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Summary

Flavivirus is a genus of viruses belonging to the family, Flaviviridae. They are
single-stranded, positive-sense RNA viruses with a genome size of about 11-kilo
bases long. During the last decade, there were increased frequency and larger
magnitude of flaviviruses’ outbreaks. However, to date, there are still no

antiviral treatments for these infections.

The viral polyprotein consists of three structural and seven non-structural (NS)
proteins. These viral NS proteins are involved in numerous processes from viral
polyprotein synthesis, viral RNA synthesis to viral RNA capping. While numerous
studies have characterised the respective NS proteins using both structural and
functional approaches, the details of viral RNA replication and the dynamics of
these proteins in the replication complex during the replication process have
yet to be fully identified. Moreover, even though many antiviral inhibitors were
identified to target these individual NS proteins in the lab, none of these
inhibitors has yet been approved to combat the disease. Hence, this project
aims to gain a better understanding of the function of these viral proteins and

the viral RNA replication process to guide and accelerate drug discovery.

This thesis consists of six chapters as described below. Chapter 1 describes the
literature on epidemiology and pathogenesis of the various flavivirus. The
chapter will elaborate on the molecular biology of flavivirus, from the viral life
cycle to the features and functions of the viral genome and proteins. Next, the
current status of vaccines and antiviral research efforts against flavivirus will

also be discussed. The specific objective and hypotheses are also stated towards
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the end of chapter 1. Chapter 2 details the various experimental design and
materials used in the study. A structure-based drug discovery approach was
employed to study the interaction between NS2B-NS3 protease and various
inhibitors in chapter 3. Different x-ray crystallography structures of Zika NS2B-
NS3 protease bound to different inhibitors were reported. Biochemical assays
were also conducted to characterise the inhibitory effects of these compounds
on NS2B-NS3 protease activity. In chapter 4, structural studies using both x-ray
crystallography and electron microscopy were used to examine viral RNA
recognition by NS5 polymerase. Using a bottom-up approach, biochemical
characterisation was carried out on the viral replication complex in Chapter 5.
The protein components responsible for negative-sense RNA synthesis were
identified and in-vitro reconstitution of the replication complex was performed
for the structural study. Lastly, chapter 6 summarises the finding as well as

proposes future research directions.

Overall, these findings provide valuable information on the functions of the viral
non-structural proteins. By understanding their molecular interactions with the
substrates and inhibitors, it will aid in the development of antiviral drugs by

targeting the different stages of the flavivirus’ lifecycle.
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Chapter 1: Literature Review

1.1 Flavivirus

Flavivirus is a genus of viruses belonging to the family, Flaviviridae. The
flaviviruses are single-stranded, positive-strand RNA viruses. The genome is
about 11-kilo bases long with a type | cap at the 5’ end of the genome, a unique
feature not found in other genera of the Flaviviridae family (Simmonds et al.,
2017). The 3’ ends lack a terminal poly(A) tail. The viral genome encodes for 3

structural proteins as well as 7 non-structural (NS) proteins.

The majority of the flaviviruses are arthropod-borne viruses with about 50% of
them being mosquito-borne, 28% are spread by ticks and the rest are without
any known arthropod vectors (Simmonds et al., 2017). A few members of the
genus with clinical relevance are Dengue Virus (DENV), Japanese Encephalitis
Virus (JEV), West Nile Virus (WNV), Yellow Fever Virus (YFV), and Zika Virus (ZIKV)
(Barrows et al., 2018; Daep et al., 2014; Holbrook, 2017; Simmonds et al., 2017).
Flaviviruses can be found worldwide but individual species are usually only
found in specific regions (Figure 1.1) (Holbrook, 2017; Pierson and Diamond,
2020; Simmonds et al., 2017). The thesis will be mainly focused on the Aedes-
transmitted flaviviruses, DENV and ZIKV, given that Aedes aegypti and Aedes
albopictus are widely prevalent in Singapore (Ong et al., 2019; Rajarethinam et

al., 2020).



W Zika Virus
B Dengue Virus

[ Yellow Fever Virus

M Japan Encephalitis Virus
B West Nile Virus

Figure 1.1. Worldwide Distribution of the Flavivirus. (A) Global distribution of Dengue
and Zika virus. (B) Global distribution of Yellow Fever Virus. (C) Global distribution of
Japan Encephalitis and West Nile Virus. The figure is produced using information from
(Holbrook, 2017; Pierson and Diamond, 2020; Simmonds et al., 2017).



1.1.1 Yellow Fever Virus Epidemiology and Pathogenesis

Yellow fever virus (YFV) is one of the earliest known flaviviruses. In 1647,
Barbados reported the earliest yellow fever outbreak. The largest outbreak was
recorded in 1878, along the southern Mississippi River, with 120000 cases and
at least 20000 deaths (Holbrook, 2017). Today, yellow fever remains to be
endemic in the areas of Africa and South America (Figure 1.1) (Holbrook, 2017;
Pierson and Diamond, 2020). Modelling based on African data suggests up to
130000 severe cases with 78000 deaths (Garske et al., 2014). In 2016, outbreaks
occurred in Angola, Congo and Uganda with a death rate of approximately 14%

(Barrows et al., 2018).

The ‘Eliminate Yellow Fever Epidemics’ strategy was initiated by the World
Health Organisation (WHO) and launched in 2017 (WHO, 2017). The project
aims to protect vulnerable populations, prevent worldwide spread, and contain
outbreaks rapidly. The program aims to protect more than 1 billion people

against YFV infection by 2026.

Patients with symptomatic yellow fever are usually presented with symptoms
such as fever, chills, and headache during the ‘infection’ phase. Most patients
will recover as they progress through the ‘remission’ phase. However, a portion
of the patients will enter ‘intoxication phase, whereby they will be presented
with more severe clinical manifestations such as jaundice, nausea, vomiting,
haemorrhagic disease, and multi-organ dysfunction (Barrows et al., 2018;

Holbrook, 2017).



1.1.2 Dengue Virus Epidemiology and Pathogenesis

There are four Dengue virus (DENV) serotypes, sharing 60-75% similarities at the
amino acid level. Then, the serotype is further grouped into genetically distinct

classes based on genetic similarity (Vasilakis et al., 2008).

Before the 1970s, dengue is only endemic in 9 countries. However currently, the
disease is prevalent in more than 120 countries putting 3.9 billion people at risk
(Brady et al., 2012; Messina et al., 2014; WHO, 2019). The numbers of reported
dengue cases have increased 8-fold during the past 2 decades with increased
frequency and bigger magnitude of outbreaks (WHO, 2020). But WHO reported
that the number of cases were severely under-reported and based on modelling,
the global annual incidence could be about 50 — 100 million symptomatic cases
with 1% of the cases being severe dengue, resulting in about 25,000 deaths

(WHO, 2019).

Dengue has a wide range of clinical manifestations. Thus, in 2009, the WHO
proposed a new classification system to help standardise the clinical description
of dengue (Holbrook, 2017; WHO, 2009). The new system classified dengue into
3 main categories, dengue with or without warning signs towards severe dengue

and severe dengue (Figure 1.2A) (WHO, 2009).

Locally, Singapore typically undergoes periodic dengue epidemics every five- to
six-year cycle (Rajarethinam et al., 2018). The 2004-2005 outbreak resulted in
23668 indigenous cases, followed by 2013-2016 and 2019-2020 outbreaks with
64875 and 51322 cases respectively (NEA, 2020; Rajarethinam et al., 2018).

These epidemics were attributed to the switch in the predominant dengue
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serotypes as well as low herd immunity among the younger generation
(Rajarethinam et al., 2018; Sim et al., 2020). To avoid straining the healthcare
services from over-admission, the Singapore Ministry of Health reviewed their
hospital admission criteria for dengue cases (Figure 1.2B) (Ang et al., 2019). The
streamlined guidelines lead to a three-fold reduction in hospitalisation rate
without any increase in adverse outcomes (Ang et al., 2019). The average
economic cost of dengue disease in Singapore ranged between USS $0.85 to
$1.15 billion from 2000 to 2009. While the average disease burden of dengue
was estimated to be 9-14 disability-adjusted life-years per 100,000 population

(Carrasco et al., 2011).

. Dengue » Severe Dengue

With/Without Warning Sign

Probable Dengue Warning Signs Criteria for Severe Dengue
Live in/travel to dengue endemic area  Abdominal pain or tenderness 1. Severe Plasma leakage
i iteri i iti Shock
Fever and 2 of the following criteria Persistent vomiting .
4 Fluid accumulation with respiratory distress
Nausea, vomiting Clinical fluid accumulation
Rash Mucosal bleed 2. Severe Bleeding

Lethargy, restlessness

Aches and pain 3. Severe organ impairment

Tourniquet test positive Liverenlargement >2cm Liver: AST or ALT >= 1000 >
Leuk . Laboratory: Increase in HCT Central Nervous
AL concurrent with rapid decrease in Heart and other organs
Any warning signs platelet count
B i —|—i
| ]

Criteria for referral to Singapore hospital

Showing WHO listed warning signs and symptoms

Elderly patients with medical co-morbidities who are unwell
Fall in blood pressure and/or postural hypotension
Persistent fever

Dizziness

Platelets thresholds
< 50,000 /mm?in adults with no warning signs
< 80,000 /mm?in children

Figure 1.2. Suggested treatments for dengue patients. (A) Classification of dengue
cases and their level of severity. Based on the clinical manifestations, patients are
classified into 3 main categories, dengue with or without warning signs and severe
dengue The figure is adapted from (WHO, 2009). (B) Criteria for referral to Singapore
hospitals. A new guideline was drafted to manage hospital admission (Ang et al., 2019).



1.1.3 Zika Virus Epidemiology and Pathogenesis

Zika virus (ZIKV) was named after the Zika forest in Uganda after it was first
isolated in 1947. Over the years, there are only rare sporadic cases of human
infection in Africa and Asia. But in 2007, a Zika virus outbreak occurred on Yap
island, followed by French Polynesia in 2013. Then in 2015, a large epidemic
occurred in Brazil that spread throughout the Americas. Finally, in 2016, there
have been reported outbreaks in the continental USA and Asia (Baud et al., 2017;
Wikan and Smith, 2016; Yun and Lee, 2017). In February 2018, WHO listed Zika
as one of the diseases prioritized under the Research & Development Blueprint

(WHO, 2018a).

Individuals infected with the Zika virus are usually non-symptomatic or only
display slight symptoms from fever, rash, to muscle and joint pain. Due to the
mild severity, Zika infections were likely underreported but only recently
resurfaced as serious complications were found to be linked to Zika virus
infection. Zika infection during pregnancy can result in pregnancy complications
such as miscarriage and premature birth. They can also lead to microcephaly
and other congenital abnormalities in the foetus and newborn. In adults and
older children, the infection can also trigger Guillain-Barré syndrome, myelitis,
and neuropathy (Baud et al., 2017; WHO, 2018b; Wikan and Smith, 2016; Yun

and Lee, 2017).



Since 2014, the National Environment Agency of Singapore has already started
lab testing and routine surveillance for ZIKV (Fisher and Cutter, 2016; Li et al.,
2012). Singapore experienced its first Zika outbreak in the third quarter of 2016
with 455 cases (Singapore Zika Study, 2017). Interestingly, the circulating strain
in Singapore was a Southeast Asian Zika virus strain that was already present in
the region, distinct from the strains that caused the large outbreaks in the
Americas (Maurer-Stroh et al., 2016). Since then, no large Zika outbreaks were

detected from the national surveillance programme.



