA)
band is expressed as % helicase activity (refer to the Material and Methods section for
details). The activity of NS3Hel protein at the assay end point (1 h post addition of ATP
into reaction mixture) is taken as 100% activity. If any, the pixel intensity of the unwound
(ssDNA) band at the zero-time point (stopping the reaction within five minutes of adding
ATP to the assay mixture) is subtracted in each case to normalize the zero-time point
activity to 0%. In the presence of a three-molar excess of NS4B, NS3Hel helicase activity
increased by 53 (SD of £16) % over and above the NS3Hel-alone activity (Figure 1-18B).
Similarly, in the presence of NS4BNS57, the activity increased by 22 (SD of £14) %
(Figure 1-18C). Notably, though NS4BN57 showed interaction with NS3Hel at 1:1 and
1:2 molar ratios, the interaction did not increase the helicase activity of NS3Hel to the

same extent as what full-length NS4B could bring about. It is possible that, though the N-
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terminus 57 residues region of NS4B is enough to interact with NS3 helicase, other
regions of the NS4B may be important for helicase activity modulation in ways that

cannot be explained in this study.
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Figure 1-18 Helicase assay of NS3 in the presence of NS4B and NS4BN57(A) EMSA of NS3 helicase
assay in the presence of NS4B (B) Histogram of a percent increase in helicase activity of NS3 in the

presence of NS4B (C) Histogram of a percent increase in helicase activity of NS3 in the presence of
NS4BN57.

ATPase activity assay was also optimized for the of the helicase and used it to determine
the Michaelis—Menten kinetic constants of the reaction. The reaction initial velocities at
different substrate concentrations fit an MM-kinetics model using a non-linear regression
method as shown in Figure 1-19. In the presence of NS4B (at a 1:3 NS3 to NS4B molar
ratio), the Vmax of the reaction increased to 0.560 + 0.051 pmoles/min from 0.092 +
0.018 pmoles/min for the NS3Hel-alone reaction, implying a nearly 6-fold catalytic rate

enhancement of the helicase upon NS4B interaction. Assuming that the ATPase activity
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and RNA duplex unwinding activity are correlated, an increase in RNA unwinding

activity of the helicase to the same extent (as ATPase activity) is expected.
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Figure 1-19 ATPase assay with NS3 helicase in presence of NS4B

Taken together, These results from gel-shift mobility assays using RNA and DNA oligos
predicted to form a 3'-SL structure, molecular beacon assays with RNA oligos, and
MMkinetic studies show that the 3'-SL in the 3’-UTR region of the DENV genome is a
cognate substrate for NS3 helicase and the interaction of NS4B with NS3 helicase
enhances the in vitro helicase activity. These results also validate our observations from
BACTH assays and molecular docking studies that the N-terminus 57 residues region of

NS4B is enough to interact with NS3 helicase.

1.4 Discussion

Flavivirus non-structural proteins interact with each other and with host proteins in a
complex and dynamic manner!®*!8! Earlier studies established the criticality of NS3—
NS4B interaction'*®1%! in the DENV replication. Furthermore, a therapeutic strategy has

been proposed to target the NS4B—NS3 interaction in DENV and other flaviviruses.
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Recently, a small-molecule drug, JNJ-A07 (a hit from a large-scale cell-based anti-DENV
2 screens), has been shown to potently inhibit viral replication by targeting the NS4B—
NS3 interaction'!. However, the interaction between NS3 and NS4B, and its significance
to the enzymatic functions of NS3, is not completely understood. With the objective of
characterizing the interaction between NS3-NS4B and providing structural and
mechanistic insight into the interaction, this study characterized the DENV 1 NS3—-NS4B
interface and explained a possible structural mechanism for the helicase activity

enhancement of NS3 upon the interaction.

Earlier studies showed!®, using a yeast-two-hybrid assay and a pull-down assay on
DEN V-infected cell lysates, full-length NS4B interacts specifically with the NS3 helicase
subdomains recA2 and CTD'*®, BACTH results and docking simulations are consistent
with their results. However, in their assays, the N-terminal half (1-135) or the C-terminal
half of NS4B (136-248) alone did not interact with NS3. Interestingly, NS3 also interacts
with NS5 through CTD subdomain'¥”!®2, Both NS5 and NS4B may interact with NS3
subdomains two and three and form a tripartite complex during negative-strand synthesis

in genome replication'®!,

Docking studies in this study corroborate their findings. The binding strength of the
interaction reported in their study (KD of 222 nM for DENV2 and 530 nM for DENV4

NS3Hel-NS4B) is comparable to what we observed in our BLI studies (KD of 508 nM).
They also tested the interaction between a peptide with a sequence corresponding to a
loop connecting the NS4B TM3 and TM4 with NS3, and their rationale for selecting this
region is based on the predicted membrane topology of NS4B, wherein the TM3-TM4
loop is the only region that would face the cytosolic side of the RO, wherein NS3 is

localized. Interestingly, the simulated KD values estimated for NS3—NS4B cytosolic loop
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binding (1.6 uM) is very high compared to those observed with full-length NS4B and
helicase and the same region involved in dimerization of NS4B!?"-143, This implies that
there may be other regions of NS4B that can interact with NS3. Further, NMR studies
with the cytosolic loop peptide and NS3 helicase domain, followed by genetic analysis,
fine-mapped the interacting residues to Q134 and G140. Another independent study found
that the Q134 residue of the TM3-TM4 cytosolic loop is the determinant of NS4B
interaction with NS3'®!. Interestingly, in their studies, alanine substitutions at DENV2
NS4B residue positions 28 (L28A) and 87 (M87A) also showed the apparent loss of
interaction with NS3, albeit to a much lesser extent than the cytosolic loop mutations

(Q134A, G140A, and M142A).

The studies described above on mapping the NS4B—NS3 interaction interface looked for
interaction between the NS4B TM2-TM3 cytosolic loop residues and NS3. Their
rationale is, as per the predicted membrane topology of the NS4B '*3, the 2K signal
preceding NS4B would lead the protein into the membrane from the ER lumen side, and
thus, the N-terminal 100 residues region is placed in the ER lumen. In that scenario, the
cytoplasmic loop between TM3—TM4 is the only accessible region on the cytosolic side
of the RO for NS3 interaction. This study has a differing view about the localization of
N-terminal 100 residues of NS4B, that the N-terminal 100 residues are disordered and
extend away from the membrane surface into the cytosol side of the RO (as depicted in
Figure 1-3, schematic of the RO on ER) which would allow its interaction with NS3 and
other interacting partners. The reasons for our proposal are as follows: (i) Miller et al.
(2006)'%7, based on TM helix predictions and biochemical studies, proposed a membrane
topology for NS4B, which the earlier mentioned NS3—NS4B interaction studies were

based on. However, the proposed topology model does not exclude the possibility of the
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N-terminal region flipping to the cytosol side of the RC after proteolytic processing at the
C-terminal end of the 2K signal peptide. This may happen similarly to what is proposed
for the TM5 of NS4B—TMS flips from the cytosolic side to the ER lumen side after the
NS4B-NS5 boundary is cleaved'??. Alternatively, after the cleavage at the 2K signal
peptide end by host signalase, the N-terminus of NS4B may come out of the membrane
to the cytosolic side, thus flipping the whole NS4B orientation in the membrane opposite
to what Miller et al. proposed, (ii) Zou et al. (2014)!?’, based on their fluorescence
protease protection assay results with DENV 2K-NS4B(1-93)-EGFP, inferred that the N-
terminus 100 residues might position on the ER lumen side, as well as on the cytosol side,
of the RO; (iii) Zou et al. (2015) in their study could immunoprecipitate NS4B from
DENV-infected cell lysates without the detergent extraction of the protein. Since the
majority of the NS4B, except for the N-terminal 100 amino acids, insert into the
membrane, the only explanation for this result is that the N-terminus is on the cytosolic
side of the RC, where NS3 is also present; (iv) The N-terminal 95 residues of NS4B are
required for the modulation of IFNo/B signaling'® in DENV-infected cells, probably
through its interaction with the STAT-1 protein, a cytosolic protein. Thus, in this study
proposal, the N-terminus region of NS4B extends like a tail into the cytosol for interaction
with various protein factors is not unfounded. Consistent with this idea, recently study'®®
showed that the N-terminal 51-83 residues of NS4B are enough to interact with NS3 and
enhance NS3 helicase activity. However, their study was done with peptides
corresponding to different regions of the N-terminal region or the cytosolic loop

connecting the TM3 and TM4 of NS4B (as Sumo-fusion proteins).

This study did not focus on any region of NS4B and NS3 to map the interaction between

them, unlike the studies mentioned in the above paragraphs. The molecular docking
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simulations were performed with full-length proteins (including the protease domain of
NS3) without a prior notion about the interaction. Furthermore, in vitro studies with
purified proteins (full-length NS4B or NS4N57 and NS3Hel) to characterize the
interactions validated our docking studies. This study concludes that the N-terminal,
likely disordered, region of NS4B is the major determinant for interaction with NS3.
Based on these observations, a mechanistic model for the NS3-NS4B interaction was
proposed (Figure 1-20). Though speculative at this juncture, it is reasonable to think that
the N-terminal disordered region of NS4B flips from the ER lumen side to the cytosol
side (by a mechanism that cannot be explained from our studies) after the C-terminal end
of the 2K signal is proteolytically processed. Then, the N-terminal end extends as a tail
down from the membrane surface, runs lateral to the recA-2 domain, and partially wraps
around the CTD from the side opposite to the RNA binding cleft. As we noted in our
docking analysis, a salt bridge between the K10 of NS4B and NS3 CTD E568 may
stabilize the interaction to tightly hold the NS4B N-terminal region around the CTD. It
would be interesting to see if mutating the residues, K10 from NS4B or E568 in NS3
would break the interaction between NS4B-NS3 when mutations introduced in this
region the neighbouring residues to E568 in NS3 (for using them in crosslinking studies),
the mutant proteins did not express well, possibly because of the misfolding of the protein.
Thus, this new interaction interface between NS4B and NS3 that was proposed here, along
with interaction with the loop regions between the TM helices proposed earlier, is likely
to be the complete interaction interface between the two proteins. This complete map of
the NS3-NS4B interaction interface should be considered in designing therapeutic

strategies to block the interaction.
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What does interaction with NS4B signify to the enzymatic functions of NS3? Since only
the helicase subdomains are involved in interaction with NS4B, it is reasonable to assume
that NS4B can influence the helicase activity of the protein. Consistent with this idea,
earlier study'*’ showed that GST-linked NS4B could enhance the duplex RNA unwinding
activity of NS3 by nearly two-fold at a 1:2 NS3 to NS4B ratio; however, a mechanism
that can explain the rate enhancement is not known. In this study, an RNA or a DNA stem-
loop would be analogous to the natural substrate of NS3; the 3'- stem-loop in the 3'UTR
was used. This stem-loop (3'-SL) is likely to be the first substrate for NS3 during negative-
strand synthesis. Biochemical characterization of NS3 showed that the 3'-SL is indeed a
cognate substrate for the NS3 helicase. It is important to note that earlier studies with NS3
helicase used either an RNA duplex or stem-loop forming sequences rather than 3'- SL

from the 3'UTR of the viral genome.

Upon interaction, the conformational changes in NS3 and NS4B proteins were also
studied. Though inconclusive, our intrinsic tryptophan fluorescence and MD-simulation
studies suggested that NS4B—NS3 interaction may increase the dynamic motion of the
CTD (subdomain 3) of NS3. Based on the crystal structures of the DENV NS3 helicase
in different ligand-bound (an ATP-analogue, Mn*?, intermediates of ATP hydrolysis, and
a ssRNA fragment) states, Luo et al. (2008)!°7 proposed a mechanism of NS3 nucleoside
triphosphatase activity and the coupled dsRNA unwinding activity. These crystal
structures reveal that ssSRNA is held in the RNA-binding cleft by interactions with several
residues in all three subdomains, although most interactions are with recAl and recA2
subdomain residues (primarily with RNA back-bone phosphoryl oxygen). They also
noted that, in the ssRNA-bound structure, subdomain 3 (CTD) rotates by 11 degrees,

away from the RecA domains, to make the RNA-binding cleft wider. Based on these
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observations, they proposed that subdomain motions after dsSRNA binding in the RNA
binding cleft (CTD opening and closing onto Rec-A subdomains) may provide the
wrenching force to push the duplex through the ‘separation pin’—a B-hairpin structure
capping the RNA-binding cleft of NS3. A similar proposal—dynamic CTD (subdomain
3) motions during the unwinding action of helicase to close the RNA-binding cleft—was
made for Zika virus NS3 helicase!’*!® and hepatitis C virus NS3 helicase'®*. Under this
hypothesis, a molecular dynamics simulations study on the dengue virus NS3 helicase
structure in complex with RNA and ATP hydrolysis intermediates predicts dynamic
conformational changes in the protein, explaining the allosteric mechanism connecting

the helicase activity to the ATP hydrolysis'®’.

Interestingly, in the NS4B-docked NS3 structure, the disordered region of NS4B is closely
apposed to the ‘recA2-CTD hinge’ of NS3. Furthermore, our MD simulation studies on
the NS3-NS4B docked structure indicate CTD domain motions. Our study provides
experimental evidence, though not direct evidence, supporting this proposed mechanism.
Tertiary structure changes in the NS3—NS4B complex that we observed correlate well
with the rate of enhancement of the helicase activity. At higher NS3 to NS4B molar ratios,
wherein helicase activity is higher, the intrinsic tryptophan intensity significantly
enhanced. This change can be interpreted as more rapid dynamic motions in the
subdomains resulting in enhanced helicase activity.