1.2. Molecular Biology of Flavivirus

1.2.1 Life Cycle

The life cycle of flavivirus is illustrated in Figure 1.3 (Guzman and Harris, 2015;
Pierson and Diamond, 2020; Suthar et al., 2013). The viral life cycle commences
when the virion binds to the host cell cognate receptors and undergoes clathrin-
dependent endocytosis into susceptible target cells. Upon acidification of the
endosomal vesicles, it induces the fusion of the cell and viral membranes. Then,
the virus particle disassembles and release the viral RNA into the cytoplasm. The
viral RNA genome can act as messenger RNA for viral protein synthesis. Upon
viral polyprotein processing, the membrane-bound viral proteins and co-opted
cellular factors induce membrane rearrangements forming viral replication
organelles. Within the viral replicating organelles, all seven of the viral non-
structural proteins, viral RNA and host factors aggregate and form the viral
replication complex (RC). The positive-strand RNA will be used to synthesise a
negative-strand intermediate that serves as a template to produce new
positive-strand RNA molecules. The newly synthesised positive-strand RNA will
be processed and subsequently be used as mRNA for translation of viral proteins,
templates to synthesise more negative-strand RNA or be packaged as the viral
genome for progeny virus. The immature viral particles, consisting of the
structural proteins and the viral RNA, will travel from the endoplasmic reticulum
to the Golgi apparatus, undergo modification and maturation before exiting the
cell via exocytosis. The molecular details of the lifecycle will be further

elaborated in the subsequent sub-section.
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Figure 1.3. Life Cycle of Flavivirus. The main stages are (A) Flavivirus binding and entry,
(B) Viral Polyprotein Translation, (C) Viral genome synthesis and replication and (D)
Virion assembly and maturation. The

1.2.1.1 Flavivirus binding and entry

Flaviviruses can bind to multiple cell types using different cell surface
attachment factors such as C-type lectins, glycosaminoglycans, T-cell
immunoglobulin and mucin domain (TIM) receptors and TYRO3, AXL, MER (TAM)
family receptors. C-type lectins such as dendritic cell-specific ICAM grabbing
nonintegrin (DC-SIGN) recognised the asparagine-linked sugars on the viral
envelope protein (Davis et al., 2006; Tassaneetrithep et al., 2003). Negatively
charged glycosaminoglycan such as heparan sulphate binds the envelope
protein via charge-charge interactions (Chen et al., 1997b; Kim et al., 2017). TIM
interact directly with the viral lipid envelope while TAM binds indirectly via

bridging molecules such as Gas6 (Meertens et al., 2012).



Upon attachment to the cells, the virus enters via the cell clathrin-dependent
endocytosis. Host molecules are shown to aid in the endocytosis process
(Hackett and Cherry, 2018; Hackett et al., 2015). Nevertheless, the clathrin-
independent entry pathway was also recorded (Acosta et al., 2009). Upon
entering the cell, the viral particles are transported via the early endosomes,
which will subsequently mature into late endosomes (van der Schaar et al.,
2008). Membrane fusion of the viral and cell membranes was proposed to
follow the class Il membrane fusion process (Modis et al., 2004; Mukhopadhyay
et al., 2005). Upon acidification of the late endosome, the envelope protein
dimer will dissociate, enabling domain Il of the envelope protein to insert its
fusion loop into the endosomal membrane. Then outwardly projected
monomers will be rearranged and clustered forming a trimer. Domain Il of the
envelope protein will fold back onto itself. Free energy generated from the
folding will bend the viral membrane and the endosomal membrane towards

each other resulting in membrane fusion.

1.2.1.2 Viral Polyprotein Translation

After the viral RNA is released into the cytoplasm, the viral RNA genome can
directly serve as messenger RNA for viral protein synthesis. The viral genome
having a 5’ cap structure will undergo cap-dependent translation initiation
(Garcia-Blanco et al., 2016). Furthermore, despite lacking a poly(A) tail, the 3’
end of the viral genome can associate with poly(A) binding protein (PABP),
which together with the eukaryotic initiation factor 4G (elF4G) can mediate the

circularisation of the viral genome to facilitate translation (Polacek et al., 2009).
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Other functional elements in the viral genome also help to initiate translation.
The capsid-coding region hairpin helps to signal and initiate translation from the
correct AUG start codon (Clyde and Harris, 2006). Mutagenesis study reveals
that the top loops of pseudoknot motifs of the 3’ untranslated region affect the
translation efficiency (Manzano et al., 2011). In response to the cellular
condition, flavivirus can also switch to cap-independent translation (Edgil et al.,
2006). Recently, an internal ribosomal entry site function was identified in the
5’ untranslated region of DENV and ZIKV, which is responsible for cap-
independent translation (Song et al.,, 2019). After translation, these newly

synthesised viral polyproteins will be processed by cellular and viral proteases.

1.2.1.3 Viral genome synthesis and replication

After translation, the membrane-bound viral proteins and co-opted host factors
will induce membrane rearrangements of the ER membrane forming viral
replication organelles (Paul and Bartenschlager, 2015). Within these organelles,
all seven of the viral non-structural proteins, viral RNA and host factors
aggregate and form the viral RC (Paul and Bartenschlager, 2015). More details

of the RC will be discussed in Section 1.2.5.

The proposed mechanism is illustrated in Figure 1.4. After sufficient viral NS5
proteins are being synthesised, they will bind to the 5 untranslated regions
(UTRs) of the viral genome and prevent ribosome binding (Fajardo et al., 2020).
Afterwards, promoted by viral and cellular factors, the viral genome will

undergo conformation change and cyclised.
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Genome cyclisation helps to decrease ribosome occupancy (Sanford et al., 2019).
Furthermore, the cyclisation process also destabilized the interaction between
the 5’UTR and the viral NS5 (Liu et al., 2016). Then, the viral NS5 will translocate
to the 3’ UTR and synthesise the negative-strand RNA, producing a double-
stranded RNA intermediate. The replication intermediate will undergo a semi-
conservative RNA synthesis, using the negative-strand RNA as a template to
produce new positive-strand RNA molecules. The newly synthesised positive-
strand RNA will be capped by viral enzymes. Subsequently, it will be used as
mRNA for translation of viral proteins, templates to synthesise more negative-

strand RNA or be packaged as the viral genome for progeny virus.
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Figure 1.4. Proposed mechanism for viral RNA replication. (i) Viral NS5 will bind to the
5’ UTR and (ii) translocate to the 3’ UTR upon genome cyclisation. (iii) NS5 will synthesis
the negative-strand RNA producing a double-stranded intermediate. (iv) The
replication intermediate will undergo a semi-conservative RNA synthesis to produce
new positive-strand RNA molecules. (v) The newly synthesised positive-strand RNA can
be used as the template for more negative-strand RNA synthesis. (vi) The replication
intermediate will continue to produce new positive-strand RNA molecules. The figure
is adapted from (Liu et al., 2016).
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1.2.1.4 Virion assembly and maturation

An NS2A mediated virion assembly model was proposed by Shi’s group (Xie et
al., 2019; Zhang et al., 2019a). The proposed virion assembly process is
illustrated in Figure 1.5. In this model, NS2A binds to the newly synthesised viral
genome via the 3’UTR region. NS2A also recruits C-prM-E and NS2B/NS3 to the
virion assembly site (Xie et al., 2019; Zhang et al., 2019a). The oligomerisation
of NS2A helps to promote interaction between its interacting partners.
Subsequently, the viral protease together with host signalase will process C-
prM-E into the capsid, prM and envelope protein. Next, the capsid proteins,
which is previously stored in the lipid droplets, will bind to the viral genome to

form the nucleocapsid core.

On the cytoplasmic side of the ER, the capsid proteins form homodimers
arranged in an antiparallel fashion. While on the luminal side, the precursor
membrane protein and the envelope assemble to form a heterodimer, and
three copies of the heterodimer will associate to form an inverted tripod
conformation. Subsequently, the capsid homodimer will interact with the
transmembrane regions of the heterodimers forming an assembly unit. Three
of the assembly unit will form a triangular network generating a unique
intertwined conformation. The assembly process will continue to form the
immature virion, consisting of 180 copies of precursor membrane/envelope

heterodimers which will assemble into 60 spikes (Tan et al., 2020b).
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The assembled virions will bud into the ER lumen and will be transported along
the Trans Golgi Network (TGN). Several host factors such as Src kinase c-Yes,
KDEL receptors, Alastin-3 and Class Il ADP-ribosylation factors; were also
identified to facilitate the movement of the immature virion through the TGN
(Neufeldt et al., 2019; Rothan and Kumar, 2019). Due to the changes in pH, a
large conformational change is induced, exposing the furin cleavage site on the
precursor membrane. Subsequently, the precursor membrane will be cleaved
by host furin endoprotease into pr peptide and membrane protein. Next, the pr
peptide is released and precursor membrane/envelope heterodimers dissociate
to form the envelope protein homodimers (Yu et al., 2008). Subsequently, upon
the fusion TGN vesicle with the plasma membrane, the virion will be released

into the extracellular space and ready to infect other cells.

Other than viral exit via exocytosis, Studies have also highlighted virus spread
via the secretory autophagy pathway (Li et al., 2020; Mateo et al., 2013; Zhang
et al., 2016). Instead of fusing with the lysosome for degradation, the
autophagosomes containing the viral protein and genomes fused with
multivesicular bodies to form amphisomes. Subsequently, these amphisomes
will fuse with the plasma membrane and release the exosome containing the
viral particles (Wu et al.,, 2021). These exosomes enable the virus to evade
circulating antibodies and promote virus spread. Lyn, a Src family kinase, was
found to be responsible for virus transport using autophagosomes (Li et al.,
2020). To promote the formation of autophagosome, in the presence of NS4B,
NS4A also interacts with native lipid droplet protein AUP1 to induce lipophagy

and supply phospholipids required for the formation of the autophagosomal

14



membrane (Cloherty et al., 2020; Zhang et al., 2018). Cell-to-cell transmissions
were also observed in mosquito and neural progenitor cells (Clark et al., 2020;

Yang et al., 2015).
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Figure 1.5. Proposed model of NS2A mediated virion assembly. (1) After viral RNA
replication, the newly synthesised positive-sense genomic RNA will be transferred to
NS2A. (2) NS2A binds to prM-E complexes, NS2B-NS3 and the viral RNA via the
interactions with the 3’ UTR. By associating with the NS2B protein, host signalase is also
recruited to the complex. (3) The C-prM-E will be processed into the capsid, prM and
envelope protein by host signalase and NS2B-NS3 protease. (4) The capsid homodimer
will interact with the trimers of prM-E heterodimers forming an assembly unit of the
flavivirus virion. The figure is adapted from (Barnard et al., 2021).
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1.2.2 Virion Structure

Cryo-electron microscopy (cryo-EM) indicate that the mature viral particle of
DENV, ZIKV and WNV have a similar overall structure to each other
(Kostyuchenko et al., 2016; Kuhn et al., 2002; Sirohi et al., 2016). The mature
flavivirus particles are around 50 nm in diameter and have a smooth surface
with icosahedral symmetry. On the surface of the virus, there are 180 copies of
the envelope proteins with the associated membrane proteins hidden below
the envelope layer. The envelope proteins exist as dimers, three sets of parallel
dimers formed a raft with thirty envelope rafts covering the entire viral surface.
Beneath the surface, the capsid proteins bind the viral genome forming the

nucleocapsid core of the particle.

On the other hand, the immature viral particles are slightly larger in diameter
and have a spiky icosahedral shape (Tan et al., 2020b; Zhang et al., 2003). Sixty
spikes can be found on the surface, with each spike is being formed by three
copies of the precursor membrane/envelope heterodimer which associate

together to form an inverted tripod conformation.
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1.2.3 Viral RNA Genome

The flavivirus has a single-stranded, positive-sense RNA genome that is
approximately 11,000 nucleotides long. The genome has a type 1 cap structure
at its 5’end with no poly(A) tail at its 3’end. The cap structure is essential for
protection against 5’-3’ exonucleases as well as cap-dependent translation of
the flavivirus genome. The RNA genome is made up of a single open reading
frame that flanked by 5’ and 3’ untranslated regions (UTRs) (Figure 1.6). The
UTRs are known to be important regulators of viral replication as well as acting
as immune modulators (Gebhard et al., 2011; Iglesias and Gamarnik, 2011; Ng

et al., 2017).
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Figure 1.6. Schematic representation of flavivirus’ genome.The figure is adapted from
(Mazeaud et al., 2018). The viral genome is capped with a single open reading frame
that is flanked by both 5’ and 3’ UTRs. Functional RNA elements in the 5’ UTR include
stem-loop (SL) A, SLB, the upstream AUG region (UAR), UAR-flanking stem (UFS) and
the capsid-coding region hairpin (cHP). The 3’ UTR can be classified into three regions
based on sequence conservation and includes functional elements such as DB and 3’SL.
These secondary structures and functional RNA elements are shown and annotated.

17



The 5’UTR is around 100 nucleotides long, with different lengths for the
different flaviviruses. It has two conserved stem-loops domains, stem-loop (SL)
A and SLB, which are separated by an oligo(U) spacer for the proper functioning
of the two stem-loops. The SLA is around 70 nucleotides long and acts as a
promoter for NS5 protein to initiate RNA synthesis at the 3’ end of the cyclised
genome (Filomatori et al., 2011). SLA binding also serves as an RNA selectivity
mechanism to recognise the viral positive sense genome and avoid cellular
mMRNAs for negative-sense RNA synthesis (Saeedi and Geiss, 2013). Recently, the
crystal structures for DENV and ZV SLA were also solved (Figure 1.7) (Zhang,
2021). They were observed to have different folding (Zhang, 2021). Some key
elements of the SLA were well described. They include the base pairing in the
bottom stem for structural stability (Filomatori et al., 2006). Next, the CAG
nucleotides in the top stem-loop for interaction with NS5 protein (Bujalowski et
al., 2020; Filomatori et al., 2011; Filomatori et al., 2006; Hodge et al., 2016; Lee
et al., 2021). Then, the side loop contributes to the conformation and folding of
SLA (Lee et al., 2021). Lastly, the self-complementarity element in the side loop
also helps to maintain interaction with neighbouring SLA which is shown to be
essential for viral replication (Lee et al., 2021). The SLB is around 30 nucleotides
long and has 5’UAR (upstream AUG Region) sequences to form the cyclised RNA

structure via long-range RNA-RNA interaction with 3’UAR.
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Next, 5’DAR (downstream AUG Region) sequences for long-range RNA-RNA
interaction for genome cyclisation was also identified (Friebe and Harris, 2010).
Additionally, 5’-UAR-flanking stem, a highly-conserved RNA duplex region, was
observed to bind to NS5 (Liu et al., 2016). This structure is destabilised upon
genome cyclisation, which is suggested to promote the translocation of NS5
from the 5’UTR to 3’UTR for viral RNA synthesis (Liu et al., 2016). Other RNA
elements within the 5’ ends include the 5’ cyclisation sequence (CS), which is
located within the capsid protein-coding region and interacts with 3’CS for
genome RNA circularization. A capsid-coding region hairpin (cHP), also help in

viral RNA replication and recognition of the start codon (Clyde and Harris, 2006).
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Figure 1.7. The crystal structures of Flaviviruses’ SLA. (A) The DENV SLA (PDB: 7LYF)
and (B) ZIKV SLA (PDB: 7LYG) structures were shown in cartoon models with bottom
stem coloured in blue, side loop in green and top stem-loop in red.
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The length of the 3’UTR varies for different flavivirus and ranges from 400 to
600 nucleotides long. It is grouped into three distinct domains. Domain 1 is
located immediately after the stop codon and has the most variable nucleotides
sequence within the 3’"UTR. Although the functionality of the variable region is
currently unknown, the variable region contributes to the formation of stem-
loop (SL) structures, which helps to play different functions in different hosts.
Studies have also shown that these stem-loop structures are resistant to
degradation to host exonuclease Xrn-1 and are referred to as xrRNA-1 and/or
xrRNA-2 (Akiyama et al., 2016; Chapman et al., 2014; Slonchak and Khromykh,
2018). Next, domain 2 is moderately conserved with a tandem-duplicated
dumbbell structure (DB1 and DB2. The DB structure is further stabilised by the
pseudoknot (PK), which play a functional role during viral RNA synthesis,
translation and sub-genomic flaviviral RNAs (sfRNAs) formation (Chapman et al.,
2014; Manzano et al., 2011). Lastly, domain 3 is highly conserved and is
characterised by CS1, small hairpin (sHP) and large 3’SL. The 3’SL interacts with
both host and viral proteins to regulate viral polyprotein and RNA synthesis
(Gebhard et al., 2011; Iglesias and Gamarnik, 2011; Ng et al., 2017). Recently, it
was also reported that 3’SL contribute to vesicle packets formation (Cerikan et

al., 2020).

Other than at the UTRs, defined secondary and tertiary RNA structures can also
be found in coding regions in the viral genome (Dethoff et al., 2018; Huber et
al., 2019; Li et al., 2018b). Different studies have identified different sets of

secondary structures in the coding regions of the genome, from sixteen to
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twenty-four for DENV and twelve to twenty-four for ZIKV, due to the differences
in methodology and analysis criteria (Dethoff et al., 2018; Huber et al., 2019; Li
et al., 2018b). However, all studies indicated that the RNA is more structured in
virion as compared to the more extended forms in infected cells. These
structures are also capable of forming both short- and long-range RNA
interactions which could influence viral fitness. Depending on the lifecycle of
the virus, RNA structural heterogeneity can also be observed due to transient
long-range RNA interactions (Huber et al., 2019). Different modes of long-range
RNA interactions were observed for different viruses (Huber et al., 2019). While
short-range interactions were found to be more conserved than long-range
ones between the virus’ strains (Li et al., 2018b). Furthermore, strain-specific
structures were also observed and proposed to influence viral infectivity. For
example, 5’"UTR and envelope protein-coding region was found in an only

pandemic strain of Zika virus (Li et al., 2018b).

Another feature of the viral genome includes well-conserved dinucleotide
sequences 5’ AG...CU 3’ at the 5’ and 3’ ends (Khromykh et al., 2003; Markoff,
2003). The conservation of the dinucleotide sequences can be attributed to the
ATP-specific priming site by the NS5 RNA-dependent RNA polymerase domain

(Selisko et al., 2012).

It has also been reported that the viral genome can also be methylated at the
internal adenosine site (Goertz et al.,, 2018). G4 RNA structures were also
observed, of which 7 putative G4 structures are conserved across flavivirus

(Goertz et al., 2018).
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1.2.3.1 Genome Cyclisation

The flavivirus RNA genome exists as two conformations, linear and cyclised
forms, the balance between the two conformations is essential for viral
replication (Figure 1.8) (Villordo et al., 2010). Genome cyclisation occurs via the
base pairing of sets of inverted complementary sequences at the terminal ends
of the flavivirus genome. The sets of inverted complementary sequences are
5’UAR-3’UAR, 5’DAR-3’DAR, 5'CS-3’CS and 5’ C1 of Capsid region-3’ DB1 (De
Borba et al., 2015; Friebe and Harris, 2010; Iglesias and Gamarnik, 2011; Villordo

and Gamarnik, 2009).
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Figure 1.8. Genome cyclisation of the viral genome.Base pairing between the sets of
inverted complementary sequences brings about genome cyclisation of the viral
genome. The sets of inverted complementary sequences 5’UAR-3’UAR, 5'DAR-3’DAR

and 5’°CS-3’CS are shown and annotated. The figure is adapted from (Iglesias and
Gamarnik, 2011).
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Numerous host chaperones were found to interact with the UTR regions of the
viral genome and are suggested to help in genome cyclisation (De Nova-Ocampo

et al., 2002; Friedrich et al., 2018; Friedrich et al., 2014, Vashist et al., 2011).

Through numerous functional studies of the elements in the flavivirus genome,
genome cyclisation was proposed to be essential for negative-sense viral RNA
replication (lglesias and Gamarnik, 2011). During genome cyclisation, the 5’
polymerase-promoter complex is brought near the 3’ transcription initiation site.
It also promotes the correct folding of the 3’ end for initiation (Iglesias and
Gamarnik, 2011; Villordo and Gamarnik, 2009). Genome cyclisation also inhibits
de novo translation initiation of viral proteins via inhibition of ribosome
scanning (Sanford et al.,, 2019). These findings suggest that flavivirus used
genome cyclisation as a molecular switch to regulate viral polyprotein
translation and viral RNA replication, switching between linear translation-

competent RNA form to a circular replication-competent RNA.

1.2.3.2 Sub-genomic flaviviral RNA (sfRNA)

Following a flavivirus infection, small sub-genomic flaviviral RNAs (sfRNAs) were
also found to be accumulated in patients along with the genomic viral RNA.
These sfRNAs are formed from the incomplete cleavage of the viral genomic
RNA by host 5’-3’ exoribonuclease Xrn-1 (Akiyama et al., 2016; Chapman et al.,

2014; Slonchak and Khromykh, 2018).
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Through biochemical and structural studies, it was revealed that complex
secondary and tertiary structures of the 3" UTR at xrRNA-1 and xrRNA-2 confer
resistance to degradation by Xrn-1 (Akiyama et al., 2016; Chapman et al., 2014;
Slonchak and Khromykh, 2018). Both xrRNA-1 and xrRNA-2 form a ring-like
conformation with the 5’ end of the RNA passing through the centre of the ring
(Akiyama et al., 2016; Chapman et al., 2014). Numerous base-pair interactions
like a base triple interaction, involving U4, A24, U38/42 at the 5’ end, were
observed to be essential for the structure formation (Akiyama et al., 2016;
Chapman et al., 2014). This ring-like structure blocks the Xrn-1 from accessing
the next nucleotide in the 5' to 3' direction, enabling the RNA to resist
degradation. Although Xrn-1 contain helicase activity, it is unable to bypass the
block as it is unable to go through the ring and unwind the structure inside out.
However, the ring structure does not inhibit viral RNA-dependent RNA
polymerase, which is acting from the 3’ to 5’ direction, as they can move through

the ring structure from the outside of the ring.

Furthermore, an L3-54 pseudoknot, observed in the ZIKV xrRNA-1 structure, was
shown to form a continuous stack with the P4 helix (Akiyama et al., 2016).
Modelling of Xrn-1 and the xrRNA-1 showed that the P4 helix formed close
contacts with the conserved winged-helix region of Xrn-1. This contact may
prevent conformational changes in the enzyme which is important for enzyme

activity.
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The sfRNAs were suggested to play numerous roles in viral pathogenicity. Firstly,
it was found that the sfRNAs can repress Xrn-1 leading to the accumulation of
uncapped mRNAs and viral genomic RNA while increasing the half-life of host
transcript (Michalski et al., 2019; Moon et al., 2012). However, future studies
are required to determine the dysregulation effect of host mRNA turnover.
Another role that the sfRNAs play is by acting as protein sponges and sequester
multiple host RNA-binding proteins, ranging from proteins involved in RNA
splicing, type | interferon response to apoptosis pathways (Michalski et al., 2019;
Slonchak and Khromykh, 2018). Due to the secondary structure of the sfRNAs,
there are numerous stem-loops and double-stranded regions which could serve
as a binding site for the RNA silencing protein. Co-precipitation studies have
shown that dicer and argonaute proteins are found together with the sfRNAs

(Moon et al., 2015; Schnettler et al., 2012).