Could the NS4B N-terminus interaction with NS3 RecA2 and CTD domains enhance the
subdomain's motion to increase the helicase activity? The results of our molecular
docking, far-UV CD and intrinsic tryptophan fluorescence studies, MD simulations, and
helicase assays indicate such a mechanism. As described in the Results section (refer to

Figures 1-5 and 1-10), it is reasonable to interpret the observed change in intrinsic
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tryptophan fluorescence in the NS3—NS4B complex (but no far-UV CD changes) as

primarily due to CTD moving closer to the RecA domains.

prot

Figure 1-20 Plausible structural mechanism of NS4B induced NS3 helicase activity enhancement by
inducing dynamic motion in CTD of NS3 by N-terminal disorder region of NS4B

Taken together, a plausible explanation is that NS4B interaction with NS3 helicase increases
the RNA duplex unwinding activity by increasing the CTD motions (towards and away from
the RecA domains for each cycle of unwinding/RNA

translocation).
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Chapter 2: Characterization
of NS2B Co-factor
Interaction with NS3
Protease
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2.1 Introduction — DENV NS3 Protease and Polyprotein Processing

Dengue genome has a single ORF. In the infected cell, the viral genomic RNA is translated
into a single long polypeptide which is proteolyticall processed by the viral and the host
cell proteases to produce seven non-structural and three structural proteins. Mutations in
these cleavage sites cause abrogation of polyprotein processing and has severe
consequences for viral survival, majorly affecting its replication and virus particle
synthesis'®1°!1. DENV polyprotein is specifically cleaved at eleven sites by host signal
peptidase, furin, and the viral-coded protease, NS3. Host signal peptidase cleaves
specifically at the capsid-prM boundary, the prM-envelope protein boundary, the
envelope protein — NS1 and the 2k-NS4b boundary**. Remaining six cleavage sites are
recognized and cleaved specifically by the NS3. As described in the general introduction
and chapter 1, the N-terminal 176 residues of DENV NS3 fold into a canonical
chymotrypsin fold with two b-barrel domains. The NS3 protease (domain) has serine
protease activity. The catalytic triad of Ser 135 - His 51 — Asp 75 (residue numbering as
per DENV serotype 1 sequence) is formed at the boundary of the two domains.
Interestingly, (as described earlier) the NS3 protease requires a protein co-factor, NS2B
(the non-structural protein that immediately precedes NS3 in DENV polyprotein
sequence). The C-terminal (nearly 50 residues long) half of the NS2B protein folds around
the NS3 protease domain to stabilize and functionalize the protease *!'°2, NS2B's role as
a co-factor stabilizing the NS3 fold is well established, but only the region of 45-

56 amino acids showed interaction in the ‘open’ conformation of NS3, which alone
stabilizes the fold®’. NS2B’s structurally conserved beta-hairpin motif (73-86amino acids
region) is positioned differently in both the conformations (Figure 0-9). In ‘open’

conformation away from the protease domain. In ‘closed’ conformation, the extended
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region of NS2B co-factor (56-100aa region) forms two new interfaces (first interface
formed by 71-75 residues region of NS2B, and 113-119 residues region of NS3 protease
will interact with NS3 protease), and the conserved beta-hairpin motifis conformationally
positioned near the catalytic pocket (‘DD’ in the loop region of this beta-hairpin motif
interacts with ‘73KK74’ residues of NS3 before the catalytic aspartate forms the second
interface) this conformational rearrangement and the two interfaces formed will stabilize

the closed conformation '%3.

The extended region of NS2B cofactor from the 56-100aa region is essential for the
NS2B3 protease activity, mutations in two different regions of this loop ranging from
5962 and 75-87 showed decreased proteolytic activity '°, at positions L75A, 177A, and
I79A showed insufficient autoproteolysis, and a single mutant W62A completely
abolished autoproteolytic activity on 2B/3 substrate®®!®>. Despite having significant
sequence conservation within the flavivirus genus, the cofactor of each virus seems
specific for its protease, although cross-activation within closely related viruses is also
observed sometimes'>!. Although in the open conformation of NS2B3 protease, this
extended loop region of NS2b3 is away from the core protease domain, the mutational
studies showed this region is required for the activity of NS2B3 protease. These
mutational studies and the conformational dynamics of NS2B cofactor region are clues
about this region's criticality and the importance of closed conformation formation for the

activity of NS2B3 protease.
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Figure 2-1, NS2B3 structure and its cleavage site (A) NS2B3 protease structure, (B) MSA
generated Logo of conserved residues in the cleavage site of NS2B3 protease

Cleavage sites of NS2B3 protease in between viral proteins have a conserved pattern with
slight heterogeneity throughout the flavivirus genus; the pattern of the cleavage site of
NS2B3 protease has two basic residues followed by a small side chain having aliphatic
residues like glycine or alanine or serine, or threonine (Figure 2-1B). The cleavage site
always has R/K at P1 and P2 positions, although there is an exception for NS4A-2K and
NS3-NS2B, where the P2 position is occupied by ‘Q’; otherwise, in most cases, the P2
position is another ‘basic’ residue. However, in the case of NS4A -2K and NS2B-NS3
cleavage site, P2 is occupied by glutamine and P3 position occupied by another ‘basic’
residue, except in DENV3 where NS2B-NS3 cleavage site has P2, P3, and P4 positions
occupied by glutamine, threonine, and Glutamine whereas P5 position is another ‘basic’
residue.

NS2B3 protease cleaves between this P1 ‘basic’ residue and P1" small sidechain having
residue, where P1 ‘basic’ residue side chain was held in the S1 pocket (Figure 2-2). The
cleavage site recognized by NS2B3 protease has slight microheterogeneity in the same

serotype. However, then also NS3 specifically recognizes this cleavage junction and
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cleaves it at this boundary after basic residues raising questions about S2 pocket
specificity for the P2 position. Moreover, how this second ‘basic’ residue slides between
P2 to P5 in some of the cleavage sites recognized by NS2B3 indicates a broader pocket

for the second ‘basic’ residue, which defines the cleavage site specificity.

/ '/f&x,.
\Tl ﬁ?f
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Figure 2-2 NS2B3 protease with the active site and S1 pocket residues

Comparison of other flavivirus proteases like HCV NS3 protease, which cleaves after
cystine shares a similar fold, and its cleavage specificity is influenced by aspartate ate at
P6 position'>*

Negatively charged residues in loop region beta-hairpin motif of NS2B in WNV made S2
pocket for P2 ‘basic’ residue. However, in DENYV, it was not clear, although an MD
simulation study showed this negatively charged residue might interact with conserved
‘basic’ residue near catalytic aspartate stabilizes closed conformation for the activity of
NS3!%6197_ QOther naturally occurring proteases like trypsin and thrombin, NS2B3 also has
an aspartate six residues before catalytic serine, which gives cleavage specificity after
‘basic’ residue in trypsin and thrombin which holds side chain on this ‘basic’ residue

during peptide bond cleavage, but in NS3 mutation at this position has minimal effect!>.
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Upon analysis of different flaviviruses like ZIKV, WNV, and different serotypes of DENV
protease showed a dimer form of NS2B3 protease in ‘open’ conformation of crystal
structure, and whenever it is bound to substrate, or an inhibitor showed a monomeric
‘closed’ conformation mostly!®. This indicates that its conformational change during
substrate-bound form may be a stimulus for its activation. NS2B is forming a complex
with NS3, and its cofactor role of stabilizing the fold was well established. However, its
role in protease activity is not a well-known phenomenon. Along with this, there are a
few questions like how NS2B3 got its specificity to cleave at specific sites in between
structural and nonstructural protein junctions and the negative regulation of protease
activity to not act on other sites, and the factors affecting its conformational switching are

to be answered.

This study focused on the conformational dynamics of NS2B3 protease and the role of
NS2B in these conformational dynamics and cleavage site recognition. I did a thorough
biophysical and biochemical characterization of NS2B3 protease and established closed
conformation formation and the interface involved in its stabilization. Using in-silico
molecular docking, molecular dynamic simulation, and biochemical assays, I established
a possible mechanism of substrate recognition and its transfer into the catalytic pocket

through substrate binding S1 pocket by NS2B.

Moreover, this study's findings gave additional information on mechanistic details of
substrate recognition and its transfer into the catalytic pocket through open to closed

conformation transition.
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2.2 Material and Methods

2.2.1 Cloning of NS2B3, Mutants of NS2B3, NS2B48-100aa, NS3 Protease Domain,
NS3CTD-NS4AN56, and GFP-Cs-Quencher Into pET24b Vector

NS2B3 of Dengue serotype-1 (Gene Bank accession number JN903579) was previously
cloned into a pGEM-T vector and named pDV1-419NS2B3. DNA of NS3 protease
domain coding region was amplified from (DNA coding region of N-terminal 1-172
amino acids of NS3 protein), and NS2B cytoplasmic loop (DNA coding region of 48-100
amino acids) were PCR amplified from a pDV1-419NS2B3 plasmid. These DNA
fragments were linked with GGGGSGGGG linker coding DNA sequence using
overlapping PCR (SM85 and SM86 used as overlapping primers) to generate a construct
having 2B cytoplasmic loop (generated by PCR amplification using SM59 for and SM60),
a flexible glycine serine linker, and protease domain (generated by PCR amplification
using SMS5 and ST1 primers) of NS3 sequentially and named NS2B3. Later this gene was
inserted between the Nhel and Xhol sites of the pET24b expression vector with the C-

terminal His tag.

Mutant-1 of NS2B3 is a replacement of charged stretch of ‘DD’ at 80 and 81 position in
NS2B to ‘AA,” was made using overlapping PCR (primers SD1 and SD2), and the
resulted gene was cloned into pET24b expression vector with C-terminal His tag. Mutant2
of NS2B3 is the replacement of conserved ‘F’ at 116" position NS3 to a polar residue ‘R,
was made using overlapping PCR (primers SM144 and SM145) and resulted in the gene
being cloned into pET24b expression vector with C-terminal His tag. Mutant-3 is a
truncation of NS2B cytoplasmic region to initial ten amino acids (49-59 amino acids),
and a glycine linker and protease domain comprising DNA sequence was generated using

overlapping PCR and inserted in pET24b expression vector with c-terminal his tag.
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Mutant-4 of NS2B3 is a replacement of a charged stretch of ‘DEERDD’ from 87-93aa of
NS2B to ‘AAAAAA,” was made using overlapping PCR (primers SM99 and SM100),
and the resulting gene was cloned into pET24b expression vector with C-terminal His

tag.

NS3 protease domain (1-172aa) and NS2B 48-100aa coding DNA regions were PCR
amplified from pDV1-419NS2B3 vector and inserted into pET24b expression vector with

C-terminal His tag independently.

NS3CTD-NS4ANS56 construct was made by combining the DNA coding region of the
Cterminal domain representing 475aa to 619 aa of NS3, which was PCR amplified from
a pPDV1-419NS2B3 plasmid with the DNA coding region of N-terminal 56aa of NS4A
which was PCR (primers SM7 and SM52) amplified from pDV1-419NSP4a plasmid by
overlapping PCR (SM92 and SM93) without disturbing the cleavage site and named as
NS3CTD-NS4ANS56 substrate. This resulted in a gene from overlapping PCR inserted

into the pET24b expression vector between Nhel and Xhol sites with C-terminal his tag.

GFP-Cs-Quencher construct was made by combining the DNA sequence of GFP protein
with the DNA coding sequence of a decapeptide cleavage site of NS3-NS4A junction
(Cs) and M2 peptide (Quencher)
(AAGRRSVSGDCNDSSDPLVVAASIIGILHLILWILDRLLE) by two reverse primers
extension PCR (primers SM147, 148, 149, and 150). This resulted in the gene having GFP
protein-coding sequence towards the 5’ side, the Cs site in the middle, and the M2 peptide
coding sequence towards the 3’side, which was later inserted into the pET24b expression

vector between Nhel and Xhol sites with C-terminal His tag.
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2.2.2 Expression and Purification of NS2B3, Mutants of NS2B3, NS2B48-100aa, NS3
Protease Domain, NS3CTD-NS4AN56, and GFP-Cs-Quencher Recombinant Proteins

NS2B-NS3 protease complex (from now referred to as NS2B3 for sake of brevity), its
mutants, and NS2B 48-100aa recombinant proteins were expressed and purified similarly
without any modification in the protocol. pET24b with NS2B3 and its mutants
transformed into Rosetta DE3 cells, and cells were grown in LB Broth supplemented with
50pg ml' kanamycin and 34pg ml! chloramphenicol to an optical density at 600 nm
(ODsoo) 0of 0.6 to 1.0 at 37°C. Expression of recombinant NS2B3 was induced with 0.5mM
isopropyl B-D-1thiogalactopyranoside (IPTG) and incubated at 16°C overnight; cells
were pelleted by centrifugation at 5000 x g for 10 mins at 4°C. Pellets were resuspended
in a lysis buffer of 20mM Tris pH 7.4 containing 150mM NaCl, 10% glycerol, and 10mM
imidazole and disrupted by sonication using a digital probe sonicator at 40% amplitude
for 20 min. Both wild-type and mutant proteins are expressed as soluble proteins. The cell
lysate was clarified by centrifuging at 20000 x g at 4°C in a Sorval centrifuge with a T29
rotor for 20 min; the supernatant was taken for purification using

Ni-NTA agarose gravity column, which is pre-equilibrated with the binding buffer of
20mM Tris pH 7.4 containing 150mM NaCl, 10mM Imidazole and 10% glycerol. After
the sample was loaded onto the column, the column was washed with 5 column volumes
of wash buffer of 20mM Tris pH7.4 containing 150M NaCl, 50mM Imidazole, and 10%
glycerol. Then bound protein was eluted with elution buffer 20mM Tris pH 7.4 containing
150mM NacCl, 300mM Imidazole, and 10% glycerol. Eluted protein was concentrated and
loaded onto the Superdex 75 gel filtration column for further purification with a buffer of
50mM Tris pH9.0 containing 10% glycerol (TG buffer). A single peak of purified protein

was collected, concentrated at 10-20 mg ml™"* and stored in TG buffer at -20°C. For pH
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studies, the purified protein was buffer exchanged into the desired buffer of different pH

using Amicon ultra 10kDa cutoff concentrators according to the user protocol.

NS3 protease domain gene containing pET24b vector was transformed into Rosetta DE3
cells, and cells were grown in LB Broth supplemented with 50pg ml™' kanamycin and
34pug ml! chloramphenicol to an optical density at 600 nm(ODgoo) of 0.6 to 1.0 at 37°C.
The recombinant NS3 protease domain was expressed with 1mM isopropyl [-
D1thiogalactopyranoside (IPTG) and incubated at 37°C for 3 hours: cells were pelleted
by centrifugation at 5000 x g for 10 mins at 4°C. Pellets were resuspended in a lysis buffer
of 20mM Tris pH 7.4 containing 150mM NaCl and disrupted by sonication using a digital
probe sonicator at 40% amplitude for 20 min with 15 seconds off and 5 seconds on cycles.
The cell lysate was clarified by centrifuging at 20000 x g at 4°C in Sorval centrifuge with
T29 rotor for 20 min, and the protein expressed as inclusion bodies were in the pellet
fraction. These inclusion bodies containing pellet fraction were taken for further
purification by solubilizing them in a denaturation buffer of 20mM Tris pH7.4 containing
8M urea and 150mM Nacl and purified using Ni-NTA agarose gravity column in
denaturation protocol. Solubilized protein was clarified by centrifugation at 20000 x g at
4°C in Sorval centrifuge with T29 rotor for 20 min and resulted in the supernatant being
loaded on NiNTA gravity column, which is pre-equilibrated with the binding buffer of
20mM Tris pH 7.4 containing 8M urea, 150mM NaCl and 20mM Imidazole. After the
sample was loaded onto the column, the column was washed with 5 column volumes of
wash buffer of 20mM Tris pH7.4 containing 6M Urea, 150M NaCl, 50mM Imidazole.
Then bound protein was eluted with elution buffer 20mM Tris pH 7.4 containing 6M
Urea, 150mM NacCl, 300mM Imidazole. Eluted protein was concentrated refolding of

protein was attempted in different methods.
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NS3CTD-NS4ANS56 gene containing pET24b vector was transformed into Rosetta DE3
cells, and cells were grown in LB Broth supplemented with 50pug ml™' kanamycin and
34pug ml! chloramphenicol to an optical density at 600 nm (ODeoo) of 0.6 to 1.0 at 37°C.
Expression of recombinant NS3CTD-NS4ANS56 was induced with 1mM isopropyl B-
D1thiogalactopyranoside (IPTG) and incubated at 37°C for 3 hours: cells were pelleted
by centrifugation at 5000 x g for 10 mins at 4°C. Pellets were resuspended in a lysis buffer
of 20mM Tris pH 7.4 containing 150mM NaCl and disrupted by sonication using a digital
probe sonicator at 40% amplitude for 20 min with 15 seconds off and 5 seconds on cycles.
The cell lysate was clarified by centrifuging at 20000 x g at 4°C in Sorval centrifuge with
T29 rotor for 20 min, and the protein expressed as inclusion bodies were in the pellet
fraction. These inclusion bodies containing pellet fraction were taken for further
purification by solubilizing them in a denaturation buffer of 20mM Tris pH7.4 containing
8M urea and 150mM Nacl and purified using Ni-NTA agarose gravity column in
denaturation protocol. Solubilized protein was clarified by centrifugation at 20000 x g at
4°C in Sorval centrifuge with T29 rotor for 20 min and resulted in the supernatant being
loaded on NiNTA gravity column, which is pre-equilibrated with the binding buffer of
20mM Tris pH 7.4 containing 8M urea, 150mM NaCl and 20mM Imidazole. After the
sample was loaded onto the column, the column was washed with 5 column volumes of
wash buffer of 20mM Tris pH7.4 containing 4M Urea, 150M NaCl, 50mM Imidazole.
Then bound protein was eluted with elution buffer 20mM Tris pH 7.4 containing 2M
Urea, 150mM NaCl, 300mM Imidazole, and 10% glycerol. Eluted protein was
concentrated and desalted using a Hi-trap desalting column with a buffer of 50mM Tris
pH9.0 containing 10% glycerol (TG buffer), and protein purified after this step was stored

in -20 °C till further use for protease assay. For pH studies, the purified protein was buffer
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exchanged into the desired buffer of different pH using Amicon ultra 10kDa cutoff

concentrators according to the user protocol.