1.2.4 Viral Proteins

The viral genome will be translated into a single polyprotein which will be
cleaved by host and viral protease into three structural proteins; capsid (C),
precursor membrane (prM) and envelope (E) and seven NS proteins; NS1, NS2A,
NS2B, NS3, NS4A, NS4B and NS5. The viral polyprotein is represented in Figure

1.9.
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Figure 1.9. Representation of the flavivirus’ polyprotein. The cleavage site of viral

protease is represented by a solid arrow while the cleavage site by host protease is
represented by an open arrow.

1.2.4.1 Capsid

The capsid protein is a small protein comprising around 104 to 114 amino acids.
Structural studies of the mature capsid proteins reveal that they exist as a
homodimer, mediated by antiparallel pairing between al- al’, a2— a2’ and
04— a4’ helices. Each monomer consists of an N-terminal loop followed by 4
helices. The capsid dimer has an asymmetric charge distribution, having a
hydrophobic pocket that is responsible for binding to membrane, as well as
having a positively charged surface to mediate binding to viral RNA (Dokland et
al., 2004; Ma et al., 2004; Poonsiri et al., 2019; Shang et al., 2018). A study by
Tan and colleagues also shows that there are 60 copies of the capsid dimer in
the immature ZIKV particles. They also reveal that the capsid dimers formed a
triangular network which is mediated helix a5, previously thought to be absent

in the mature capsid proteins (Tan et al., 2020b).
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Based on the interaction with the prM-E proteins, the capsid proteins were
proposed to play a vital role in the virus assembly process (Tan et al., 2020b).
Other than binding to the viral RNA, DENV capsid proteins also act as RNA
chaperones and assist in viral RNA folding (Pong et al., 2011). Capsid protein
from various flaviviruses was also found to localise into the nucleus (Mori et al.,
2005; Netsawang et al., 2010). Although they interact with host nucleus proteins,
the exact function of the capsid protein in the nucleus is not known (Balinsky et

al., 2013; Colpitts et al., 2011; Netsawang et al., 2010).

1.2.4.2 Membrane Protein

The flavivirus membrane protein is translated as a prM protein, consisting of an
N-terminal (pr) peptide and C-terminal membrane-associated (M) protein. On
ER lumen, the newly synthesised prM forms heterodimers with E and three
copies of the heterodimer associate together to form a ‘spike’. In a crystal
structure, prM consists of seven antiparallel B-strands that is stabilized by three
disulfide bonds (Li et al., 2008). The pr peptide also enclosed the hydrophobic
loops of the E protein, to prevent the E protein from premature fusion with the
host membranes (Li et al., 2008). During the virus maturation process, a large
conformational change is induced when the environment is acidified. Following
the conformational change, the prM will be accessible for cleavage by host furin
endoprotease into pr peptide and M protein. Subsequently, the pr peptide is
released and prM-E heterodimers dissociate to form the E-homodimers (Yu et
al., 2008). Mutations that affect the formation of prM-E heterodimer prevent

membrane curvature and budding from the ER (Yoshii et al., 2012).
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1.2.4.3 Envelope Protein

The envelope protein is a membrane-associated glycoprotein. It is also
glycosylated at N154 for most flaviviruses and an additional unique
glycosylation site at N67 for DENV. It is responsible for the membrane fusion
between the virus and the host cell as well as the viral antigenicity and
pathogenesis (Zhang et al., 2017). The envelope proteins exist as homodimers

that are arranged antiparallel to each other on the virion surface.

The E protein can be subdivided into domain |, domain Il, domain lll, and a C-
terminal transmembrane domain (Modis et al., 2004; Nybakken et al., 2006; Rey
et al., 1995). Domain | have an eight-stranded [-barrel structure and acts as a
hinge to control the overall conformation of the protein. At the tip of Domain Il,
it contains a highly conserved hydrophobic fusion loop that is involved in
membrane fusion. Furthermore, it is also responsible for the formation of E
homodimer. Lastly, domain lll has B-barrel structure. It contains epitopes for
receptors binding but could also be recognised by host neutralising antibodies
(Chavez et al., 2010). The C-terminal transmembrane regions participate in E
protein rearrangements, where the homodimer E protein will undergo
conformation changes and transform into a trimer under low pH conditions
(Blazevic et al., 2016). Histidine residues are also proposed to regulate E protein

dimer to trimer rearrangements.
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1.2.4.4 NS1

NS1 is a glycosylated protein with a molecular weight of around 48 kDa. It exists
as a homodimer after post-translational modification in the ER lumen. Upon
secretion into the extracellular space, it exists as hexameric lipoprotein particles.
Each NS1 monomer is characterised by twelve conserved cysteines and two
glycosylation sites at N130 and N207, with a third glycosylation site at N175 for
DENV and WNV (Akey et al., 2014; Xu et al., 2016). NS1 was also found to be

poly-ubiquitinated (Giraldo et al., 2018).

Each monomer is made up of three domains, core B-ladder domain, [3-roll
dimerization domain, and wing domain (Akey et al., 2014; Brown et al., 2016;
Xu et al.,, 2016). In the B-roll dimerization domain, a B-hairpin will intertwine
with the B-hairpin of the adjacent monomer to form a four-stranded -sheet
‘roll-like’ structure. The wing domain protrudes from the core -ladder domain
and consists of two subdomains, an o/p subdomain and a discontinuous
connector domain which connect the wing domain to the core 3-ladder domain.
The core B-ladder domain is the most distinctive feature of NS1. It folds into a
series of antiparallel B-strands with each monomer contributing half of the
ladder. Most of the antiparallel B-strands are short except a long ‘spaghetti’ loop,

which is stabilised by extensive hydrogen bonding.

The dimer adopts an overall structure with the core 3-ladder domain acting as
a plane, separating the hydrophobic protrusion (B-roll domain, connector

subdomain and part of the wing domain) from the rest of the protein. The
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conserved aromatic residues in the hydrophobic protrusion can provide
additional anchor points for membrane association (Brown et al., 2016; Ci et al.,
2020). Three copies of the NS1 dimers assemble and form a symmetric barrel
structure, with their hydrophobic protrusion concealed inside and the
glycosylation sites, wing and spaghetti loop facing outward. In the centre of the
barrel, a hydrophobic hole is present to accommodate host lipids, forming the

secreted NS1 lipoprotein complex.

Comparative analysis of NS1 from different flaviviruses reveals that although
the NS1 dimers are structurally similar, they are distinct in their electrostatic
surface potential which may contribute to the differences in viral pathogenicity

(Song et al., 2016; Xu et al., 2016).

Biochemical and genetic studies revealed that NS1 is essential for viral RNA
replication and the formation of the RC (Ci et al., 2020; Lindenbach and Rice,
1997; Youn et al., 2013). NS1 was also observed to colocalise with dsRNA
(Mackenzie et al., 1996). A recent study revealed that NS1 involvement in viral
RNA replication could be due to its role in ER modelling and the formation of
vesicle packets (Ci et al., 2020; Ci et al., 2021; Plaszczyca et al., 2019). NS1 was
also proposed to regulate the formation and activity of the RC via the interaction
with NS4A, NS4B and NS4A-2K-NS4B intermediate (Lindenbach and Rice, 1999;
Plaszczyca et al., 2019; Tan et al., 2020a; Youn et al., 2012). Other than being
involved in RNA replication, NS1 also interact with the structural proteins and

modulate infectious particle production (Scaturro et al., 2015).
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1.2.4.5 NS2A

NS2A is a transmembrane protein with a molecular weight of around 22 kDa.
The N-terminal of the protein is cleaved by unknown host protease and localised
on the endoplasmic reticulum (ER) lumen, while the C-terminal is found in the
cytoplasm and cleaved by viral NS2B-3 protease. Numerous biochemical studies
have revealed that the NS2A proteins from different flaviviruses adopt different
membrane topologies, with YFV having three integral transmembrane regions,
DENV with five integral transmembrane regions and ZIKV having only a single
integral transmembrane region (Vossmann et al., 2015; Xie et al., 2013; Zhang
et al., 2019b). This could be due to the low sequence conservation in the coding

region of NS2A proteins between flaviviruses.

Recent biochemical and mutagenesis studies identified NS2A as a key player in
virion assembly (Kummerer and Rice, 2002; Leung et al., 2008; Xie et al., 2019;
Zhang et al., 2019a). During virion assembly, NS2A is involved in recruiting C-
prM-E, NS2B/NS3, and viral RNA through interacting with 3’UTR to the virion
assembly site (Xie et al., 2019; Zhang et al., 2019a). Additionally, in DENV-2, it

also coordinated C-prM-E cleavage in a sequential manner (Xie et al., 2019).
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Biochemical and mutagenesis studies identified NS2A to be involved in RNA
replication (Xie et al., 2015; Zhang et al., 2019b). Furthermore, NS2A was shown
to be co-localised with double-stranded RNA (Mackenzie et al., 1998). Although
NS2A is involved in both RNA replication and virion assembly, further
complementary assay recovers virion production activity but not RNA
replication, this suggests that two different sets of NS2A at a different cellular

location are involved in each process (Xie et al., 2015; Zhang et al., 2019b).

NS2A also modulate the immune response by the down-regulation of IFN-B-
stimulated gene expression (Liu et al., 2004; Liu et al., 2006; Munoz-Jordan et
al., 2003). The N-terminal region of DENV NS2A is also responsible for the virus-

induced cytopathic effect (Wu et al., 2017).

1.2.4.6 NS2B

NS2B is a 14 kDa protein consisting of 130 amino acid residues. It consists of the
central hydrophilic region at the cytoplasmic side of the ER, which is flanked by
two transmembrane helices at both the N and C terminals of the proteins (Kang
etal., 2017; Lietal., 2015c; Ng et al., 2019a). The residues involved in membrane
association were also revealed by nuclear magnetic resonance (NMR)
spectroscopy study( Figure 1.10) (Li et al., 2015¢c; Ng et al., 2019a). The central
hydrophilic region alone is sufficient and act as the co-factor for the folding and
enzymatic activity of NS3 protease (Kang et al., 2017). The NS2B cofactor was
also shown to contribute to the substrate selectivity of NS3 protease (Hill et al.,

2018).
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Other than acting as the co-factor for NS3, NS2B also helps to anchor NS3 onto
the ER membrane (Clum et al.,, 1997). Through the interactions with other
membrane-bound NS proteins, NS2B was also part of the RC, suggesting a role
in viral replication (Uchil and Satchidanandam, 2003; Welsch et al., 2009).
Further study reveals that the correct topology of the a4 helix in NS2B is
essential for NS2B-NS2A interaction (Li et al., 2016a). Mutagenesis study also
revealed that the transmembrane domain could affect viral RNA replication and
virion assembly (Li et al., 2016a). DENV NS2B was also shown to inhibit the type-
| interferon pathway by targeting cyclic GMP-AMP synthase for degradation via
the autophagy-lysosomal-dependent pathway, prevent the detection of

mitochondrial DNA that were released during DENV infection (Aguirre et al.,

2017).
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Figure 1.40. Predicted membrane topology of ZIKV NS2B C11S mutant revealed by
NMR studies. The residues in NS2B are numbered. The first two amino acids do not
belong to NS2B and are highlighted in yellow. The mutated residue is highlighted in red.
The figure is adapted from (Ng et al., 2019a).
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1.2.4.7 NS3

NS3 is a 68kDa multifunctional protein. It consists of 2 main domains, N-terminal

protease and C-terminal helicase.