A GFP-Cs-Quencher construct which was made in the pET24b vector, was transformed
into BL21DE3 cells, and cells were grown in LB Broth supplemented with 50pug ml!
kanamycin to an optical density at 600 nm(ODsoo) of 0.6 to 1.0 at 37°C. Expression of
recombinant GFP-Cs-Quencher protein was induced with ImM isopropyl -
D1thiogalactopyranoside (IPTG) and incubated at 37°C for 3 hours; cells were pelleted
by centrifugation at 5000 x g for 10 mins at 4°C. Pellets were resuspended in a lysis buffer
of 20mM Tris pH 7.4 containing 150mM NaCl and disrupted by sonication using a digital
probe sonicator at 40% amplitude for 20 min with 15 seconds off and 5 seconds on cycles.
GFP-Cs-Quencher protein is expressed as a soluble protein. The cell lysate was clarified
by centrifuging at 20000 x g at 4°C in a Sorval centrifuge with a T29 rotor for 20 min;
the supernatant was taken for purification using Ni-NTA agarose gravity column, which
is pre-equilibrated with the binding buffer of 50mM NaPO4 pH 7.8 containing 300mM
NaCl, 10mM Imidazole and 10% glycerol. After the sample was loaded onto the column,
the column was washed with 5 column volumes of wash buffer of 50mM NaPO4 pH 7.8
containing 300mM NaCl, 5S0mM Imidazole, and 10% glycerol. Then bound protein was
eluted with elution buffer 50mM NaPO4 pH 7.8 containing 300mM NaCl, 300mM
Imidazole, and 10% glycerol. Eluted protein was concentrated and further purified using
Hitrap Q anion exchange chromatography with a buffer of 50mM Tris pH9.0 containing

100mM NaCl for binding. Bound protein was eluted using 50mM Tris pH9.0 containing

100mM to 1M NaCl linear gradient, and eluted fractions containing 32kDa size band were
pooled and loaded onto the superdex-75 gel filtration column for further purification with

50mM Tris pH 9.0 containing 10% glycerol. A single peak of purified protein oligomer
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eluted in the void of the column was collected and concentrated to 1mg ml™! and stored in

TG buffer at -20°C.

2.2.3 Protease Assay

Protease assay was done using NS3CTD-NS4ANS56 protein as substrate and NS2B3
protease and its mutants as an enzyme in a 1:5 molar ratio (protease: substrate) and
incubated at 37° C for 8 hours, and samples were taken out for every lhours time point
till 4hrs after that every 2hours till 8 hours, protease assay was done in 5S0mM Tris H 9.0
containing ImM CHAPS and 10% glycerol. The enzyme reaction was stopped by adding
5X SDS-PAGE loading dye and boiling at 95° C for Smins. After completion of the assay,
samples were loaded on 6-18% gradient SDS-PAGE for the separation of cleaved proteins
and further analysis. To test the pH effect on the protease activity of NS2B3 protease, we
used 50mM Tris pH7.0 containing 10% glycerol and ImM CHAPS, and 50mM Tris

pH9.0 containing 10% glycerol and ImM CHAPS buffers were used for protease assay.

GFP-Cs-Quencher substrate (upon specific cleavage event at the cleavage site in between
GFP protein and quencher peptide, GFP fluorescence will increase) was used in a
fluorescence-based assay. This assay used GFP-Cs-Quencher at a different molar
concentration (1.6uM to 6.4 uM with 8uM increment) as substrate and NS2B3 wildtype
and mutant-1 of NS2B3 proteins as enzymes. Both the proteins were incubated at 37° C
for 3 hours, then an increase in GFP fluorescence upon cleavage was measured in endpoint
assay. For fluorescence spectra recording at Ohr time point and 3hr time point, excitation

was set at 485nm, and emission scan was done from 495-535nm.
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2.2.4 Size Exclusion Chromatography (SEC)

NS2B3 wild type and all of its mutants used in this study were analyzed for their
quaternary structure changes at two different pHs (initial wildtype was tested three at
different pHs like pH 5.0, 7.0, and 9.0, in that study at pH 5.0 five wild type protein was
getting denatured and aggregated, so for later studies pH7 and pH9 buffers only used).
For this analysis superdex-75 10/300 Increase GL column was used with a 0.5 ml/min
flow rate. 50mM Tris pH 7.0 containing 10% glycerol and 50mM Tris pH9.0 containing

10% glycerol buffers were used for pH studies.

2.2.5 Protein Crystallization
NS2B3 protease was concentrated at 20-40mg/ml in 20mM Tris pH 7.4 containing buffer.
A Grid of conditions was made from previously solved crystal structures of NS2B3

protease crystallization conditions. And drops were set in the hanging drop method.

2.2.6 Glutaraldehyde Crosslinking

Crosslinking experiment was done with two different pHs having buffers that were used
with wildtype NS2B3 protease at 0.25 mg ml! concentration. For pH 7.0 buffer, 50mM
Na.PO4 pH 7.2 containing 10% glycerol was used for pH 9.0 buffer, 50mM Na.CO3
pH9.4 containing 10% glycerol was used (addition glutaraldehyde changed the pH to pH7
and pH 9 to the respective buffers). Protein was incubated in the respective buffers at
room temperature for 30min. Later, 1.5ul of 0.1% glutaraldehyde was added to the 28.5ul
sample to make the final glutaraldehyde concentration of 0.01% in the sample and
incubated for 10min at room temperature. The reaction was stopped by adding 5X SDS-

PAGE loading dye and boiling at 95° C for 5Smins.

104



2.2.7 Far-UV Circular Dichroism (CD) and Intrinsic Tryptophan Fluorescence Spectroscopy
Far-UV CD and intrinsic tryptophan fluorescence spectra were recorded with NS2B3
wild-type protein at different pHs. Samples were incubated at room temperature for 30
min in the corresponding buffer before recording the spectra. Protein was used at 0.2
mg/ml concentration, and different pH buffers were used to check the pH effect on the
protein secondary structure by CD spectroscopy. For pH 5.0 and 6.0, 50mM MES pH 5.0
and pH 6.0 with 10% glycerol were used. For pH 7.0- 9.0, 50mM Tris pH 7, pH8, and
pH9 with 10% glycerol were used. The far-UV CD spectra were recorded using a 0.1 cm
path-length quartz cuvette. Normalized mean residue ellipticity (MRE) values against
wavelength spectra were calculated and plotted.

Fluorescence emission spectra were recorded using a 1 cm cuvette with an excitation
wavelength set to 295 nm, and an emission scan at 300nm to 400nm was recorded. The
same pH buffers were used to record intrinsic tryptophan fluorescence emission spectra
to check the pH effect on structural changes in the protein.

Parameters for CD and fluorescence spectra collection and plotting were similar as

explained in chapter one methods and materials (detailed in section 1.2.8).

2.2.8 FRET Assay

For the single-molecule FRET assay, two different regions were selected in NS2B and
NS3 of NS2B3 protease. Cysteine and histidine were introduced by replacing threonine
and isoleucine residues at 96 and 97 positions in NS2B of the NS2B3 protease construct,
and another cysteine was introduced in the protease domain at the 71st position by
replacing a serine, enabling labeling with a FRET fluorophore pair. After ensuring that

only introduced cysteines are available for labeling, the protein was labeled with the
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FRET pair, Alexa Fluor™ 488 and 594 C5 Maleimide through cysteine thiol-reactive
maleimide chemistry, following protocol prescribed by the manufacturer (initial trial of
sequential labeling by CdCl> protocol resulted in aggregation of protein at 1mM
concentration also). Protein and fluorophore maleimide were used at a molar ratio of 1:20
in the labeling reaction. The reaction mixture in TNE buffer was incubated at RT for two
hours in the dark. The labeled protein was separated from free dyes using Sephadex G25
in PD-10 desalting columns. And buffer was exchanged into 20mM Tris pH 9.0

containing 10% glycerol buffer for the assay in the presence of substrate.

Fluorescence emission spectra were recorded with an excitation wavelength set to 493
nm (Amax abs. for Alexa Fluor™ 488), and emission was recorded with a wavelength range
of 500-700 nm. Spectra were collected either with the labeled protein alone or with the
labeled protein incubated with NS3CTD-NS4ANS56 at different molar ratios for 30 min

at RT.

2.2.9 Homology Modeling and Molecular Docking Simulations

Dengue NS2B3 protease of serotype-1 closed conformation structure published with PDB
ID-3L6P lacks structural information from 86-100 of NS2B and Glycine linker. To add
these residue coordinates and improvise the structure, we used the online homology
modeling tool ‘Swiss model’ by taking structures of PDB ID-3L6P and PDB ID-2M9Q
as templates, and the model was generated, and the same model used for molecular
docking and molecular dynamic simulation. Similarly, the closed conformation homology
model of NS2B3 was made using the PDB ID- 2M9Q, which has a sequence identity of
more than 80% in the ‘swissmodel,” and the model generated was used for molecular

docking and molecular dynamic simulation studies. Decapeptide substrates were modeled
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in PEP-FOLD3 software'?’, representing ten residues of all six cleavage sites of NS2B3

protease in non-structural proteins and Capsid-prM.

For molecular docking of all decapeptide substrates onto the NS2B3 protease,
decapeptide substrates were taken as ligands, and NS2B3 protease, both open and closed
conformations were taken as receptors in the online ‘Cluspro’ docking tool!’S. Interactions

of the balanced format of output were taken for analysis.

Simulated docking was done with a closed conformation homology model of NS2B3
protease with NS3- NS4A cleavage site representing deca-peptide substrate in DockThor
server’®. In DockThor server, on the closed conformation, local docking was by

specifying grid for the dock (including the catalytic pocket).

2.2.10 Molecular Dynamic Simulations
MD simulation experiment was done to study the ‘basic’ pH effect on NS2B3 protease
conformation compared to neutral pH. The homology model of NS2B3 protease open

201

conformation is used as an input at the PlayMolecule”™ server and is available at

https://playmolecule.org/ for assignment of protonation states at a given pH value (pH 7.0

and pH 9.0). Protein was solvated with water (water model-TIP3P), and no ions were
added. The system was energy minimized in the NVT ensemble and equilibrated for 125
picoseconds in the NPT ensemble. Each system was simulated using Gromacs-5.1 with
CHARMM36 forcefield with a 1fs step time. Periodic boundary conditions were applied
in the simulation. Following equilibration, the system was subjected to simulation
production for 10ns at 300K. Similarly, the NS3-4A cleavage site representing the
decapeptide model docked structure of NS2B3 protease with open conformation at pH

9.0 was taken for the next MD simulation experiment in identical conditions for 20ns at

300K.
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2.3 Results

2.3.1 NS2B3 Protease Is More Active at pH 9.0

The recombinant NS3protease-NS2B complex (either expressed as a single protein
connected by flexible Gly-Ser linker or as individual proteins) is used for by biophysical,

biochemical characterization of the interaction and the protease activity.

The independent expression of NS2B 48-100aa region and NS3 protease domain resulted
in NS2B in the soluble fraction and NS3 protease expressed in an insoluble form. The
NS3 protease was purified from inclusion bodies through Ni-NTA chromatography in the
denaturation method (Figure 2-3B). Refolding of the NS3 protease domain resulted in
aggregation, indicating it needs NS2B for its proper fold, which was reported
previously®”. For the NS2B3 protease construct, we used the well-established approach
of linking the NS2B cofactor region with the protease domain coding region of NS3 with
glycine serine linker without any further modification, resulting in a construct named

NS2B3 protease (Figure 2-3A).
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Figure 2-3 NS2B3 expression and purification (A) Schematic of NS2B3 construct (B) SDSPAGE
of NS2B and NS3 protease purified recombinant proteins (C) SDS-PAGE of NS2B3 protease
recombinant purified protein (D) SDS-PAGE of NS2B3 active site mutant

NS2B3 protease was expressed in a soluble fraction from Rosetta DE3 cells and purified

in native conditions (Figure 2-3C) by gel filtration chromatography followed byNi-NTA
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chromatography. The recombinant NS2B3 protease was purified from Rosetta-DE3 cells
and showed two bands in SDS-PAGE. Furthermore, this purified NS2B3 protease protein
with two fragments was eluted as a single peak in SEC. These two bands' corresponding
sizes match the independent protease domain, and the NS2B cofactor resulted from a
cleavage event at the junction after the glycine linker, which was reported previously?%?
for similar constructs. The inactive catalytic serine mutant protein of the same construct
did not show this cleaved band, confirming the autocleavage evet at the glycine liker site

of active protein (Figure 2-3D). So I proceeded with this protein for biophysical and

biochemical assays.

For functional assessment of the protease (for protease assay), a substrate construct was
made by combining NS3 C-terminal domain (476-619) with NS4A N-terminal 56
residues using overlapping PCR (Figure 2-4A), resulting in a protein expressed with a
canonical cleavage site of NS2B3 protease mimicking the original polyprotein, which

was later named NS3CTD-NS4ANS56.