N-terminal Protease Domain

Together with the NS2B cofactor, NS3 N-terminal protease formed a functional

viral protease critical for the processing of the viral polyproteins. The

polyprotein cleavage junctions are at Capsid, NS2A|2B, NS2B|3, NS3|4A,

NS4A|2K and NS4B|5 junctions (Table 1.1). In-vitro characterisation using

synthetic peptides representing polyprotein cleavage junctions reveals that viral

protease has the highest affinity to NS2A/2B followed by NS3/4A, NS4B/5 and

NS2B/3 junction sequences (Chanprapaph et al., 2005; Leung et al., 2001).

Table 1.1. The protein sequence of viral polyprotein cleavage junctions.

Virus Entry ID Capsid 2A|2B 2B|3 3]4A 4A| 2K 4B|5

ZIKV Q32ZE1 RKRR|GA SGKR|SW TGKR|SG AGKR|GA EKQR|SP VKRR |GG
DENV1 P33478 RRKR|SV WGRK|SW KKQR|SG AGRR|SV DRQR|TP GGRR|GT
DENV2 P29990 RRRR|SA SKKR|SW KKQR|AG AGRK|SL EKQR|TP NARR|GT
DENV3 Q5UB51  KRKK|TS ~ LKRR|SW  QTQR|SG  AGRK|SI  EKQR|TP  TGKR|GT
DENV4 Q5UCB8 GRKR|ST ASRR|SW KTQR|SG SGRK]|SI EKQR|TP TPRR|GT
WNV Q9Q6P4 QKKR|GG  NRKR|GW  YTKR|GG  SGKR|SQ  EKQR|SQ  GLKR|GG
JEV P27395 QNKR|GG  NKKR|GW  TTKR|GG  AGKR|SA  EKQR|SQ  SLKR|GR
YFV Q6DV88  RKRR|SH FGRR|SI GARR|SG  EGRR|GA  GQQR|SI TGRR|GS

The viral protease typically recognised basic residues at the P1 to P3 position

followed by small residues at the P1’ position (Ang et al., 2014; Gruba et al.,

2016; Li et al., 2005; Rut et al., 2020; Rut et al., 2017). In-vitro characterisation
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also revealed that the S4 pocket can accommodate a wide range of residues for
DENV, WNV and ZIKV proteases (Gruba et al., 2016; Li et al., 2005; Rut et al.,
2020; Rut et al., 2017). Additionally, preferences for unnatural, basic residues as
P1-P3 residues were also observed for DENV, WNV and ZIKV proteases (Rut et
al.,, 2020; Rut et al.,, 2017). In contrast, the viral protease shows different
preferences for the residues at the P1’ to P3’ position (Li et al., 2005; Shiryaev
et al., 2007a). Further study on the influence of prime side specificity by Prusis
and co-workers, revealed that only P1’ and P2’ prime side residues were critical
in affecting the kcat value of DENV protease, while all four prime side residues,
P1'-P4’, were important determinants for Kn value (Prusis et al., 2008).
Furthermore, by mutating conserved residues at the active site, it is possible to
switch substrate specificity between flavivirus, highlighting the co-evolution

between the protease and the cleavage sequence (Shiryaev et al., 2007b).

The viral protease adopts a chymotrypsin-like fold with the catalytic triad (H51,
D75, S135) located at the cleft between the two B-barrels (Figure 1.11) (Erbel
et al., 2006; Zhang et al., 2016). The N-terminus residues (49 to 67) of NS2B
helps to stabilise the folding of NS3 protease through the insertion of a beta-
sheet into the N-terminal B-barrel (Erbel et al., 2006; Zhang et al., 2016).
While the C-terminus residues (68 to 98) of NS2B helps to form the catalytic

site (Erbel et al., 2006; Zhang et al., 2016).

The NS2B-3 protease was also found to be in two predominant conformations,
‘open’ and ‘closed’ (Figure 1.11). In the ‘open’ conformation, the C-terminal

residues NS2B catalytic cofactor region is disordered and does not participate
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in the formation of the active site. In the ‘closed conformation’, the NS2B
cofactor interacts with NS3 protease and contribute to the formation of the S2
and S3 pocket of the active site. From a FRET study, the two conformations were

found to be in equilibrium (Gotz et al., 2021).

Studies have shown that depending on the protein construct used, the protease
can preferentially adopt a particular conformation (Hill et al., 2019). For the
‘linked’ protease construct, the NS2B co-factor is linked to the NS3 protease via
GlysSerGlys linker and expressed as a single polypeptide chain. Crystallography
studies revealed that this construct was typically captured in the ‘open’
conformation in the apo protein, while the ‘closed’ conformation was only
observed when a ligand is bound to the active site (Erbel et al., 2006; Lee et al.,
2017; Lei et al., 2016; Noble et al., 2012). However, in a recent publication of
the full-length DENV-3 NS3 structures, it was revealed that the linked construct
could also exist in the closed conformation without a ligand (Phoo et al., 2020).
These findings were also supported by NMR studies, whereby in the absence of
a ligand, closed conformation could also be found (Chen et al., 2014; de la Cruz

et al.,, 2011; Su et al., 2009).

In the ‘unlinked’ protease construct, two separate polypeptide fragments NS2B
co-factor and NS3 protease are co-expressed and assembled in bacteria. This
construct exists mainly as the closed conformation as shown by both X-ray
crystallography and NMR studies (de la Cruz et al., 2014; Hill et al., 2019; Kim et

al., 2013; Zhang et al., 2016).
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In terms of their enzymatic activity, the unlinked ZIKV protease was also found
to be more enzymatically active and has a greater affinity to the substrate than
linked ZIKV protease. (Kuiper et al., 2017; Phoo et al., 2016). The differences in
catalytic efficiency can be attributed to the artificial linker blocking access to the
active site. Nevertheless, most studies agreed that the ‘closed’ conformation is
the active state for NS2B-3 protease (Hill et al., 2019; Lei et al., 2016; Zhang et

al., 2016).

Other than being involved in viral polyprotein processing, the NS2B-3 protease
also cleaved host proteins and plays a role in immune evasion. DENV NS2B-3
protease cleaves human stimulator of the interferon gene (STING) and inhibits
type | interferon pathway (Aguirre et al., 2012; Rodriguez-Madoz et al., 2010;
Yu et al., 2012). Furthermore, DENV NS2B-3 protease also cleaves two
mitofusins which are responsible for mitochondrial fusions, the disruption of
the mitochondrial dynamics leads to an attenuated mitochondrial antiviral
signalling (MAVS) and its downstream pathways (Yu et al., 2015). In addition to
inhibiting immune response, flaviviral protease also cleaves FAM134B, a
receptor that is involved in reticulophagy, this promotes ER expansion required
in the formation of viral replication vesicles and genome replication
(Lennemann and Coyne, 2017). Recent studies also identified the nuclear pore
complex as a target of Dengue and Zika protease, although, their exact role in
viral pathogenesis and replication remains unknown (De Jesus-Gonzalez et al.,

2020; Hill et al., 2018).
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Figure 1.11. Crystal structures of NS2B-NS3 constructs in various conformation. (A)
Apo ‘linked’ protease construct in the open conformation (PDB: 5T1V). (B) ‘Linked’
protease-inhibitor complex in the closed conformation (PDB: 5LCO). (C) Apo ‘unlinked’
protease construct in the closed conformation (PDB: 5GPI). Apo ‘linked’ NS2B-NS3
construct in the (D) open conformation (PDB: 5YVJ) and (E) closed conformation (PDB:
5YWV). (F) ‘Linked’ NS2B-NS3-BPTI complex in the closed conformation (PDB: 5YVU).
The figure is adapted from (Kang et al., 2017; Phoo et al., 2020). Ribbon representation
shows the arrangement of the NS2B cofactor and NS3 protein. The NS2B cofactor is
coloured in magenta, the protease domain is in yellow, the helicase domain in green
and the BPTIl inhibitor in turquoise.

C-terminal Helicase Domain

NS3 C-terminal helicase belongs to superfamily 2 (SF2) helicases. The helicase is
essential for unwinding the duplex RNA into single-stranded RNA for NS5
polymerase activity. It also possesses NTPase and RTPase activity. The helicase
is composed of 3 domains. With domain 1 and 2 having an a/B RecA-like folds,
demonstrating characteristic feature of the SF2 helicases (Jain et al., 2016; Tian
et al., 2016a; Xu et al., 2005). RNA binding tunnel separates domains 1 and 2

from domain 3 while ATP binding site is located between domain 1 and 2 (Jain
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et al., 2016; Tian et al., 2016a; Xu et al., 2005). A P-loop region also exists in

domain 1 for NTP binding and catalysis.

Upon RNA binding, subdomain 3 rotate about 10° away from the RNA binding
tunnel, enlarging the groove to accommodate the ssRNA (Luo et al., 2008b; Tian
et al., 2016b). Furthermore, RNA binding is also sufficient to bring inwards
movement of the P-loop in the absence of ATP (Luo et al., 2008b). Despite the
slight differences in the conformation of the P-loop of the various flavivirus
helicase under apo condition (Jain et al., 2016; Tian et al., 2016a), upon RNA and
ATP binding, they undergo different local rearrangements to adopt similar

binding mode and structures (Tian et al., 2016b).

Crystal structures of full-length NS3 protein reveal that it adopts an elongated
structure (Assenberg et al., 2009; Luo et al., 2010; Luo et al.,, 2008a). Two
different conformations with different relative orientations between the
protease and helicase domains were captured for the apo protein, while a third
conformation was captured when the protease was bound to bovine pancreatic
trypsin inhibitor (BPTI) (Figure 1.12). Due to the flexibility of the interdomain
linker region, the protease domain can rotate from about 50° to 180° relative to
the helicase domain depending on the flavivirus. (Assenberg et al., 2009; Luo et
al., 2010; Phoo et al., 2020) The length of the linker between the 2 domains is

shown to play a regulatory role (Luo et al., 2010).

Most studies are in consensus and revealed that the helicase domain has no
effects on the protease’s activity (Assenberg et al., 2009; Chernov et al., 2008;

Luo et al.,, 2010). However, there are conflicting findings concerning the

39



influence of protease on the helicase domain. This could be due to the intrinsic
viral differences, protein construct design or methodology. Some studies
revealed that in the absence of the protease, helicase unwinding activity for
both dsRNA and dsDNA were decreased (Luo et al., 2008a; Xu et al., 2019b; Xu
et al.,, 2005). While other studies suggested partial or no influence by the
protease on the helicase domain (Assenberg et al., 2009; Mastrangelo et al.,
2007). Other findings include protease regulating and restricting NS3 helicase

unwinding activity to double-stranded RNA (Chernov et al., 2008).