NS3CTD-NS4ANS56 protein was expressed and purified from RosettaDE3 cells from
inclusion bodies using the denaturation protocol with 6M urea. Purified protein was
slowly refolded using the on-column refolding method on the Sephadex G-25 desalting
column (Figure 2-4B) by removing the denaturant. This purified NS3CTD-NS4A protein

was buffer exchanged into the corresponding buffer for protease assay.

The protease assay with NS3CTD-NS4ANS56 substrate will give two fragments after
cleavage at the scissile bond by NS2B3 protease corresponding to ~17kDa and ~7kda size

band on SDS-PAGE (Figure 2-5A).
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Figure 2-4 NS3CTD-NS4ANS56 expression and purification (A) Schematic of NS3CTDNS4ANS6
construct (B) SDS-PAGE of purified NS3CTD-NS4ANS56 recombinant protein

Previous literature showed that NS2B3 protease activity would be more at pH 8.5 and pH
9.0. So initially, the protease assay was done at pH 9.0 and 7.0; NS2B3 protease showed
better/maximum activity at pH 9.0 than at pH 7.0. For further functional assays with

mutants, the protease assay was optimized with a 1:5 molar protease ratio of the protease

(NS2B3 protease) to the substrate (NS3CTD-NS4ANS56) at pH 9.0 with 10% glycerol and
ImM CHAPS. The activity of the NS2B3 protease was assessed by the intensity of two
cleavage products on 6-18% gradient SDS-PAGE at their respective molecular weights

~17kDa, and ~7kDa after a specific cleavage event at the junction of NS3-NS4A.

Purified NS2B3 protease is active, and the activity increased for two hours; later, it
showed no increase and stayed the same till 8 hours. NS2B3 showed slower kinetics, and
only two specific cleavage bands of NS3CTD(~17kDa) and NS4AN56(~7kDa) were

increased upon incubation for different time points (Figure 2-5B).
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Figure 2-5 Protease assay with wildtype NS2B3 protease (A) Schematic of protease and predicted
cleavage bands (B) SDS-PAGE (6-18% gradient) analysis of NS2B3 protease assay with
NS3CTD-NS4ANS56 substrate at pH 9.0 and pH 7.0

A Series of biophysical experiments were conducted on NS2B3 protease to test whether
any structural changes in NS2B3 at this ‘basic’ pH (pH 9.0) contributed to the increased

protease activity.

Secondary structure analysis by Far-UV circular dichroism spectroscopy shows a typical
and unique spectral signature like a chymotrypsin fold with NS2B3 protease at neutral
pH and basic pH ?*® (Figure 2- 6A). NS3 protease lost significant secondary structural
content below pH 6.0, and we also observed visible denatured and aggregated protein at
this low pH. Above pH 6.0, there are no significant structural changes; CD spectra at pH

7.0 and pH 9.0 are overlapped with each other (Figure 2-6A).

The intrinsic tryptophan fluorescence spectroscopy experiment of NS2B3 protease at

three different pHs showed no significant change in the emission spectra (Figure 2-6B).
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Both these experiments confirm no significant structural change in the protein upon pH

change.
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Figure 2-6 pH effects on the structure of NS2B3 protease (A) CD spectra of NS2B3 protease at
pH 5.0, pH7.0, and pH 9.0 (B) Intrinsic tryptophan fluorescence spectra of NS2B3 protease at pH
5.0, pH7.0, and pH 9.0

In size exclusion chromatography (SEC) of NS2B3 protease, at different pHs (including
pH 9.0, pH 7.0, and pH 5.0) eluted at different retention volumes, eluted at 9.32ml
retention volume in pH 9.0 buffer, at 11.2ml retention volume in pH 7.0, and at 12.5ml
retention volume in pH 5.0 (most of the protein got aggregated, indicating protein is
unstable at this low pH 5.0). These retention volumes correspond to the different
oligomeric forms of NS2B3 protease (Figure 2-7A) at pH 9.0 has a tetramer form of
protein (runs at around ~98kDa globular protein size), at pH 7.0 has a dimer form (runs
at around ~44kDa globular protein size). NS2B co-factor also showed similar oligomeric

behavior with pH (Figure 2-7B).

The previous literature where serotype-1 NS2B3 crystal structure (PDB-3L6P) solved
showed two different biological assemblies corresponding to dimer and tetramer forms
picked by PISA. Structural analysis of these two biological assemblies showed that the
dimer form has the interface shared through NS3-NS3 inverse orientation interaction

(Figure 2-7C), hiding the catalytic pocket, and the tetramer form mediated by 2B cofactor

112



conserved beta-hairpin region with hydrophobic interaction and the catalytic pocket is

solvent accessible (Figure2-7D).
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Figure 2-7 NS2B3 pH mediated oligomeric forms (A) Size exclusion chromatogram of NS2B3
protease at pH 5.0 (grey), pH 7.0 (gold) and pH 9.0 (black) (B) Size exclusion chromatogram of
NS2B cofactor at pH 5.0 (grey), pH 7.0 (gold) and pH 9.0 (black) (C) Dimer form NS2B3 (PDB
ID-3L6P) (D) Tetramer form of NS2B3 (PDB ID-3L6P)

Glutaraldehyde crosslinking-based stabilization assay was performed to validate these
oligomeric conformations of NS2B3. In tetramer of NS2B3 held by hydrophobic
interaction, the interface does not have any primary amine group having residues and in
this catalytic pocket has open access (2-7D), after glutaraldehyde treatment upon loading
onto the SDS-PAGE will give monomer band predominantly. The dimer conformation
interface has primary amine having lysine residue in the interface, which can be
crosslinked to stabilize the dimer form and block the catalytic pocket partially. The
glutaraldehyde crosslinking assay at pH 7.0 and 9.0 showed NS2B3 at pH 9.0 is

predominantly monomer in SDS-PAGE, whereas pH 7.0 showed a decrease in monomer
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and an increase in dimer band (Figure 2-8). Indicating its conformational diversity and

further confirming its oligomeric behaviour and why protein is more active at pH 9.0.
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Figure 2-8 Glutaraldehyde crosslinking assay with NS2B3 protease at pH 7.0 and pH 9.0 (A)
Control SDS-PAGE of NS2B3 without glutaraldehyde, (B) After glutaraldehyde addition at two
different pHs.

2.3.2 Conformational Change of NS2B3 from ‘Open’ to ‘Closed’

There are multiple conformations for NS2B3 protease of DENV, although the substrate
mimicking inhibitor bound form is always monomeric (ex: PDB ID-2M9Q) and in the
closed conformation (Figure 2-8). It was shown that NS2B3 would fluctuate between

open and closed conformation through NMR and MD simulation studies**,

The crystal structure of NS2B3 protease of DENV-1 (PDB ID-3L6P) has lost some of the
structural information in the NS2B cofactor region and does not have closed
conformation. Crystallization of NS2B3 protease is attempted to fill this structural gap
and get a closed conformation crystal structure for DENV-1 NS2B3 protease. However,
in some crystalization conditions, microcrystals for NS2B3 protease are formed after
‘three’ months but attempts to get diffraction quality crystals failed. A closed

conformation structure and open conformation structure homology models were
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generated in swissmodel (Figure 2-9) to fill the gaps in the structure and get a closed
conformation model for DENV-1 NS2B3 by taking PDB-ID 2M9Q and 3L6P as

templates.
A

Closed

Figure 2-9 Crystallization of NS2B3 protease and Homology models of DENV-1 NS2B3
(A)NS2B3 protease crystals (B) NS2B3 open and closed conformation homology models
generated in ‘swissmodel’

This improvised version of (PDB-ID 3L6P based) DENV-1 open conformation with dimer
form of NS2B3 protease homology model was prepared for constant pH simulation in

‘playmolecule’ server (https://www.playmolecule.org/) at pH 7.0 and pH 9.0. With

CHARMM36 forcefield in GROMACS software, 10ns simulation was performed

without any ions.

After the simulation of 10ns, RMSD of NS2B3 backbone at pH 9.0 was more compared
to pH 7.0 (Figure 2-10A), indicating protein is more dynamic at pH 9.0. RMSF of NS2B

cofactor region showed up to ~1.4 nm (Figure 2-10B), specifically in a structurally
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conserved beta-hairpin motif (73-86amino acids region) of NS2B, which will be
positioned differently in the closed conformation. The trajectory file showed NS2B
cofactor beta-hairpin motif dynamic motion towards NS3 protein catalytic pocket, where
it interacts in the closed conformation (Figure 2-10C). These results show how pH 9.0
induces or accelerates the structural changes in protein towards the formation of closed
conformation but may not stabilize closed conformation (two new interfaces that will
emerge in the closed conformation will stabilize the closed conformation), and this

stabilization may require substrate binding.
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Figure 2-10 Molecular Dynamics Simulation of NS2B3 open structure (A) Backbone RMSD
analysis of NS2b3 at pH7.0 (gold) and pH9.0 (black) (B) RMSF analysis of NS2b3 at pH7.0
(gold) and pH9.0 (black) (C)Conformational snapshots at t=Ons and t=10ns at pH 9.0 (motion in
conserved structural motif movement towards catalytic pocket showed in red color dotted arrow)

2.3.3 Residues Involved in Stabilization of ‘Closed’ conformation
MD simulation of open conformation showed dynamics of the protein towards closed
conformation. The structure analysis of both open and closed conformations in

MOLEonline (https://mole.upol.cz/) software showed tunnels that can access the

substrate to bind and get cleaved in both open and closed conformations (Figure 2-11).
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The tunnel near the catalytic pocket in open conformation is accessible due to it is not
covered by any other secondary structures. However, a closed conformation catalytic
pocket is covered by an extension of NS2B. The surface APBS calculation of the tunnel
formed near the catalytic pocket in closed conformation becomes electronegative. And
the two new interfaces that emerged in the closed conformation may stabilize the structure
in the substrate-bound form to hold a substrate (K/R at Plor P2 positions) through ionic

interaction for cleavage.
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Figure 2-11 Tunnel analysis of NS2B3 'open' and 'closed' conformations (A) Open conformation,
tunnel (green surface/sphere representation) formation near catalytic pocket, with inset zoomed
image, right- electrostatic surface representation of catalytic pocket with catalytic triad marking,
(B) Closed conformation, tunnel (green surface/sphere representation) formation near catalytic
pocket, with inset zoomed image, right- electrostatic surface representation of catalytic pocket
with catalytic triad marking, with inset zoomed image.

Two new interfaces will be formed between the NS2B cofactor and NS3 protease in the
closed conformation (Figure 2-12A), and critical residues involved in these interfaces are
found through structural analysis and multiple sequence alignment. Multiple sequence
analyses of NS3 showed a conserved ‘F118’ residue along with ‘T’ and ‘P’ in the first
interface, and the second interface will be formed by ‘80DDS81’ in the beta-hairpin motif

of NS2B with the ‘73KK74’ of NS3 (Figure 2-12B).
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Figure 2-12 Structure analysis of closed conformation and MSA of NS2B and NS3 (A) Cartoon
representation of NS2B3 closed conformation with two interfaces (zoomed out) involved in its
stabilization (B) MSA of NS2b and NS3 sequences

Two independent constructs were made with these mutations and named mutant-1(in
NS2B at 80DDS81 to AA) and mutant-2 (NS3 F118 to R) to disturb these interfaces and

destabilize the closed conformation (Figure 2-13A).

In the protease assay with mutant-1, very faint cleavage bands were observed on
SDSPAGE after four hours, where specific cleavage products will appear compared to
WT NS2B3 protease. Similarly, protease assay with mutant-2 also showed very faint
cleavage bands weaker than in mutant-1(Figure 2-13B), indicating the drastic reduction
in the

activity.

With the existing structural data and these results, it is evident that these two regions are
involved in closed conformation stabilization, and the formation of a closed conformation
is absolutely essential for NS2B3 protease activity. However, the dynamic motion which

leads to the open to close conformation should be validated experimentally.
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Figure 2-13 Mutational probing of NS2B3 to disturb close conformation (A) Schematic and
SDSPAGE of purified recombinant proteins of mutant-1 and mutant-2 (B) SDS-PAGE of NS2B3
protease mutant-1 and mutant-2 protease assay

A FRET (fluorescence energy resonance transfer) experiment was performed to validate
the structural dynamics of closed conformation formation in the presence of substrate.

For the FRET assay, two positions were chosen, one in NS2B and the other in NS3 (Figure
2-14A), and these two positions were mutated into cysteine and resulted in a mutant
protein labelled with fluorophores FRET pair, Alexa Fluor™ 488 and 594 C5 Maleimides.
FRET assay was conducted by titrating the unlabelled substrate against NS2B3 protease
at pH 9.0. The R, of the FRET pair, Alexa Fluor™ 488 and 594 is bigger than the distance
between the labelled residues, so to analyze the FRET analyzed, the donorem519/acceptor
em617 ratio was taken as a measure of FRET to validate the dynamics. With titration
substrate of NS2B3 protease, the em519/em617 ratio decreases compared to the buffer
control (Figure 2-14B), indicating the dynamic motion of domains in NS2B3 protease

possibly NS2B motion closer towards NS3 protease forming a closed conformation.
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Figure 2-14 FRET assay of NS2B3 in presence of substrate (A) labeling of NS2B3 with FRET
pair (B) FRET assay of NS2B3 titrated with the substrate at pH 9.0

Both FRET and MD simulation results indicated pH 9.0 induces conformational changes
towards open to closed conformation, and the closed conformation may be stabilized by

substrate binding in vitro.

2.3.4NS2B Is Involved in Protease Substrate Specificity

In DENV serotype-1 polyprotein, 18 sites have double basic amino acids and small
residue immediately next to them, which may mimic cleavage sites of NS3 and cause
abortive poly-protein processing. However, NS3 specifically recognizes only the
cleavage site in the cleavage junction between two proteins where it has to be cut. So, we
analyzed all these sequences; all cleavage site junctions of NS3 are either in loops or in
coils giving clues about its accessibility. However, the residues involved in NS2B3

protease P1 site recognition (S1 pocket) were identified in DENV, but the residues
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involved in the recognition of second-basic residue fluctuating between P2 to P5 and how

this cleavage site is transferred into the catalytic pocket is still a question.

In the previous tunnel analysis of closed conformation, the catalytic pocket was
surrounded by negatively charged (87-93) residues of NS2B in the closed conformation
(Figure 2-10A), indicating that this electronegative pocket may be involved in substrate

recognition.

To test the role of this electronegative pocket in substrate recognition, modeled
decapeptide substrates representing all cleavage sites in PEPFOLD3 were used as
substrates for docking in the ‘cluspro’ online supercomputer as ligands and both closed
and open conformations as receptors for a random rigid body global docking. This
resulted in balanced interactions having dock poses with the largest cluster size, and low
energy scores were taken for analysis. All the dockings of peptides gave one or clusters
that are almost similar, and in these clusters, all the peptides docked into this
electronegative pocket created by negatively charged ranging from 87-93 residues

(DEERDD) of NS2B in both open and closed conformation (Figure 2-15A).