A dimeric model for NS3 protein was also proposed (Lei et al., 2016). The
dimerization may also be facilitated by the membrane association of full-length
trans-membrane NS2B, where it has been shown to dimerizes in a cell-based

assay (Leon-Juarez et al., 2016).
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Figure 1.12. Relationship between different conformational states of the Dengue 4
full-length NS3 structures. The protein structures were obtained from PDB.
Conformation 1 (PDB: 2VBC), conformation 2 (PDB: 2WHX) and conformation 3 (PDB:
Syvu) are shown. Ribbon representation shows the arrangement of the protease and
helicase domains of NS3. The NS2B cofactor is coloured in magenta, the protease
domain is in yellow, the helicase domain in green and the BPTI inhibitor in turquoise.
The conformational changes between the protein structures were analysed using the
DynDom database (Lee et al., 2003).
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1.2.4.8 NS4A

NS4Ais a membrane protein with three N-terminal amphipathic helices and four
C-terminal membrane helices (Li et al., 2018c; Miller et al., 2007). The last
transmembrane helix, 2K, acted as a signal sequence to direct NS4B into the
lumen of the ER. The 2k peptide will be cleaved by the viral protease at the N-
terminal while the C-terminal is processed by the host signalase. Mutagenesis
study reveals that the first transmembrane region is responsible for the
oligomerisation of NS4A. In DENV, E50A and G67A mutation decreased NS4A
oligomerization and NS4A protein stability, leading to attenuated viral

replication (Lee et al., 2015).

Dengue and Kunjin NS4A were also found to be co-localised with dsRNA,
suggesting a role in viral RNA replication (Mackenzie et al., 1998; Miller et al.,
2007). Studies have found out that NS4A is sufficient to induce cytoplasmic
membrane rearrangement, DENV uses fully processed NS4A while KUNV
requires the full-length NS4A (Miller et al., 2007; Roosendaal et al., 2006). Also,
WNV NS4A was observed to influence the ATPase activity of the NS3 helicase
(Shiryaev et al., 2009). NS4A was also shown to induce autophagy during viral
infection, although the mechanism for inducing autophagy might be different
among flaviviruses. In DENV infection, the expression of NS4A is sufficient to
induce autophagy in renal epithelial cells (McLean et al., 2011). While for ZIKV
infection in fetal neural stem cells, NS4A inhibit the Akt-mTOR signalling

pathway to promote autophagy and inhibit neurogenesis (Liang et al., 2016).
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1.2.4.9 NS4B

NS4B is the largest membrane protein found in the flavivirus’ genome. It
consists of nine helixes with helix 2, 3, 5, 7, 9 forming transmembrane domains
1 — 5 respectively (Li et al., 2015b; Li et al., 2016b; Miller et al., 2006). DENV
accumulate at ER-derived membranes mediated by transmembrane domain 3 -
5 (Miller et al., 2006). Transmembrane domain 5 was also proposed to undergo
conformation changes and flip from the cytoplasmic side to the ER lumen upon
NS4B-NS5 junction cleavage (Li et al., 2016b; Miller et al., 2006). The cytoplasmic
loop, transmembrane domain 4 and 5 were found to be responsible for NS4B
dimerization (Zou et al., 2014). Recently, ER membrane protein complex was
also identified to act as ER chaperone to facilitate correct insertion and topology
of the transmembrane region of NS4B (Barrows et al., 2019; Lin et al., 20193;

Ngo et al., 2019).

NS4B was suggested to play a role in viral RNA replication as it is found localised
with the other NS proteins that are involved in viral replication (Miller et al.,
2006). NS4B promote the dissociation of ssRNA from NS3, enhancing the
unwinding activity of the NS3 helicase domain (Umareddy et al., 2006). Different
regions of NS4B were also found to play different immune-modulatory functions.
DENV (specifically the first 125 amino acids of DENV NS4B), WNV and YFV
disrupts the phosphorylation of Signal Transducer And Activator Of
Transcription 1 (STAT1) and impedes the IFN-a/B-induced signal transduction
cascade (Munoz-Jordan et al., 2005). Transmembrane domain 3 and 5 also

suppress host RNA interference response (Kakumani et al., 2013)
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1.2.4.10 NS5

NS5 protein carries 2 enzymatic domains, an N-terminal methyltransferase
(MTase) domain and a C-terminal RNA-dependent RNA polymerase (RdRp)

domain.

N-terminal Methyltransferase Domain

The crystal structures of the Mtase domain of various flaviviruses had been
determined, they adopt similar globular folds, that can be divided into three
sub-domains (Zhou et al., 2007). The first subdomain is characterised by a helix-
turn-helix motif followed by a B-strand and an a-helix. The GTP-binding pocket
can be found in this subdomain and was proposed to coordinate the GTP moiety
of RNA substrate during the 2’-O-ribose methylation (Dong et al., 2008; Zhao et
al., 2015b). The second subdomain is the core domain with Rossmann fold,
consisting of seven [—sheets and 4 o-helix. Both the active site for
methyltransferase activity as well as the SAM and RNA binding sites can be
found in the core domain. The conserved catalytic tetrad (KDKE) is also located
near the SAM-binding site (Coloma et al., 2016). The last subdomain consists of

an a-helix and two B-strands.

The MTase domain methylates both N7 atom of guanosine and 2’0 of the
initiating adenosine of the nascent viral transcript to form the type | cap
structure using S-adenosylmethionine (SAM) as the methyl donor (Dong et al.,
2014). The MTase was also proposed to have guanylyltransferase (GTase)

activity, to transfer GTP to a 5’ di-phosphorylated RNA (Issur et al., 2009). The
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type | RNA capping occurs when NS5 bind to GTP and form an NS5-GMP
intermediate. Concurrently, NS3 RTPase will remove the y-phosphate from the
viral genome 5’ end, producing a diphosphorylated RNA intermediate product.
NS5 will subsequently transfer the GMP to the di-phosphorylated RNA upon
RNA binding. Then, the RNA will reposition the guanosine near the SAM binding
site to methylate the N7 atom of guanosine. The RNA will then undergo another
repositioning, to accommodate the m7-capped RNA in the GTP-binding site, to
allow the initiating adenosine to be positioned near the SAM binding site for 2’0
methylation. (ppA-RNA > GpppA-RNA > N"MGpppA-RNA > NMGpppAom-RNA).

The RNA capping mechanism is illustrated in Figure 1.13.
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Figure 1.13. Cartoon representation of the flavivirus capping process. During the RNA
capping process, GTP binds to the GTP binding pocket of NS5 and forms an NS5-GMP
intermediate. Concurrently, NS3 RTPase removes phosphate from the viral genome to
form a diphosphorylated RNA product. The NS5-GMP intermediate subsequently
transfers the GMP to the diphosphorylated RNA upon RNA binding. Then, GpppA-RNA
repositions the guanosine near the SAM binding site for N7-methylation. The SAH
molecule is replenished by SAM molecule while the VMGpppA-RNA undergoes another
repositioning to allow the initiating adenosine to be positioned near the SAM binding
site for 2’0 methylation to generate “NMGpppArom-RNA. Representative protein
structures at the different stages with their PDB codes are also shown.
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C-terminal RNA-dependent RNA polymerase Domain

The crystal structure of the RdRp domain revealed a right-hand architecture
consisting of a palm, a thumb and a fingers subdomain (Figure 1.14) (El Sahili
and Lescar, 2017; Wang et al., 2017; Yap et al., 2007; Zhao et al., 2017; Zhao et
al., 2015c). The active site is located on the palm subdomain, the most
structurally conserved region of NS5. The active site with two catalytic aspartic
acid residues is required for chelating two Mg?* metal ions and the formation of
the phosphodiester bond. The crystal structures also reveal a unique region
known as the priming loop protruding from the thumb subdomain. It is a unique
feature of RdRp and acts as a platform to stabilise the RNA initiation complex
and to catalyse de novo RNA initiation (El Sahili and Lescar, 2017; Wang et al.,
2017; Yap et al., 2007; Zhao et al., 2017; Zhao et al., 2015c). Three tunnels were
observed and are responsible for the entry of ssSRNA template, the exit of dsSRNA
and serving as nucleoside triphosphates (NTPs) entry tunnel. In the absence of
RNA-bound structures, all solved structures depict a closed conformation,
whereby the RNA binding tunnel is too narrow to accommodate a double-
stranded RNA. Thus, the structure was proposed to be a preinitiation state, and
a retraction of the priming loop will occur following the transition from the

initiation to the elongation state.

The RdRp domain is involved in RNA synthesis in both de novo initiation and
elongation step. While the RNA synthesis mechanism remains elusive due to the
lack of both structural and biochemical information, it can be postulated based

on the RARp-RNA complex structures from other viruses (Appleby et al., 2015;
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Wu and Gong, 2018). During the initiation step, upon the binding of the 3’ end
of the RNA template with sequence 5’ ... CU 3’, ATP and GTP form base pairing
with the CU at the 3’ end. The residues H798 in the priming loop act as an
initiation platform and stabilise the priming ATP through stacking interactions
(Selisko et al., 2012). Subsequently, the two catalytic aspartic acid residues and
their coordinated Mg?* metal ions catalysed the phosphodiester bond
formation between ATP and GTP to form the initial dinucleotide primer.
Afterwards, the priming loop was proposed to position away from the active
site to accommodate growing dsRNA. Subsequently, the RdRp transit into the
elongation phase with an open conformation to allow rapid and processive

polymerisation.

Numerous X-ray crystallography studies revealed a series of different global
conformations and different modes of interaction between the Mtase domain
and the RdRp domain for full-length NS5 proteins from different flavivirus
(Figure 1.14) (El Sahili et al., 2019; Lu and Gong, 2013; Wang et al., 2017; Wu et
al., 2020; Zhao et al., 2017; Zhao et al., 2015c). In solution, NS5 from different
DENYV serotypes were also found to display multiple conformations (Saw et al.,
2015). The first conformation is observed in JEV, ZIKV and DENV-2 (El Sahili et
al., 2019; Lu and Gong, 2013; Wang et al.,, 2017; Zhao et al., 2017). In this
conformation, the MTase and the RARP has an interacting interface consisting
of mostly hydrophobic residues. In DENV-3, a more compact conformation is
observed (Zhao et al., 2015c). In this alternative conformation, the MTase also

rotates by approximately 110° and establishes mainly polar contacts instead.
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Recently, two additional conformations were observed in DENV-2 (Wu et al.,
2020) and an additional conformation in YFV (Dubankova and Boura, 2019).
Conformation 1 — 3 are related to each other via the rotation along an axis of
the highly conserved GTR residues, which was previously suggested to pivot the
MTase movement relative to RdRP (Lu and Gong, 2013). While conformation 4

and 5 are related via a 14° rotation along an axis near the MTase-RdRp interface.
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Figure 1.14. Relationship between the different conformational states of the
Flavivirus full-length NS5 structures. The protein structures were obtained from PDB.
JEV (PDB: 4K6M), YFV (PDB: 6QSN), DENV2 (PDB: 6KR2), DENV2 (PDB: 6KR3), and
DENV3 (PDB:4V0Q). Ribbon representations show the arrangement of the MT and
RdRp domains of NS5. The MTase is coloured in cyan, the RdRp fingers in green, the
RdRp palmin brown and the RdRp thumb in blue. The conformational changes between
the protein structures were analysed using the DynDom database (Lee et al., 2003).
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The ability of NS5 to adopt different global conformations was proposed to be
facilitated by the linker domain. Comparison between the full-length crystal
structures reveals that the first 4 residues of the linker undergo a swinging
motion to adopt a short 310 helix structure when switching conformation from
the JEV-mode conformation to the DENV-3 compact conformation. (Wu et al.,
2020; Zhao et al., 2015c). Mutations to the linker region, disrupt the crosstalk
between the Mtase and the RdRp, is detrimental to virus replication (El Sahili et

al., 2019; Zhao et al., 2015a).

Biochemical studies suggest that the Mtase domain plays different roles in the
regulation of the polymerase activity of DENV RdRp (Lim et al., 2013a; Potisopon
etal., 2014; Zhao et al., 2015c). These findings are also observed on JEV and Zika,
where MTase might differentially regulate both the de novo initiation and
elongation phase during viral RNA synthesis (Wu et al., 2015b). Disrupting the
hydrophobic interaction of JEV-mode conformation impairs de novo initiation
but not the elongation phase, suggesting that assistance by MTase is required
in the unstable initiation phase (Wu et al., 2020). Another study suggests that
Mtase enhance the stability of the NS5-RNA elongation complex (Rusanov et al.,
2018). The interaction between methyltransferase and the RdRp domain in the
Zika virus is shown to be necessary for virus replication (Rusanov et al., 2018;

Zhao et al., 2017).
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Immunofluorescence assay reveals that the majority of the NS5 proteins of
various flaviviruses can be found in the nucleus of infected cells (Buckley et al.,
1992; Kumar et al., 2013; Lopez-Denman et al., 2018; Ng et al., 2019b). NS5
proteins from some DENV serotypes are incapable of entering the nucleus
(Kumar et al., 2013; Tay et al., 2013). Further studies reveal that the nuclear
localisation sequence for DENV and ZIKV NS5 lie in 18 amino acids C-terminal
NLS and ofJNLS region respectively (Ng et al., 2019b; Tay et al., 2016).
Distinctively, ZIKV NS5 also forms spherical shell-like structures in the nucleus,

which has been proposed to modulate host immune response (Ng et al., 2019b).

It was also observed that NS5 from various flaviviruses antagonizes the type |
interferon (IFN-1) pathway in infected cells, suggesting that suppression of this
pathway is a critical determinant of pathogenesis (Best, 2017). However, the
mechanisms of inhibition by NS5 differ among flaviviruses and host species (Best,
2017; Grant et al., 2016). In DENV, the RdRp domain can interact and bind to
STAT2 and prevent its phosphorylation (Mazzon et al., 2009). Furthermore,
mature NS5 interact with ubiquitin ligase E3 N-recognin 4 (UBR4) and STAT2.
DENV NS5 serves as a bridge and promote the ubiquitination and degradation
of STAT2 via ubiquitin-dependent proteasomal degradation pathway (Ashour et
al., 2009; Morrison et al., 2013). However, in ZIKV infection, the degradation of
STAT2 is independent of UBR4 (Grant et al., 2016). Furthermore, ZIKV NS5 also
block the phosphorylation of STAT1 and inhibit the activation of TANK-binding
kinase 1 (TBK1) (Hertzog et al., 2018; Lin et al., 2019b). In contrast, for YFV

infection, NS5 does not induce the degradation of STAT2, instead, it binds to the
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STAT1-STAT2 heterodimer and prevent interferon regulatory factor 9 (IRF9)
binding and subsequently to the interferon stimulating response element (ISRE)
promoter element (Laurent-Rolle et al., 2014). Host-specific ubiquitination of
YFV NS5 is also a prerequisite for the binding to STAT2 of the STAT1-STAT2
heterodimer (Laurent-Rolle et al., 2014; Miorin et al., 2019). Recently, using
ZIKV, WNV and JEV infected cells, NS5 interacts with heat shock protein 90 (HSP-
90) and prevent HSP-90 from interacting with Janus kinase (JAKs). This targets
JAK for degradation and blocks JAK/STAT2 signalling cascade (Roby et al., 2020).
Recently, the Zika NS5-STAT2 Cryo-Electron microscope (EM) complex structure
was also solved (Wang et al., 2020). The findings reveal that NS5 interacts with

STAT2 via both the MTase and RdRp domains.

In contrast to suppressing type | interferon, during ZIKV infection, the
degradation of STAT2 promotes the formation of STAT1 homodimer formation
and type Il interferon signalling response (Chaudhary et al., 2017). This produces
proinflammatory cytokines, which facilitate the viral spread and exacerbate the

infection.

Recently, NS5 proteins were also found to regulate the translation of viral

genomic RNA by decreasing ribosome occupancy (Fajardo et al., 2020).
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1.2.5 Replication Complex

Flavivirus genome replication takes place in virus-induced organelle-like
membrane structures (Figure 1.15). Cryo-EM study of DENV-infected cells
revealed invaginations into the ER with a diameter of 90 nm as well as an
unstructured convoluted membranes (CMs) structure (Welsch et al., 2009). The
lumen of the vesicle packets (VPs) is connected to the cytoplasm via a 10 nm
pore-like opening. These VPs contain both the viral NS proteins as well as dsRNA,
thus it was suggested to be the viral RNA replication site. On the other hand,
CMs are only enriched with viral proteins with an undefined role in the viral

replication cycle, proposed to be the site for viral polyprotein translation.

Cytoplasm

Lumen

Figure 1.15. A cartoon representation of the Flavivirus’ replication organelle. A
possible configuration of the replication complex based on current understanding. The
complex is situated on the ER membrane with all seven non-structural proteins forming
the replication complex.
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These VPs play multiple roles in the viral replication cycle (Paul and
Bartenschlager, 2015). Firstly, they can help to separate the different stages of
the viral replication cycle. Next, they help to localise the viral proteins and
required metabolites in close proximity. Lastly, they also shield viral products

from the host innate immune system.

Viral transmembrane proteins NS4A and NS4B are proposed to be primarily
involved in the formation of the vesicle packets (Miller et al., 2007; Miller et al.,
2006; Roosendaal et al., 2006). NS1 is also involved in the formation of the VPs
through the remodelling of the ER (Ci et al., 2020; Plaszczyca et al., 2019).
Positively charged residues of NS1, R31 in ZIKV, binds to a series of negatively
charged lipids, such as PI14P, on the ER membrane (Ci et al., 2021). Subsequently,
it induces ER invaginations via the conserved aromatic residues in the

hydrophobic protrusion (Brown et al., 2016; Ci et al., 2020).

3’SL also contribute to the formation of VPs (Cerikan et al., 2020).

Host factors such as Reticulon 3.1 (RTN3.1A), a member of the reticulon family
involved in ER membrane curvature, was also found to be recruited to the VPs.
RTN3.1A promote the remodelling of the ER membrane and stability of NS4A
(Aktepe et al., 2017). Through its interaction with DENV NS4A, Vimentin acts as
a scaffold and help organise ER membrane into VPs (Teo and Chu, 2014). Alastin-
2, a member of the ER membrane-bound GTPases of the dynamin family, were
also required for the production of VPs (Neufeldt et al., 2019). DNAIC14, a
chaperone molecule within the Hsp40 family, was found to modulate the

protein-protein interaction network and promote the formation of a protein
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scaffold that maintains the VPs in YFV (Yi et al., 2012). Although viral and host
components required for the formation of VPs were identified, the exact
mechanism for the formation of the VPs and the involvement of other host

proteins remains to be elucidated.

To enhance viral replication, flaviviruses also promote lipogenesis in infected
cells for membrane formation. Fatty acid synthase (FAS) was observed to be
recruited to the site of the replication.(Martin-Acebes et al., 2011; Tang et al.,
2014). At the replication site, DENV NS3 interact with FAS and stimulate fatty
acid biosynthesis (Heaton et al., 2010). Other than promoting lipogenesis,
flavivirus infection also alters the host membrane lipid composition. By varying
the lipid composition, it can help to promote VPs formation through the
enrichment of negative or positive curvature inducing lipid groups (Aktepe and

Mackenzie, 2018)

1.2.5.1 Interactions between the NS proteins within the replication complex

Many studies have shown that all seven non-structural proteins can be found at
the RC (Mackenzie et al., 1996; Mackenzie et al., 1998; Miller et al., 2007; Miller
et al., 2006; Uchil and Satchidanandam, 2003; Welsch et al., 2009). NS3 and NS5
are the only two viral proteins that have enzymatic functions, thus they are
proposed to form the core of the RC. The rest of the NS proteins are proposed
to play a regulatory role to support viral replication. The interactions between

the NS proteins are summarised in Table 1.2.
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NS1, which resides in the ER lumen, was also proposed to transmit signals across
the ER membrane to regulate viral RNA replication via the interaction with NS4A
and NS4B for YFV and WNV respectively (Lindenbach and Rice, 1999; Youn et al.,
2012). However, the mechanism for signal transduction remains to be further
studied. Recently, DENV NS1 (residue G161 and W168) was also found to
interact with the NS4A-2K-NS4B intermediate (Plaszczyca et al., 2019). While
domain Il of DENV NS1 was found to interact with NS4A (residue Y41) (Tan et
al., 2020a). Further studies are required to understand the role of these
interactions. The former interaction was proposed to regulate NS4A-2K-NS4B
cleavage for proper membrane association and maturation of NS4A and NS4B.

While the latter interaction was proposed to help in the formation of the RC.

The transmembrane proteins were also observed to interact with each other.
NS4A (residues 40 — 76) and NS4B (residues 84 — 146) were also found to
interact with one another. Furthermore, compensatory mutations were also
found in NS4B when NS4A were mutated for both DENV and JEV, supporting
NS4A-NS4B interaction (Chatel-Chaix et al., 2015; Li et al., 2015a; Tajima et al.,
2011). A study conducted using FRET and BiFC assay further revealed additional
interaction partners NS2A and NS4A, NS2A and NS2B and between NS4A and
NS4B for WNV (Yu et al., 2013). Taken together, NS4A could be a key driver in

organising the luminal, transmembrane and cytoplasmic components of the RCs.
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Extensive interactions were found between the NS proteins to regulate NS3
enzymatic activity. Firstly, the central hydrophilic region of NS2B interact with
the NS3 protease domain and act as the co-factor for enzymatic activity and
stability of NS3 protease (Kang et al., 2017). Secondly, WNV NS4A modulates
the ATPase activity of the NS3 helicase (Shiryaev et al.,, 2009). Next, the
cytoplasmic loop of NS4B (residue Q134) was found to interact with domain Il
and Il of NS3 helicase (Chatel-Chaix et al., 2015; Umareddy et al., 2006; Zou et
al., 2015b). This interaction allows NS4B dimer to promote the dissociation of
ssRNA from NS3 and enhance the helicase unwinding activity (Umareddy et al.,
2006). Lastly, NS3 helicase activity is also stimulated and upregulated by NS5
mediated by NS3-NS5 interaction (Cui et al., 1998; Xu et al., 2019b; Yon et al.,

2005).

N570 of NS3 and K330 of NS5 were shown to be key residues involved in NS3-
NS5 interaction (Tay et al., 2015; Zou et al., 2011). Further electrostatic potential
analysis of NS3 (residues 566-585) and NS5 (residues 320-341) shows negatively
charged and positively charged surfaces respectively, supporting the hypothesis
that the two regions interact via charge interaction (Tay et al., 2015). Optimal
NS3-NS5 interaction affinity is proposed to be essential in coordinating RNA
unwinding by NS3 Helicase and RNA synthesis by NS5 RdRp (Tay et al., 2015;

Zou et al., 2011).
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Table 1.2. Interactions between the NS proteins within the replication complex.