The simulated local docking of the NS3-NS4A cleavage site representing decapeptide
with the closed conformation of NS2B3 protease in the ‘DockThor’ server showed that
the tunnel lining the S1 pocket near the catalytic triad got narrowed by sidechain
orientation change of S1 pocket lining Y161, Y150 after substrate binding. And these S1
pocket lining residues moved towards the P1 ‘arg’ side chain to make possible ‘pi-cation’
interaction to be held by this pocket may guide the scissile bond between P1 ‘arg” and P1'
ser to the catalytic pocket (Figure 2-15B). In both rigid-body docking and simulated
docking, P2 ‘arg’ of the NS3-NS4A cleavage site was held by the electro-negative pocket

of NS2B.
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Figure 2-15 Docking of decapeptide substrates with NS2B3 (A) Cluspro global docking with
decapeptide as ligand and NS2B3 open and closed conformations as receptor monomer docked
pose with all substrates (zoomed out image of APBS electrostatic surface representation with
peptide substrate docked onto electronegative pocket) (B) Simulated docking of Closed
conformation of NS2B3 with NS3-NS4A representing decapeptide (zoomed out image of NS2B3
S1 pocket with tunnel and residues lining S1 pocket side chain orientation before and after
docking)

Two mutants, mutant-3 and mutant-4, were created to validate this negatively charged 87-
93 residues stretch of NS2B role in substrate specificity and recognition. Mutant-3 is a 48
to 59aa amino acids stretch of NS2B linked to the protease domain of NS3 with a glycine
linker, and the rest of the NS2B cofactor region was deleted (Figure 2-16A). In mutant-4,
the negatively charged 87-93 residues region of NS2B is replaced with a multiple alanine
stretch (‘AAAAAA’) which makes the substrate recognition pocket bigger, uncharged,
and allows any peptide into the catalytic pocket (Figure 2-16B). Both mutant-3 and 4 are
expressed and purified as soluble proteins in native conditions. A protease assay was
performed using these mutant proteins as enzymes and NS3CTDNS4ANS56 protein as
substrates at pH 9.0 to see the effect of the mutation. Both the mutants showed non-

specific multiple cleavage bands (Figure 2-16C), which increased through the incubation
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period in SDS-PAGE, indicating protease lost its specificity towards the cleavage site and
became non-specific. These results confirmed that these negatively charged 87-93
residues of NS2B are essential for substrate specificity, recognition, and regulation of

protease activity.
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Figure 2-16 Electronegative pocket of NS2B3 mutants (A) mutant-3 cartoon representation (B)
mutant-4 electrostatic surface representation (C) SDS-PAGE of mutant-3 and mutant-4 protease
assay

After substrate recognition in open conformation at NS2B electronegative pocket, how it
reaches the catalytic pocket reaches is the question of concern. To answer this question,
an MD simulation experiment was performed at constant pH 9.0 with NS2B3 protease
docked with NS3-NS4A cleavage site representing decapeptide in the open conformation.
The simulation was conducted for 50ns in Gromacs with Charm33 forcefield. The RMSD
of the NS2B cofactor is more (Figure 2-17A), and then in the beta-hairpin motif and

electronegative pocket, RMSF is more (Figure 2-17B). The cluster analysis with a SA
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cutoff gave three ‘major’ clusters; cluster-3 representation is below ten which is
negligible. Comparative analysis of cluster-1 and cluster-2 showed that the distance
between P1’arg’ sidechain and the S1 pocket representing ASP129 was reduced by 5.2

A in cluster-2 (Figure 2-17C).
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Figure 2-17 MD simulation of NS2B3 protease with NS3-NS4A cleavage site representing
decapeptide (A) Backbone RMSF analysis of NS23 in the presence of substrate (B) RMSD
analysis of NS2B3 in the presence of substrate, (C) Cluster analysis of 50ns simulation top- cluster
1 cartoon and APBS electrostatic surface representation with substrate P1 ‘arg’ and S1 pocket
representing ASP129 in sphere representation, down- cluster 2 cartoon and APBS electrostatic
surface representation with substrate P1 ‘arg’ and S1 pocket representing ASP129 in sphere
representation

The substrate-bound near the electronegative pocket of NS2B is moving along with the
substrate towards the S1 pocket of NS3 protease; this S1 will hold the side chain P1’arg’
during scissile bond cleavage and may help in orienting scissile bond towards catalytic
serine. In the NS3-4A decapeptide, P2 ‘arg‘was held by NS2B while P1 ‘arg’ was in

NS3’s S1 pocket, giving additional specificity to recognize the cleavage site.

2.4 Discussion
NS3 protein is the center of the replication complex established by several studies due to

its interaction with the majority of the nonstructural proteins. The two-component NS2B3
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protease complex is critical for the replication complex and vesical replication formation.
Most functional nonstructural protein formation from polyproteins is done by NS2B3
protease-mediated polyprotein processing. So, the first steps lead to the formation
replication complex starting from the NS2B-NS3 interaction. The remaining
nonstructural protein interactions may happen during or after polyprotein processing.

NS2B-NS3 interaction may be a co-translational event. The functional importance of
NS2B-NS3 interaction is for polyprotein processing, established. The structure of NS2B3
protease has two major conformations: a beta strand ranging from 45-56 aa region
sandwiched between the beta-sheet of NS3 protease. However, the later part of the NS2B
cofactor (57-100aa) has some conformational flexibility and is responsible for these two
different conformations of NS2B3 protease, and mutations in this region showed it is

critical for the NS2B3 protease activity.

The cleavage site of NS2B3 has some sequence conservation with two or more basic
residues towards the N-terminal of the scissile bond with the P1 position always occupied
by R/K. Although similar patterns having sequences are present throughout the
polyprotein (21 sites in DENV1 polyprotein) with multiple ‘basic’ residues followed by
a small side chain having residue, most of these cleavage sites are not accessible (which
are buried inside the structure) for the NS2B3 protease. The sequence pattern of the
cleavage site and its accessibility will contribute to the NS2B3 protein cleavage
specificity at the junctions between nonstructural proteins. However, the mode of action,
how NS2B3 protease recognizes substrates (cleavage sites), the structural changes it
undergoes from open to closed conformations, and how these changes are induced are the

questions we tried to answer in this chapter.

125



Glycine serine linker having recombinant NS2B3 protease expressed and purified from
RosettaDE3 auto-cleaved at the glycine linker junction to give NS2B cofactor and NS3
protease, which are already interacted and co-eluted together from SEC. The initial
biophysical and biochemical characterization of NS2B3 protease showed it would form a
dynamic oligomer based on pH mediated by NS2B. Protease assay with
NS3CTDNS4ANS56 substrate at pH 9.0, NS2B3 protease showed more activity than at
neutral pH

(pH 7.0) which is evident from two specific cleavage bands on intensity at 17kDa
(NS3CTD) and 7kDa (NS4AN56) on SDS-PAGE is more in pH 9.0 compared to pH 7.0.
The glutaraldehyde crosslinking study confirmed the formation of dimer at pH 7.0 and

given hints about the hydrophobic interaction-based tetramer conformation.

From the mutational and structural studies, it was believed that closed confirmation is the
active conformation of NS2B3. Moreover, recent MD simulation studies showed that
NS2B3 protein fluctuates between open and closed conformation in a ps simulation which
is very slow for an enzyme 2%, To test if pH 9.0 is accelerating this conformational change
or not, we did a constant pH MD simulation on open conformation without any substrate.
Later the MD simulation studies at pH 9.0 confirmed that NS2B3 protease is more
dynamic. Moreover, from the trajectory file, the motion of the conserved structural
betahairpin motif is towards the catalytic pocket; from these results, it is evident that at

pH 9.0, NS2B3 protease has a high tendency to form a closed conformation.

The major structural difference between open to closed conformation is that two more
new interaction interfaces will emerge in the NS2B3 structure, which may stabilize the
closed conformation. To find the residues involved in this closed conformation

stabilization, structures of previously solved closed conformation were analyzed. The
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region of 57-100aa of NS2B is responsible for the closed conformation formation, and
mutations in this region reduce the activity of NS2B3 protease. This same extended region
will interact with NS3 in closed conformation by forming two new interfaces of
interactions. However, residues that are critical in this interaction from the NS3 side were
not established; in this study, a conserved phenylalanine residue in a hydrophobic patch
in the first interaction interface was mutated to a polar Arg to disturb hydrophobic

interaction essential for closed conformation stabilization.

Along with this, a double aspartate in the DENV serotype-1 loop region structurally
conserved bet-hairpin motif (73-86amino acids region) of NS2B came very close to
73°KK’74 of NS3 in substrate-bound closed conformation of NS2B3 protease forming a
second interface may also be involved in stabilization of closed conformation!®*17.
Mutants that will disturb these interactions were made and tested that the closed
conformation stabilization is necessary or not for the protease activity. Both mutant
proteins showed a drastic reduction in the protease activity, confirmed these two newly

emerged interaction interfaces of NS2B3 protease closed conformation is critical for

protease activity.

However, these dynamics open to closed conformation formation must be validated
experimentally. A single molecule FRET experiment was performed by labeling NS2B
and NS3 protease of NS2B3 protease, which are positioned away from each other in the
open conformation, and come close in the closed conformation. The results from the
FRET experiment, in line with MD simulation data, further confirmed motion in NS2B
when the substrate-bound at pH 9.0. Along with this in-silico experimental data,
substrate-bound NS2B3 closed conformation crystal structures and FRET assay indicated

that NS2B3 will fluctuate between open-to-closed conformation accelerated by ‘basic’
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pH and open-to-closed conformation stabilization by an attained by the bound substrate

in the catalytic pocket.

In the closed conformation, the catalytic pocket was covered by part of the NS2B cofactor
and created an electronegative pocket near the catalytic pocket; the majority of this
electronegativity was contributed by NS2B (87-93aa region with multiple aspartates). The
cleavage site with ‘basic’ residues will be electropositive, which may be recognized by

this electronegative pocket of NS2B.

In the molecular docking simulation studies, the modeled decapeptide substrates
representing all six cleavge sites NS2B3 protease were docked onto this electronegative
pocket of NS2B (87-93aa region with multiple aspartates) with the largest cluster size of
docked poses and lowest energy score. This electronegative pocket is away from the
catalytic pocket in the open conformation and laid onto the catalytic pocket in the closed
conformation. The interaction analysis of these docked poses showed that the cleavage
site's second ‘basic’ residue (other than P1) interacted with one of the acidic residues of
the electronegative pocket of NS2B. Mutational replacement of this electronegative
pocket of NS2B with alanine strecth to neutratlize and subsequent protease assay with
mutant protein showed multiple cleavage bands (more than four) with
NS3CTDNS4ANS56 substrate increased with time instead of two specific cleavage bands.
Similar results were obtained when a truncated NS2B cofactor region (57-100aa region
deletion) having NS2B3 protease was used as an enzyme in the protease assay.

Chymotrypsin fold having serine proteases like trypsin and chymotrypsin surface loops
played a major role in substrate recognition. Here in the case of DENV NS2B3 protease,
the surface's electronegative loop region of NS2B also played a critical role in the

recognition. The MD simulation analysis of NS3-NS4A cleavage site representing
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decatpeptide substarte bound NS2B3 protease docked structure gave hints towards the

possible path of substrate reaching the catalytic pocket.

A schematic model as a probable explanation of NS2B cofactor determining the substrate

specificity for NS3 protease is presented below:

Electronegative pocket of NS2B

== <=

active

site Open site

closed

Electro negative pocket in NS2B will bind the cleavage site and guide it to $1 pocket
of protease to form a closed conformation

Figure 2-18 Mechanistic model of NS2B3 protease substrate recognition and open to closed
conformation transition

As per this model that we proposed here, an electronegative pocket generated on the
NS2B3 surface due to acidic residues stretch (DEERDD) in NS2B is probably the site
where the substrate binds to. The electronegative stretch provides a charge complimentary
site for the XRR-SXX motif seen in the NS3protease cleavage sites in the polyprotein. A
conformational switch of the substrate-bound NS2B from open to close state may bring
the substrate along close to the catalytic pocket, handing over the side chain of P1 ‘arg’

into the S1 pocket and holding the ‘basic’ residue in the cleavage site.
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Chapter 3: Biochemical
Characterization of DENV
NS4A Protein and Its
Interaction With NS3

Protein
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3.1 Introduction

Among the four transmembrane NS proteins of DENV, NS2A and NS4B are involved in
anchoring other soluble proteins inside replication vesicles. Besides anchoring the
replication complex inside the vesicle, these membrane proteins have distinct functions
in viral replication. NS2A is essential for replication virus particle synthesis and was
shown to colocalize with other structural proteins and NS3%%°. NS4B was shown to
interact with NS3 and helps enhance its helicase activity'*’. NS2B acts as a cofactor for
NS3, needed for proper processing of polyprotein, and it is observed that NS2B bound
NS3 loses its affinity towards DNA and prefers only RNA as a substrate for its unwinding
activity’’. However, NS4A is critical for viral replication, and the exact mechanistic role

of NS4A in replication needs to be deduced further.

Evidence for colocalization of NS4A and other NS proteins involved in replication is
available from electron tomography and confocal microscopy colocalization studies with
other nonstructural proteins and dsRNA intermediate **!'*. The role of NS4A in flavivirus
RNA replication was first reported in the Kunjin virus**. The topology of predominantly
alpha-helical NS4A protein has three predicted transmembrane helices (56-126) and an
N-terminal cytoplasmic helix with a kink which causes a bend in the helix (1 to 56
residues). The criticality of NS4A in virus replication comes from several mutational
studies where most of the mutations reside on the N-terminal cytoplasmic helix affecting
viral replication and protein stability; other than these, N-terminal alpha-helices
remaining parts of NS4A are in ER membranes, and lumen side showed to interact with
specific lipids with their conserved motifs 2%,

Many host protein interactions mediate the membrane insertion of NS4A; NS4A interacts

with signal recognition particle receptor and sec61G specifically, which is involved in the
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co-translational insertion of transmembrane proteins explicitly with NS4A protein of
DENV and ZIKV?%’. Recent studies showed TMEM41B, a lipid scramblase that resides
on the ER membrane, will interact with both NS4B and NS4A, and another protein named
ER membrane protein complex (EMC), a chaperon helping NS4A and NS4B for its
correct topological arrangement on ER membrane otherwise which leads to degradation
of these proteins'’>?%®, Later NS4A has incorporated into ER membrane other host
proteins, most notably the reticulon 3.1a protein, which does membrane rearrangement
and bends the membrane to give outlier to replication vesicle and vimentin polymers (type
of intermediate filament proteins) help to hold the vesicle's shape and anchor other
proteins inside the replication vesicle by interacting with NS4A 20%21° Al these host
proteins residing on ER membrane may be possible through direct interaction or passive
diffusion in the ER membrane interacting with NS4A. Furthermore, NS4A cytosolic N-

terminal 50 residues shared physical interaction with the soluble protein vimentin.

Among all nonstructural proteins, NS4A was the one that interacts with most of the host
proteins along with these ER residing proteins and affects different pathways to promote
viral survival, and inhibits innate immune responses of host cells against the virus. NS4A
interacts with critical proteins in developmental stages like ANKEL?2 in neuroblast cells,
which is involved in nuclear envelope rearrangement during mitotic exit; this interaction
affects downstream pathways of ANKEL?2 during development stages and causes severe
neuropathogenesis(microcephaly and eye size in ZIKV infection) 272!, NS4A also
inhibits interferon-mediated innate immune response by competing with viral dsSRNA
detecting helicases like retinoic acid-inducible gene I (RIG-I) and DDX42 (with CARD
domain). NS4A also interacts with their downstream adaptor protein in the pathway called

mitochondrial antiviral-signaling (MAVS) protein (which regulates interferon-Ibased
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innate immune response), and NS4A also inhibits the production of IFN-1 by acting on
interferon promoter elements. Furthermore, NS4A interfering in the JAK-STAT pathway
leads to developmental disorders, inhibition of innate immune responses, and induces
autophagy''®?!12. Moreover, NS4A alone is enough to induce PI3K-dependent autophagy,
which causes upregulation of pro-survival signalling, saves cells from death, and

promotes viral replication inside the cell*®

. Furthermore, upregulation and manipulation
of unfolded protein response proteins were reported for NS4A-expressed cells, and

another host protein interaction of NS4 A with PTB is essential for the first step in genome

replication (for negative-sense RNA synthesis)>*.

Viral-coded other partner NS protein interactions with NS4A are essential for replication
and viral multiplication inside the cell. A trans complement mutational study in yellow
fever virus showed that mutations in NS1 protein affect the synthesis of negative-sense
RNA had suppressor mutations in NS4A, indicating their genetic interaction®!*. Physical
interaction has been observed between NS4B-NS3, NS4A-NS4B, NS3-NS5!43147.205 and
NS1 with NS4A, NS4B'6%214 Furthermore, several other studies have shown NS2B, NS3,

215 And a recent

and NS4A enrichment®* in replication vesicle and their colocalization
study by Cortese. et al. showed the possibility of NS2B3 and NS4A-2K4B interaction for

replication organelle synthesis?!®.

Most of the NS protein processing from polyprotein is mediated by NS2B3 protease. A
recent study showed that early events of this polyprotein processing happen near the
rough endoplasmic reticulum (RER) surface, and this process is transferred into virus
induced convoluted membranes to maintain the homeostasis of NS proteins inside the cell

by ER stress-induced proteasome-mediated degradation; inhibition of this process
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showed decreased viral genome replication **. After polyprotein processing, all the
proteins needed for replication reach the ER membrane, where inward, spherical
replication vesicles are present. On the polyprotein, a signal peptide: 2K positioned
between NS4A and NS4B will help these two proteins reach the ER membrane. This
region also helps NS4A induce membrane alteration in ER membrane in other flavivirus
members, but in DENV, NS4A alone induces membrane alterations''*?!7. Other NS
proteins that lack signal peptides may colocalize to ER membrane by interacting with
NS4A or NS4B. Both NS4A and NS4B form homo-oligomers, and genetic interactions
between NS4A and NS1 or NS4B were reported for yellow fever virus (YFV) and WNYV,

which are closely related flaviviruses*:!43-213218,

NS4A cytosolic N-terminal region (1-50aa) has a role in modulation of NS3 ATPase
activity was reported for WNV and ZIKA virus (ZIKV), and the acidic EELPD/E motif
which presents towards the c-terminal of the cytoplasmic loop was shown to be
responsible for this modulation this may be mediated by a transient intermediate of
uncleaved NS3-NS4A 40158 This NS3-NS4A transient intermediate is needed for
NS4BNSS cleavage that gives functional NS5 protein indicating that NS3-4A may be the
last

cleavage incident in the polyprotein processing’>**!2%, Other than this interaction due to
an uncleaved intermediate, the possible interaction between NS3 and NS4 may share a
different interface and function differently after the cleavage event. NS3 may possibly
interact with NS4A2KNS4B and colocalize to the replication organelle, where it will form
a replication complex 2!, In NS3, motifs I, II, and VI are involved in ATP binding and
hydrolysis, which are structurally positioned towards the protease domain. In the NS2B

bound form of NS3, if NS4A interacts with one of these ATP binding motifs with its acidic
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motif remaining cytosolic NS4A N-terminal may have the chance to interact with the
protease domain, which is proximally positioned to these ATP binding motifs, and it may

interact with either the protease domain or the NS2B cofactor region.

No drugs are available that target NS4A, a vital protein with many functions;
characterization of NS4A and establishing its dynamic interaction with other
nonstructural proteins will provide more drug targets. With these clues, we started our
study to characterize these two proteins, NS4A and NS2B3 protease proteins, establish

their physical interaction, and functional characterization of this interaction. T

This study first characterized the novel interaction between NS4A protein and NS2B3
protease through different molecular biology methods. Bacterial two-hybrid assay results
showed that the primary determinant for interaction with NS2B3 protease is within the N-
terminal 56 residues region of NS4A. Co-expression, far-UV CD spectroscopy, size
exclusion chromatography, and molecular docking studies, using predicted structures of
NS2B3 and NS4A, corroborated the bacterial two-hybrid assays and explained the nature

of interactions.

Moreover, established interaction between NS2B3 and NS4ANS56 and observed that the
interaction of NS4ANS56 negatively affected the protease activity of NS2B3 protease. So
possibly NS2B3, after interaction with NS4A, should switch its function from polyprotein
processing to replication for genomic RNA secondary structures unwinding during

replication.
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3.2 Methods and Materials

3.2.1 Dengue NS4A Sequence Analysis and Ab-Initio Structure Prediction of NS4A and
Molecular Docking

The sequences of NS proteins of the Dengue virus used in this study are from NCBI
GenBank accession number JN903579. Transmembrane helices predictions on the

sequences are made with TMHMM, Phobius, or PSIPRED MEMSAT-SVM by

submitting the NS4 A sequence on their respective servers.

NS4A ab-initio model was generated using alphafold2!”® colab notebook

(https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/Alp

haFold.ipynb, shared publicly through a Creative Commons Attribution-NonCommercial
4.0 International license) and RoseTTAfold!™

(https://robetta.bakerlab.org/myqueue.php). This AlphaFold Colab notebook uses the

BFD database for prediction after a multiple-sequence alignment. After an energy
minimization step, the predicted model PDB file is downloaded along with the pLDDT
scores. Structure Figures were prepared with PyMOL. Since there is no significant
difference in the predictions using AlphaFold2.0 or RoseTTAfold, we used the structure
predicted by AlphaFold2.0 for further analysis.

For molecular docking simulations, we used the energy-minimized structure of the
homology model that we built for DENV serotype-1 NS2B3 protease of both open and
closed conformations, and NS4A N-terminal 56 residues region of AlphaFold predicted
structure. Molecular docking simulation was performed on a rigid body; global, blind

docking was run on ClusPro server'’® (https://cluspro.bu.edu) to get a possible docking

pose and information about the interacting residues.
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3.2.2 Bacterial Two-Hybrid Assay

A bacterial two-hybrid assay (BACTH) was performed following the protocol described
earlier’’®. Full NS4A or NS4AN56 only (residues 1-56) are cloned as a C-terminal fusion
with the T25 fragment of the adenylate cyclase in the BACTH assay system pKT25
plasmid. NS2B cofactor region of (residues 48-100) region, NS3 protease (residues 1178)
or a chimera of these region linked by glycine serine linker (GGGSGGG) named as
NS2B3'! from DENV serotype-1 is cloned as N-terminal fusion of the T18 fragment of
the adenylate cyclase in pUT18 vector. To perform the BACTH assay, different
combinations of pKT25-NS4A helicase and pUT18-NS2B3 plasmids are used for
transforming the E.coli BTH101 strain. The transformant cells were plated on an LB agar
plate containing 50 pg/ml kanamycin and 100 pg/ml ampicillin. The transformants that
grew on the plate were patch streaked on MacConkey-maltose Agar indicator plates
supplemented with 50 pg/ml kanamycin, 100 pg/ml ampicillin, and 0.5 mM IPTG and
incubated at 30° C for 96 hours. The plasmids pUT18-Zip, and pKT25-Zip, containing
interacting domains of the GCN4 leucine zipper, were used as positive control in the

assay. Empty pUT18 and pKT25 plasmids were used as a negative control for the assay.

3.2.4 Cloning of NS2B3, NS3CTD-NS4AN56, GFP-Cs-Quencher, NS4A, NS4AN56  Into
PET24b Vector and pETduet Vector

NS4A of Dengue serotype-1 (DENV1) with sequence Gene Bank accession number of

IN903579 was previously cloned into pGEM-T vectors and named pDV1-419NS4A.
DNA coding region of NS4A full length and N-terminal 56 residues region of NS4 A alone
were PCR amplified (primers SM7 and SMS) and cloned in between Ndel and Xhol sites
of pET24b vector with a hexahistidine tag. For co-expression studies, a pET Dute

construct of NS2B3 and NS4AN56 was made by subcloning NS2B3 into the first MCS

137



in between BamHI and HindIIl with an N-terminal hexahistidine tag. Furthermore,
NS4ANS56 into 2" MCS of pET-Duet, between Ndel and Xhol with an extension of an S-
Tag (Lys-Glu-Thr-Ala-Ala-Ala-Lys-Phe-Glu-Arg-Gln-His-Met-Asp-Ser) coding region
towards C-terminal of the NS4ANS56, and it was labeled as pET Duet NS2B3NS4ANS56

vector.

The cloning methodology of NS2B3, NS3CTD-NS4AN56, and GFP-Cs-Quencher
method was explained in the second chapter. (Detailed in method and material section

2.2.1).

3.2.3 Bacterial Expression and Purification of NS2B3, NS3CTD-NS4ANS56, GFPCs-
Quencher, NS4A, NS4ANS56 Recombinant Proteins

pET24b vector containing NS4A gene was transformed into C41DES3 cells, and cells were
grown in LB Broth supplemented with 50pg ml! kanamycin to an optical density at 600
nm(ODeoo) of 0.6 to 1.0 at 37 °C. Expression of recombinant NS4A was induced with
ImM isopropyl B-D-1thiogalactopyranoside (IPTG) and incubated at 37°C for 4 hours.
Cells were pelleted by centrifugation at 5000 x g for 10 mins at 4°C. Pellets were
resuspended in a lysis buffer of 20mM Tris pH 7.4 containing 150mM NacCl and disrupted
by sonication using a digital probe sonicator at 40% amplitude for 20 min with 15 seconds
off and 5 seconds on cycles. The cell lysate was clarified by centrifuging at 20000 % g at
4° C for 20 min, and the protein was expressed in the pellet fraction in the membrane
bound form. The pellet fraction was taken for further purification by solubilizing it in a
detergent with a buffer of 20mM Tris pH7.4 containing 3% LDAO (lauryl dimethyl amine
oxide) 150mM NaCl and 20mM Imidazole overnight. Solubilized protein was clarified
by centrifugation at 20000 x g at 4° C for 20 min and resulted in the supernatant was

diluted to 0.5% LDAO with 20mM Tris pH 7.4 containing 150mM NaCl and then loaded
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on Ni-NTA gravity column which was pre-equilibrated with 0.5% LDAO with 20mM
Tris pH 7.4 containing 150mM NaCl buffer. After the sample was loaded onto the column,
the column was washed with 5 column volumes of wash buffer of 20mM Tris pH7.4
containing 0.5% LDAO, 150M NaCl, and 50mM Imidazole. Then bound protein was
eluted with elution buffer 20mM Tris pH 7.4 containing 0.5% LDAO, 150mM NacCl,
300mM Imidazole. Eluted protein was concentrated and loaded onto the superdex-75
column for further purification, a protein purified after this step was stored at -20° C till
further use. pET24b vector containing the NS4ANS56 gene was transformed into
BL21DE3 cells, and

cells were grown in LB Broth supplemented with 50pg ml™! kanamycin and 34pg ml!
chloramphenicol to an optical density at 600 nm (ODsoo) of 0.6 to 1.0 at 37° C. Expression
of recombinant NS4ANS56 was induced with 1mM isopropyl B-D-1thiogalactopyranoside
(IPTG) and incubated at 37° C for 4 hours. Cells were pelleted by centrifugation at 5000
x g for 10 mins at 4°C. Pellets were resuspended in a lysis buffer of 20mM Tris pH 7.4
containing 150mM NaCl (TN Buffer) and disrupted by sonication using a digital probe
sonicator at 40% amplitude for 20 min with 15 seconds off and 5 seconds on cycles. The
cell lysate was clarified by centrifuging at 20000 x g at 4° C for 20 min, and the protein
expressed is in a soluble fraction. Clarified cell lysate containing expressed protein was
loaded on the Ni-NTA gravity column, pre-equilibrated with TN buffer. After the sample
was loaded onto the column, the column was washed with 5 column volumes of wash
buffer of 20mM Tris pH7.4 containing 150mM NaCl and 50mM Imidazole. Then bound

protein was eluted with elution buffer 20mM Tris pH 7.4 containing 150mM NaCl and
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300mM Imidazole. Eluted protein was concentrated and loaded onto the superdex-75
column for further purification, a protein purified after this step was stored at -20 °C till

further use.

The methodology of expression and purification of NS2B3, NS3CTD-NS4ANS56, and
GFP-Cs-Quencher proteins method was explained in the second chapter (detailed in

method and material section 2.2.2).

3.2.4 Co-expression of NS2B3-NS4ANS6 for Interaction

To test the Interaction between NS4ANS56 and NS2B3 protease, we cloned both genes
into the pET Duet vector. The NS2B3 protease coding DNA cloned into MCS having the
N-terminal His tag and NS4ANS56 coding DNA cloned into 2" MCS with S-tag, the
resulted proteins expressed from this construct will have NS4AN56 with C-terminal Stag,

and NS2B3 has an N-terminal hexahistidine tag.

If these two proteins interact when co-expressed, they will elute together in Hexahistidine
tag affinity chromatography purification. Proteins were coexpressed and co-purified
using His affinity chromatography method from Rosetta DE3 cells as it was described for

NS2B3 alone.

3.2.5 Protease Assay

The methodology for protease assay was explained in Chapter 2 (detailed in section 2.2.3)

3.2.6 Size-Exclusion Chromatography

We used size exclusion chromatography (SEC) to analyze recombinant NS4A and
NS4ANS6 protein quaternary structure analysis. For NS4A protein SEC, we used
superdex 200 Increase GL 10/300 column with 20mM Tris pH 7.4 containing 150mM

NaCl and 0.05% of LDAO as running buffer. NS4ANS6, NS2B3, and NS2B3
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proteaseNS4ANS56 SEC done using superdex-75 increase GL 10/300 column with 20mM

Tris pH7.4 containing 150mM NaCl and 2mM EDTA as a buffer.

3.2.7 Protein Crystallization

NS4A protein extracted and purified using LDAO detergent was in 20mM Tris pH 7.5
containing 150mM NaCl and 0.01%LDAO final concentration buffer. Protein was
concentrated at 10-15mg/ml concentration. 35% DMPC: CHAPSO mixture at a 2.8:1
molar ratio bicelles were prepared®?’. By varying bicelle concentration from 4-8% and
protein concentration 5-12mg/ml, crystallization drops were set up in the hanging drop

method with JCSG, MemFac, MemPlus, and Memgold conditions.

3.2.7 Far-UV Circular Dichroism (CD) and Intrinsic Tryptophan Fluorescence Spectroscopy
Far-UV CD spectra were recorded with NS4A, NS4A N56, NS2B3, and
NS2B3NS4ANS56 co-expressed purified complex proteins were done using Jasco 1500
spectropolarimeter. Samples were incubated at room temperature for 30 min before
recording the spectra. Protein was used at 0.2 mg/ml concentration, and far-UV CD
spectra were recorded using a 0.1 cm path length quartz cuvette from 200nm to 250nm
wavelength in 20mM Tris pH 7.5 containing 150mM NaCl buffer (TN buffer).
Normalized Mean Residue Ellipticity (MRE) values against wavelength were calculated,
and spectra were plotted. For NS4A and NS4ANS56 proteins, spectra were recorded in
20mM Tris pH 7.4 containing 150mM NaCl and 0.05% of LDAO bufter and 20mM Tris
pH 7.4 containing 150mM NaCl buffer, respectively. For NS2B3 protease and NS2B3
protease-NS4ANS56 co-expressed protein, we used two different buffers; SOmM Tris pH

9.0 containing 10% glycerol buffer (in which protease assays are done) and TN buffer.
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The data was analyzed by converting the ellipticity(©) values to Omre. If there are any
secondary structure changes, upon interaction, it is expected that the observed normalized
Om ;. for the mixture would be different from the expected value.

Intrinsic tryptophan fluorescence spectroscopy to test the Calcium-binding of NS4A and
NS2B3 protease proteins. Both the proteins were titrated with Calcium Chloride from
016mM in no salt 20mM Tris pH 7.5 buffer, and emission spectra were recorded using a
1 cm pathlength cuvette. Spectra were recorded using an FLS 1000 fluorimeter
(Edinburgh Instruments, UK). The protein was used at 0.05 mg/ml concentration for
recording the fluorescence spectra. The excitation wavelength was set to 295 nm, and the
emission wavelength range was set to 300-500 nm. The excitation and emission
bandwidths are set to 1 nm. Spectra were blank corrected and smoothened using the
Fluoracle (Edinburgh Instruments, UK) software. For spectra plotting, respective CaCl,
concentrations having buffer blanks without proteins were subtracted from the protein
spectra with the same concentration of CaClo.

Parameters for CD spectra and fluorescence spectra collection and plotting was similar as

it was explained in chapter one methods and materials (detailed in section 1.2.8).

3.3 Results

3.3.1 N-terminal Cytoplasmic Helix of NS4A Showed Interaction with NS2B3 in BACTH
Assay

To determine and characterize the interaction between NS4A and NS2B3 protease, a
bacterial adenylate cyclase-based two-hybrid assay (BACTH) was performed as a starting
point. Before starting this assay, we did an initial sequence analysis and ab-initio

structural characterization of NS4A to understand the protein and make different
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truncations for its interaction studies. Previous studies established that NS4A is a
transmembrane protein''?. Two mark the boundaries of the transmembrane helices; we
did sequence analysis in different secondary structures and transmembrane prediction
servers. NS4A showed it is predominantly alpha-helical and has three transmembrane
helices and a cytoplasmic helix. The cytoplasmic helix boundary for DENV-1 NS4A

ranged between residues 1 to 56 in the TM prediction algorithms (Figure 3-1).

ER lumen

121 c.term

N-term cytosol

membrane topology of NS4A

Figure 3-1 NS4A membrane topology model made based on predicted transmembrane helices
from different prediction algorithms (TMHMM, Phobius, PSIPRED, and TM-PRED)

To get more information about the structural arrangement of these transmembrane and
cytoplasmic cores of the protein, the NS4A protein sequence of DENV1 submitted to
the recently  introduced  near-accurate structure prediction Al-based
algorithms AlphaFold2'” (through google colab book) and RoseTTAfold!"™ server
(robetta online server) and generated ab-initio structure models. DENV1 NS4A structure
model generated by Alphafold2 was assessed by its pLTDD score, which is more than
80. Overall sequence-based structure analysis of the pLTDD score of NS4A showed
loop regions between helices have lower scores than helices (more than 90). The
RoseTTAfold model of DENV1 NS4A has a confidence score of 0.75, and the angstrom

error rate for the entire sequence fluctuated between 2 and 3 angstroms, which is
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significantly reliable. Both models overlapped when structures were aligned (except N-

terminal 56 residues region).

The N-terminal helix (ranging from 1-56 aa region) is away from the transmembrane core
and is not predicted as a transmembrane helix in any transmembrane prediction
algorithms indicating that this helix may be posed towards the cytosolic side of the ER
membrane in the replication complex. To further validate this DENV1 NS4A fold or
predicted structure, we submitted an NS4A sequence of different flaviviruses like WNV,
ZIKV, and YFV (which have a similar sequence) to the RoseTTAfold and compared their
predicted structure, forming an identical fold or not (Figure 3-2). NS4A Ab-initio models
generated for these viruses were compared by structural alignment using PyMol. All
predicted ab-initio structures have an identical transmembrane core with flexible
Nterminal helix DENV-1 NS4A.

Based on this sequence and ab-initio generated structural understanding, two different
constructs of NS4A were made for BACTH assay: NS4A full length and N-terminal 56
residues alone; this N-terminal truncation named NS4ANS56 (In TM-Pred server, the first

transmembrane helix, started from 56™ residue).

C-term

ER lumen

ER lumen
o~
~ Il
N\ ;_1/ ~a
L7 \
pe
.
~
N-term \
cytosol
ab-initio model of NS4A structural alignment of flavivirus NS4A ab-initio models

Figure 3-2 Alphafold2-based Ab-initio predicted structure of NS4A (red) and Structural alignment
of NS4A structure predicted for different flaviviruses
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For interaction identification and to map the interaction, different constructs of the NS2B3
protease were made: NS2B cofactor (48-100), NS3 protease (1-173), and NS2B3 protease
construct having cofactor region of NS2B (48-100) and NS3 protease (1-173) domain
linked with a glycines linker'®! (similar construct reported previously used for several

other studies), for BACTH assay.

The BATCH assay was conducted by double-transforming these plasmids in two different
backgrounds, and cells were plated on MacConkey/maltose agar indicator plates. In the
BACTH assay, the interaction between proteins was assessed qualitatively by red color
development in double-transformed bacterial colonies on MacConkey/maltose agar
indicator plates compared to color development in control plates. The robust color
development is observed with N-terminal 56 residues of NS4A compared to full-length

NS4A (Figure 3-3) with NS2B cofactor, NS3 protease, and NS2B3 protease.

pUT18
NS2B NS3 protease NS2B33
(48-100aa) (1-178aa) protease
© .
fre)
4
< . . .
<
(%)
2
e] . .
ﬁ GCN4 leucine zipper
¥ positive control
o .
* . . .
%)
4
empty plasmids

negative control

Figure 3-3 BACTH assay of different truncations of NS4A against NS2B3 protease different
domains
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3.3.2 NS4A is Predominantly an Alpha-Helical Protein That Forms a Homomeric Trimer,
and Both NS2B3

To further validate our BACTH results, DENV serotype 1 NS4A, NS4ANS56, and NS2B3
protease proteins were expressed and purified in a bacterial expression system, and a
thorough biochemical characterization of these purified NS4A and NS2B3 protease

proteins was done before going for interaction studies.

NS4A full-length, NS4ANS56 and NS2B3 protease coding DNA constructs were cloned
into a bacterial expression vector pET24b with C-terminal his tag. Initial NS4A fulllength
protein expression optimization trials were done in different strains and got better
expression in C41DE3 cells (for remaining strains like BL21DE3 protein was toxic and
expression significantly less), and the NS4A protein expressed is in the cell membrane
fraction. Protein extraction from membrane fraction was done using detergent LDAO.
Protein was purified in the presence of LDAO in a two-step purification method,
including hexahistidine tag affinity chromatography and gel-filtration chromatography in
0.05% LDAO (Figure 3-4A). After Ni-NTA chromatography purification, eluted protein
in ~90% pure, in gel-filtration chromatography protein eluted as a single sharp peak at
elution volume corresponding to a globular mass of ~66kDa, forming a homomeric
oligomer (monomeric mass of protein ~15kDa) (Figure3-4C) and this homomeric

oligomer form of purified NS4A was reported previously''

. After purification, protein
buffer was exchanged into a 0.01% LDAO containing TN buffer and stored at a 5 mg per
ml concentration in the freezer. When we tried to avoid detergent, protein got aggregated,

conforming to its absolute detergent requirement for its stability. Secondary structure

analysis by far-UV circular dichroism spectroscopy of NS4A shows a spectral signature
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(Figure 3-4B) typical of a predominantly helical protein with negative peaks at 208 and

222nm, consistent with our sequence analysis and ab-initio structure model.

Unlike NS4A full-length protein, NS4ANS56 protein was expressed in BL21DE3 cells in
the soluble fraction. The expressed protein was purified in native conditions in a two-step
purification method, including a hexa-histidine tag affinity chromatography followed by
gel-filtration chromatography (Figure 3-4A). The purified protein is eluted in gel-
filtration chromatography as a single sharp peak at an elution volume corresponding to a
globular mass of ~21kDa, possibly forming a homomeric trimer (Figure 3-4D).
Secondary structure analysis by far-UV circular dichroism spectroscopy shows a spectral
signature (Figure 3-4B) typical of a predominantly helical protein with signature negative
peaks at 208 and 222nm. With this predominant soluble alpha-helical nature of

NS4ANS56, there is no need for any cosolvent and detergent, confirming its cytosolic

positioning.
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Figure 3-4 Recombinant NS4A, NS4ANS56 proteins purification and secondary structure analysis
(A) SDS-PAGE of purified recombinant NS4A and NS4ANS56 (B) Far-UV-CD Spectra of NS4A
and NS4A N56 (C) Size exclusion chromatogram of NS4A (D) Size exclusion chromatogram of
NS4ANS56

Crystallization of NS4A full-length protein was attempted in the presence of detergent
and bicelles, but we got only fragile needle-shaped crystals. Further optimization with

seeding and detergent did not give any diffraction-quality crystals.

NS2B3 protease and its substrate expression and purification and the protease assay

results were described previously in Chapter 2.

Figure 3-5 NS4A crystallization, Needle-shaped NS4A crystals in bicells

3.3.3 NS4ANS6 Interacted With NS2B3 Protease When Co-expressed Together

NS4ANS56 protein was used for interaction studies; the rationale for proceeding with
NS4ANS56 is that the remaining part of the protein will be in the membrane and
inaccessible for any soluble protein interaction. Moreover, our BACTH assay showed that
the N-terminal 56 residues are enough for interaction. To further validate our BACTH
assay results, we took the purified proteins NS4AN56 (trimer) and NS2B3 protease,
mixed them in a 1:1 molar ratio, and loaded them onto the SEC column to see co-elution
or complex formation. However, we did not see any significant shift from corresponding

control peaks which loaded independently the same amount as in (Figure 3-6B).
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It was reported that an uncleaved NS3-NS4A transient intermediate during polyprotein
processing was required for NS4B-NS5 cleavage®’®, and results from the BACTH assay
gave indications that this interaction may seem co-translationally or during polyprotein
processing. Moreover, the independently expressed NS4ANS56 protein homo-oligomers
interface may hide these two proteins' interaction interface. Moreover, NS3 protease and
NS2B interaction studies were established with glycine-linked protein and dual
expression system. In a similar way, NS4A and NS2B3 protease were cloned into two
different pET duet vector MCS sites as two different ORFs, one with hexahistidine tag
(N-terminal of NS2B3 protease), the other without tag (although an S-Tag present towards
C-terminal of NS4ANS56). In this co-expression study, if these two proteins interact, they
will co-purify from the Ni-NTA His-tag affinity column. In the SDS-PAGE analysis, an
extra band other than NS2B3 protease indicates that both proteins got copurified and

formed a complex (Figure 3-6A).
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Figure 3-6 NS2B-NS4ANS56 interaction (A)SDS-PAGE of recombinant NS2B3 and
NS2B3NS4ANS56 (Co-expressed) proteins (B)SEC of NS2B3 (black), NS4AN56(grey), and
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NS2B3:NS4ANS56 in 1:1 molar ratio (gold) (C) SEC of NS2B3 and NS2B3-NS4ANS56 (co-
expressed) (D) Far UV CD spectroscopy of NS2B3 and NS2B3-NS4ANS56 proteins

SEC is performed with NS2B3 and NS4ANS56 as controls to reconfirm this interaction
and complex formation. In SEC NS2B3-NS4ANS56 eluted as a single sharp peak, the
retention volume of this co-purified protein showed a significant shift to control of NS2B3
protease (Figure 3-6C). Furthermore, in far-UV CD spectra comparison of NS2B3
protease, NS2B3-NS4N56 has a significantly different signature with a negative peak at
208nm; NS2B3 protease has a typical chymotrypsin fold having protein spectra and
NS2B3-NS4ANS56 protein with the shift of 205nm negative peak to 209 nm (Figure 36D)

given NS4ANS56 contribution in the overall spectra change.

3.3.4 NS4ANS6 Interaction Showed Reduced Protease Activity of NS2B3 Protease

Protease assay of NS2B3 protease showed no further increase in the activity after 2 hours.
Functional characterization of this protein interaction, and to test the effect of NS4ANS56
on NS2B3 protease activity, we did a protease assay with NS3CTD-NS4ANS56 substrate.
In the assay, the intensity of two cleavage products at their respective molecular weights
~17kDa and ~7kDa after a specific cleavage event was qualitatively assessed to see the
activity. NS2B3-NS4ANS56 protease activity was very low, with no second cleavage

product trace (~7kDa) (Figure 3-7B).
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Figure 3-7 Protease assay of NS2B3-NS4AN56 (A) Schematic of protease assay with GFP-CS-
QP substrate comparative graph percent cleavage with NS2B3 protease and NS2B3-NS4ANS56
protease (B) SDS-PAGE of protease assay with NS3CTD-NS4ANS56 substrate

To further confirm this negative regulation or inhibition of NS2B3 protease, a protease
assay with a fluorescence reporter-based substrate was designed where a GFP linked to
quencher peptide with protease cleavable linker representing junction between
NS3NS4A. In the assay, after protease-mediated cleavage, the quenching peptide will be
away from GFP, leading to the increased emission peak intensity of GFP, which will be

taken as a measurement of protease activity. A similar assay was used previously??!

. Assay
conditions were the same as previously mentioned, with an endpoint after 9 hours, in this

assay also saw very low or no activity of NS2B3 protease in the presence of NS4ANS56

(Figure 3-7A).

To map the interaction and to deduce how this interaction inhibits the protease activity a
molecular docking simulation in the cluspro web server (a global docking server) was

performed. In this study, NS2B3 protease open and closed conformations homology
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models are taken as receptors and NS4ANS56 as a ligand (Ab-initio structure generated
from AlphaFold2) to map this interaction interface between these two proteins and deduce
the possible reason behind the loss of activity. A docking pose with a significant cluster
size with the lowest energy score with both open and closed conformations showed the
interaction of NS4ANS56 near the catalytic pocket of NS2B3 protease and masking this

catalytic pocket partially (Figure 3-8).
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Figure 3-8 Molecular docking of NS4ANS56 with NS2B3 protease (red colour is NS4A, wheat
colour cartoon is NS3 protease domain, blue colour is 2B co-factor region, green sticky
representations are catalytic traid)

3.4 Discussion

In RNA viruses, the switch from Polyprotein processing to replication is a temporal event,
along with sorting replication complex into replication vesicles. Sorting of the replication
complex into ER membrane might need a signal peptide. The only known signal peptide
"2K' is between NS4A and NS4B. So, it is the only possible way to guide the remaining
nonstructural; proteins to ER through interacting with these core proteins. Interaction
between NS4B-NS3, NS3-NS2B, NS4A-NS4B, NS1 with NS4A2KNS4B, and NS3-NS5
have been established previously through several studies. Mapping the interaction
interfaces and defining the functional importance of these interactions will open doors for

structure and function-based drug designing approaches.

152



Based on the initial sequence analysis and ab-initio generated structure models, different
domain truncations were made in NS4A and NS2B3 protease for bacterial adenylate
cyclase two-hybrid assay to test the interaction. In the BACTH assay, the interaction of
NS4ANS56 showed robust color development with NS2B, NS3 protease, and NS2B3
protease, given indications that interaction is spread between NS2B and NS3 protease. A
recombinant protein-mediated invitro approach was taken to validate this and map the

interaction interface further.

This present study conducted a thorough biophysical and biochemical characterization of
NS4A. The initial sequence and ab-initio structure model generated by Alphafold2 and
Rosettafold have identical folds and match the topology predicted previously by an NMR

222 with a transmembrane core of three membrane-spanning helices (56-120) and a

study
flexible N-terminal helix region away from this transmembrane core. This is further
confirmed by our recombinant expression and purification, where both NS44A and
NS4ANS56 proteins require different expression and purification approaches. Purified
NS4A protein forms a homomeric oligomer in the presence of detergent. Similarly,
soluble NS4ANS56 also formed a trimer, this is conformed NS4A homomeric oligomer
mediated by N-terminal 56 residues region, and it is a trimer. Moreover, compiling the
data from both our ab-initio model and biophysical studies confirms its topological

arrangement on ER membrane that N-terminal 56 residues are towards the cytosolic side

of the ER membrane remaining part is in the membrane.

After this core, structural and functional understanding and initial clues from the
biophysical characterization of both the proteins and bacterial two-hybrid assays gave

initial information regarding the Interaction between NS2B3 protease and the NS4AN56
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region. And the NS4ANS56 interaction interface may spread between the NS2B cofactor
and an NS3 protease domain interaction interface. To confirm physical interaction and

fine map the interaction interface between these two proteins.

NS4ANS56 alone for interaction studies because our initial sequence and structural
analysis confirmed later part from residues 56-120 is inside the membrane; adding to that,
the full-length NS4A protein requirement of detergent for its stability may interfere with
our interaction and biochemical studies. Initially, trials test the interaction by expressing
and purifying the proteins separately and mixing them to see the complex formation.
However, surprisingly, there was no complex formation; however, NS3 and NS2B
interaction was established by linked proteins and co-expressing in a dual expression
system. So, we took a similar approach, NS4AN56 showed interaction with NS2B3
protease when they co-expressed together in a bacterial dual expression system, and the

SDS-PAGE analysis of purified protein from these cells showed three distinct bands
conforming to complex formation. This is the first evidence of physical interaction
between NS2B3 protease and NS4A protein. NS2B3-NS4ANS56 complex formation was
further confirmed by SEC, and secondary structural content change in far-UV CD
spectroscopy compared to NS2b3 protease alone and complex formation between NS2B3
protease and NS4ANS56. When we tested the effect of NS4ANS56 on NS2B3 activity, to
our surprise, the NS4ANS56 interaction reduced the NS2B3 protease activity with both
NS3CTD-NS4ANS56 GFP-Cs-Quencher substrates. Later our molecular docking
simulation studies showed NS4ANS56 interacted near the catalytic pocket and masked it

in closed and open conformations.
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In other viruses belonging to the Flaviviridae family other than the Flavivirus genus,
NS4A's positional arrangement on polyprotein is the same, but it is a different sequence
and smaller than Flavivirus NS4A and has functions identical to NS2B cofactor flavivirus
genus. Dynamic interactions between viral-coded proteases were reported for several
RNA viruses. In norovirus, protease activity of polyprotein processing is regulated
temporally in replication complex*®. In Pestivirus, which belongs same Flaviviridae
family, the switch from genome replication to particle synthesis happens by alternative
protein-protein interaction between the NS4A cofactor and protease domain of NS3 2%,

Having multiple roles which are parted away in different structural domains gave NS3's

extended role in flavivirus replication with different protein interactions.

The requirement NS3-NS4A transient intermediate for NS4B-NS5 cleavage gives clues

73,93,120 and

that NS3-4A may be the last cleavage incident in the polyprotein processing
several host protein interactions of NS4a which helps its correct localization topological
arrangement in replication vesicles on ER membrane indicating NS4A may take a
posttranslational path after its cleavage from polyprotein to ER membrane. After this
cleavage event, NS3 may interact with NS4A2KNS4B and colocalize to the replication
organelle, where it will form a replication complex 2!¢. After polyprotein processing, there
is an ER-associated degradation mechanism in the viral-induced convoluted membranes
that maintained the optimum levels (homeostasis required for viral replication) of
nonstructural inside the cell; through this mechanism, NS4a was maintained at a very low
level in the cell, inhibition of this process affected the viral replication®’. This indicates a
requirement for controlling the expression levels of processed nonstructural proteins

inside the cells, most importantly NS4A, which negatively affects the viral replication in

an unknown mechanism.
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Although it is believed that polyprotein processing will happen near ER surface, there is
no evidence for the exact spatial marking of polyprotein processing in Flavivirus.
Previous literature confirmed that NS4A is an absolute requirement for viral replication
complex formation based on its ER residing and cytosolic host protein interaction. And

higher levels of NS4A inside the cells have a negative impact on viral replication.

Interaction and functional studies of NS2B3-NS4ANS56 interaction and interaction
interface mapping near the catalytic pocket of NS2B3 protease, the docking studies lead
us to believe this NS4ANS6 interaction induced negative regulation of NS2B3 protease

activity may be a 'switch from polyprotein processing to replication' (Figure 3-9).

NS2B3 protease

NS4A binds near NS3 catalytic pocket and inhibits the protease activity

Figure 3-9 Schematic model for how NS4A interacts with NS2B3
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Moreover, the interaction between NS3-NS4A is preliminary. It requires further

validation and functional characterization in-vivo.
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Conclusions
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Concluding Remarks

The receptor preference for entry into the cell for disease-causing viruses belonging to the
flavivirus genus differs. However, the molecular mechanisms used for replication and
polyprotein processing have notable similarities. Understanding one of the representative
viruses from the flavivirus genus, their replication, and polyprotein protein processing
events can be extrapolated to the other viruses. Specifically, for DENV, due to different
serotypes and immunopathology, developing a vaccine against it is a difficult task. After
viral genome entry into the host cytosol, RNA genome translation into a polyprotein, later
this polyprotein processing, and then replication are the next crucial steps for viral
propagation and multiplication inside the host cell. Polyprotein processing will give the
functional proteins and may be responsible for some of the interaction between the
nonstructural proteins, which will initiate replication complex formation and regulate

some crucial steps spatially and temporally 224,

Both polyprotein processing and replication are critical steps for viral multiplication.
These two molecular processes involve all viral-coded nonstructural proteins and host
proteins. NS3 is the one protein with multiple functions involved in these two processes,
and with most nonstructural protein interactions, it is central to the replication complex.

This study focused on such nonstructural protein interactions of NS3, mainly NS-NS4B,

NS3-NS2B, and NS3-NS4A.

(1) In chapter one, NS3-NS4B interaction was mapped, and from all results taken
together; a plausible explanation is that NS4B interaction with NS3 helicase
increases the RNA duplex unwinding activity by increasing the CTD motions
(towards and away from the RecA domains for each cycle of unwinding/RNA

translocation). Furthermore, proposed a mechanism for the concerted action of
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NS3-interacting protein complexes in viral negative-strand synthesis. The N-
terminal disordered region of NS4B translocates into the cytosolic side of the RO
after the proteolytic processing of the 2K C-terminus signal. NS3 interacts with
the NS4B N-terminus region, which tethers it to the membrane. The NS4B
Nterminus region wraps around the recA2 and CTD subdomains of the helicase
and modulates the subdomain motions during the dsSRNA unwinding step. NS3
also interacts with NS5 through the CTD. Through this interaction, the NS5 is also
positioned on the 3’-end of the genome, where negative-strand synthesis starts
from. As a result of these interactions, a tripartite complex of NS3—NS4B-NS5
may form in the RC, where the NS3-NS4B complex will precede NS5. The
conserved stem-loop of the 3’-SL (in 3’-UTR domain III) is then unwound by NS3
helicase. NS4B modulates the helicase activity by controlling the motion of the
CTD and thus modulating the duplex RNA binding cleft conformation. The
interaction of NS3 with NS4B and NS5, being critical for flavivirus replication,
can potentially be targeted in therapeutic development against flaviviruses. A
complete map of the NS3—NS4B interaction and understanding the mechanism of
NS3 helicase activity modulation by the interaction will significantly help the
better design of the inhibitory drugs.

(2) The next chapter focused on the NS2B-NS3 two-component protease complex,
which will do the majority of the polyprotein processing. A thorough biophysical
and biochemical characterization of NS2B3 was done. Invitro-expressed NS2B3
showed a dynamic pH-based oligomerization behavior possibly mediated by the
NS2B cofactor region. From all the results from in-vitro experimental and in silico

docking and MD simulations studies, the mechanism of how substrate (cleavage
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site) recognition happens and how it will reach the catalytic pocket was explained.
Like other serine protease surface unstructured loop regions involved in initial
substrate recognition, in NS2B3, the part NS2B, which is an conserved
electronegative pocket region present on the surface, will be the initial binding
pocket for the cleavage site. After this binding, the conserved beta-hairpin motif
of NS2B, which fluctuates between the open and closed conformations, will be
stabilized in closed conformation while bringing the substrate into the catalytic
pocket by handing over the P1 arg/lys of the cleavage site into S1 pocket and
second basic residue lys/arg still in contact with the electronegative pocket of
NS2B.

(3) In the final chapter, from the initial evidence from NS2B3 biochemical studies, a
hypothesis was made for the interaction between NS2B3 and NS4 A N-terminal
56 residues region. This chapter did a thorough biophysical characterization of the
NS4A protein and established a possible homomeric trimer of NS4A formation
mediated NS4A N-terminal 56(NS4AN56) residues region. Then the interaction
between NS2B3 and NS4ANS56 was established by multiple approaches, and later,
it was tested if this NS4ANS6 interaction affected the NS2B3 protease activity.
From this chapter and taking into consideration of previous studies, it is evident
that the last cleavage site of polyprotein protein processing may be the NS3-NS4A
cleavage site. After this, NS4A will interact with NS2B3 and negatively regulates
its protease activity, which might act as a switch for NS3 protein to switch from

polyprotein processing to replication.
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NS3-NS4B interaction and plausible mechanism of NS3 helicase
activity enhancement
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NS3-NS2B interaction and plausible mechanism of substrate
recognition and its transfer into protease catalytic pocket
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NS2B3 protease

NS3-NS4A interaction initial mapping and characterization

NS3 is the central molecule in the overall nonstructural protein interaction network
with multiple interactions which are critical in both polyprotein processing and
genome replication; in this study, three different nonstructural protein interactions

were studied, and their functional significance in the genome replication and

polyprotein processing explained in a structural point of few.
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Appendices

Primers list

SM5 | AGAGCTAGCTCAGGAGTCTTGTGGGAC

SM6 | ACTCTCGAGTCTTCTTCCTGCTGCGAA

SM7 | AGTGCTAGCTCAGGTGACCTAATATTAG

SM8 | TTTCTCGAGTCTGTCTGGCTCTGGAAT

SM10 | ACCCTCGAGTCTCCTACCTCCTCCCAA

SM31 | CCAGCTAGCGAGATTGAGGACGAGGTG

SM52 | CTC GAG TAG TAG CAT CAA TGT TTC TAT

SM59 | CAT ATG GGA TCC GCT GAT TTA TCA TTG GAG AGA

SM60 | CTC GAG TTT GAG GAG TAT AGT GAG CGT

vigq | ACCACCACCACCAGAACCACCACCACCTTTGAGGAGTA
TAGTGAGCGT

Moy | TTC GCA GCA GGA AGA AGA AGT GTC TCA GGT GAC
CTA ATA TTA GAA

<Mo3 | TTC TAATAT TAG GTC ACC TGA GAC ACT TCT TCT TCC
TGC TGC GAA

<Mog | GGA TCC CAT ATG AAT GAG ATG GGA TTA CTG GAA
ACC ACA AAG
GAT GGA ACT ATG AAA ATA AAA GCT GCA GCG GCA

SM9 | GCT GCC ACG CTC ACT ATA CTC CTC

<M100 | GAG GAG TAT AGT GAG CGT GGC AGC TGC CGC TGC
AGC TTT TAT TTT CAT AGT TCC ATC

SM144 | ACG CCG GGC ACC CGT AAG ACC CCT GAA

SM145 | TTC AGG GGT CTT ACG GGT GCC CGG CGT

SM147 | GGA TCC CAT ATG GTG AGC AAG GGC GAG GAG
CGC CGC CAC CAC CAG CGG ATC GCT GCT ATC GTT

SM148 | GCA GTC ACC TGA GAC ACT GCG ACG TCC TGC TGC
CTT GTA CAG CTC GTC CAT GCC
CGC CGC CAC CAC CAG CGG ATC GCT GCT ATC GTT

SM149 | GCA GTC ACC TGA GAC ACT GCG ACG TCC TGC TGC
TTT GTA TAG TTC ATC CAT GCC
TTT CTC GAG CAG ACA ATC CAG AAT CCA CAG AAT

SM150 | CAG ATG CAG AAT GCC GAT GAT GCT CGC CGC CAC
CAC CAG CGG ATC

SD2 | TTTCATAGTTCCAGCAGCTTGGACCTCCAC

SD1 | GTGGAGGTCCAAGCTGCTGGAACTATGAAA
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