Virus  Protein: Residues Protein: References
Residues
DENV NS1 (G161, NS4A-2K-NS4B (Plaszczyca et al., 2019)
W168)
NS1:30-180 NS4A-2K-NS4B: (Tan et al., 2020a)
3561 (Y41)
NS2B NS3
NS3: Helicase NS4B: 129 -165 (Chatel-Chaix et al., 2015;
Domain Il and llI (Q134) Umareddy et al., 2006; Zou et al.,
2015b)
NS3: 566 — 585 NS5: 320 - 341 (Tay et al., 2015; Zou et al., 2011)
(N570) (K330)
NS4A: 40-76 NS4B: 84 — 146 (Zou et al., 2015c)
(L48, T54, L60)
NS4B NS4B (Zou et al., 2014)
WNV  NS1 NS4B (Youn et al., 2012)
NS2A NS2B (Yuetal., 2013)
NS2A NS4A (Yuetal., 2013)
NS2B NS3 (Yuetal., 2013)
NS2B NS4A (Yuetal., 2013)
NS2B NS4B (Yuetal., 2013)
NS3 NS5 (Yuetal., 2013)
NS4A NS4B (Yuetal., 2013)
JEV NS2A NS2B (Li et al., 2016a)
NS3 NS5 (Chen et al., 1997a)
YFV NS1 NS4A (Lindenbach and Rice, 1999)
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1.3. Vaccines
To date, there are only licensed vaccines against DENV, JEV, TBEV and YFV (Li et

al., 2018a; Pierson and Diamond, 2020).

1.3.1 Yellow fever vaccine

The yellow fever vaccine is based on live-attenuated virus (LAV) strain YFV-17D,
which was developed by Max Theiler in the 1930s through repetitive passages
in chicken embryos (Collins and Barrett, 2017). Three sub-strains are used in
vaccine production, 17DD, 17D-204 and 17D-213 (Collins and Barrett, 2017).
The vaccine is highly protective and elicits a robust adaptive immune response,
as such, YFV-17D was used as the backbone to develop chimeric vaccines against
other flaviviruses such as DENV, JEV, WNV and ZIKV (Arroyo et al., 2004; Giel-

Moloney et al., 2018; Monath et al., 2003; Thomas and Yoon, 2019).

1.3.2 Dengue vaccine

The development of the DENV vaccine is challenging as DENV is composed of 4
genetically distinct but closely related serotypes (DENV1-4). These serotypes
share a mosaic of conserved and distinct structural antigens (Heinz and Stiasny,
2012). Therefore, upon DENV infection, it will induce serotype-specific
antibodies, which can also moderately cross-neutralize other serotypes. These
cross-reacting antibodies do not effectively neutralise a different DENV
serotype, increasing the risk of severe dengue upon secondary infection with a
heterologous virus, a phenomenon known as antibody-dependent
enhancement (ADE) (Shukla et al.,, 2020; Wilder-Smith et al., 2019). ADE is

mainly mediated via 2 different modes of actions, extrinsic and intrinsic ADE.
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Extrinsic ADE occurs when the non-neutralising antibodies form a virus-antibody
complex, binds to the Fcy receptor and promote virus uptake into cells (Morrone
and Lok, 2019; Shukla et al., 2020). A study revealed that the types of antibodies
produced in the body play a role in the manifestation of ADE. About 60% of the
human antibody response recognised the prM protein, 20-30% target the
envelope protein fusion loop epitope while 10% target the host cell receptor
binding domain (EDIII) (Beltramello et al., 2010). Unfortunately, the anti-prM
and anti-fusion loop antibodies are poor neutralisers but bind well to the
immature virus. In doing so, it allows the otherwise non-infectious particles to
enter the cell via the Fcy receptor pathway (Morrone and Lok, 2019; Shukla et
al., 2020). Upon entering the cell, the low pH of the endosome promotes
massive rearrangements of the surface proteins of the immature virus, resulting
in steric clashes and antibody:pr complex dissociation. Subsequently, virus-
endosome fusion occurs, completing virus entry into the cell (Wirawan et al.,
2019). Structural studies on the antibody-virus complex also reveal that the
orientation of the antibody binding onto the surface of the mature virus also
influence ADE (Lok, 2018; Renner et al., 2018). Antibodies that bind
perpendicularly to the virus surface have their Fc region of the antibody fully
exposed, enabling Fcy receptor binding. While antibodies that lay flat on the
virus surface, do not allow the exposure of their Fc region for Fcy receptor

binding (Lok, 2018; Renner et al., 2018).
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During intrinsic ADE, the innate immune response and intracellular cytokine
signalling are down-regulated, leading to enhanced virus replication and release
(Narayan and Tripathi, 2020; Shukla et al., 2020). Transcriptomics studies reveal
that in canonical DENV infection, genes responsible for host protein translation
were downregulated (Chan et al., 2019; Viktorovskaya et al., 2016). However,
for ADE, these genes were activated to facilitate the translation of viral protein.
Furthermore, genes in the RNA processing pathway, which are known to
interact with viral RNA, are upregulated. In ADE, there is also a shift from a pro-
inflammatory Th-1 response to an anti-inflammatory antibody-mediated Th-2
response (Narayan and Tripathi, 2020). The skewed Th-2 immune response
further worsens the condition by promoting the production of sub-neutralizing
antibodies that promote DENV entry (Narayan and Tripathi, 2020; Ubol and

Halstead, 2010).

To prevent the ADE phenomenon, DENV vaccines must provide immunological
protection against all serotypes. Hence, they are usually developed as
tetravalent formulations, with each component having different monotypic
immune responses to target each serotype (Wilder-Smith, 2020). The
manufacturers will need to prevent the problem of viral interference, where
one component of the tetravalent vaccine replicates better at the expense of
the others, leading to a situation whereby even though the formulation is a
physically tetravalent mixture but is immunologically monovalent (Shukla et al.,

2020).
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Other challenges include the lack of a reliable animal model as well as a lack of
in-vitro assay to measure immune correlates of protection and disease

enhancement (Wilder-Smith, 2020).

1.3.2.1 Vaccine Candidates

Currently, Dengvaxia® is the only approved vaccine against DENV. It is a
tetravalent virus cocktail consisting of live-attenuated chimeric monovalent
viruses with non-structural genes from YFV-17D and prM and envelope proteins
from DENV1-4 (Thomas and Yoon, 2019). Although, it is approved for use, due
to the varying vaccine efficacy across the four serotypes and rising concern
about the increased risk of severe dengue for vaccinating seronegative
individuals, WHO revised their guideline to only recommend persons with
evidence of past dengue infection for vaccination (WHO, 2019; Wilder-Smith,

2020).

Two other leading vaccines are also in phase Il clinical trial, TAK-003 by Takeda
Vaccine Inc and TV003/005 by US NIH. TAK-003 also follow a chimeric vaccine
design with DENV-2 as the backbone with prM and envelope proteins from
DENV1, 3 & 4. Due to the presence of DENV NS protein, it induces cross-reactive
T cell-mediated responses to provide broad coverage against DENV (Osorio et
al., 2016). It has an overall vaccine efficacy of 66% for seronegative individuals
after 18-months post-vaccination (White et al., 2021). Next, TV003/005 is a LAV
cocktail with a varied dosage for each serotype. The LAV was designed with 30
nucleotide deletions in the 3’UTR region coupled with a chimeric vaccine design

(Durbin, 2020). In contrast to the other two LAVs, TV0O03/TV005 can induce a
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high neutralizing antibody response with a single dose (Durbin et al., 2016). To

date, the phase 3 results have yet to be published.

Other vaccine types, such as subunit vaccine (Manoff et al., 2015); DNA vaccine
(Danko et al., 2018) are still in Phase | clinical trial. With many other next-
generation vaccines designs, virus-like particles and viral vector vaccines, in

preclinical studies (Deng et al., 2020; Redoni et al., 2020).

1.3.3 Zika vaccine

There are currently no licensed vaccines against ZIKV. One DNA subunit vaccine
is currently in phase Il clinical trial. The plasmid DNA encodes wild-type ZIKV
prM-E sequence, it elicits the highest neutralizing titre when administered using

needle-free injection (Gaudinski et al., 2018; Shan et al., 2018).

Given that DENV and ZIKV co-circulate in many regions, there are also concerns
that the ZIKV vaccine could also potentially lead to ADE as observed between
DENV serotypes. A study conducted on non-human primates demonstrated that
prior exposure to ZIKV can significantly enhance DENV-2 infections (George et

al., 2017).
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1.4. Antiviral Inhibitors

With the limited success in vaccine development for disease prevention, the
development of antiviral therapeutics is essential to manage the disease’s

severity and prevent deaths.

One of the successful antiviral approaches is using direct antiviral agents (DAA)
to inhibit the viral enzyme, as demonstrated by many successful drugs used to
treat viral diseases caused by the human immunodeficiency virus (HIV),
hepatitis B virus and hepatitis C virus (HCV) (Lim et al., 2013b). An online
repository, DenviInD, was also recently launched to consolidate the information
for experimentally validated inhibitors against DENV viral enzymes (Dwivedi et

al., 2020).

1.4.1 NS2B-NS3 Protease Inhibitors

Flavivirus NS2B-NS3 protease is an attractive antiviral target due to its’ essential
role in viral polyproteins processing and maturation. Furthermore, the NS2B-3
protease also cleaved and inactivate host proteins that are involved in host
immunity. However, the progress towards successful drug candidates has been
slowed, mainly due to the hydrophilicity and the depth of the protease active

site (Lim et al., 2013b; Poulsen et al., 2014).

The viral protease typically recognised basic residues at the P1 to P3 position
followed by small residues at the P1’ position. In-vitro characterisation has
revealed that the most optimal substrate at P3 to P1 position for WNV and ZIKV

is KKR and for DENV is KRR (Ang et al., 2014; Gruba et al., 2016; Li et al., 2005;
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Rut et al., 2017). Furthermore, DENV has a distinct preference for arginine and
homologs at the P2 position (Rut et al., 2020; Rut et al., 2017). While more
distinctive differences can be observed for the P1’ to P3’ position, with the
optimal residues for WNV and DENV being GGX and SXS respectively, where X
is any natural amino acid residues (Li et al., 2005; Shiryaev et al., 2007a). Thus,
by targeting the S1 to S3 pockets, broad-spectrum inhibitors against flaviviral
infections can be developed. Alternatively, by targeting the S2, S1’ to S3’

pockets, it could be possible to improve potency and specificity to a flavivirus.

To develop an antiviral for NS2B-NS3 protease, common strategies include high-
throughput screening (HTS), substrate mimicking and drug repurposing (Lim,
2019; Lim et al., 2013b; Poulsen et al., 2014). HTS consisting of both biochemical
assay and in silico compound docking, are carried out to identify new potential
leads for drug design and optimisation. The substrate mimicking approach
involves making modifications to the substrate that are already known to bind
to the active site. While drug repurposing is employed as a riskless and efficient
strategy. Structure-activity relationship studies (SAR) are also often used to
allow researchers to gain a deeper understanding of the binding mode of the
inhibitor, complementing and guiding modifications to the lead compounds
identified by the previously mentioned strategies to improve the potency for
antiviral developments. Some examples of viruses, with successful and licensed
viral protease inhibitors, which benefited from SAR include HIV and HCV

(Bassetto et al., 2016; Nalam and Schiffer, 2008; Wlodawer and Erickson, 1993)
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1.4.1.1 Compound screening

Numerous screenings were carried out to identify both competitive and
allosteric inhibitors against flavivirus protease. The scaffolds of the inhibitors

are illustrated in Figure 1.16.

Mueller and colleagues performed HTS against WNV protease and identified a
potential 8-hydroxyquinoline scaffold (Mueller et al., 2008). The most potent
inhibitor, compound B, shows high inhibitory activity in both enzymatic and cell-
based assays. Molecular docking of compound B reveals binding to the S2 to S4
pocket. Subsequently, follow up studies were also performed on the 8-
hydroxyquinoline and derivatives and shows that they also follow competitive
inhibition (Chu et al., 2015; Ezgimen et al., 2012; Lai et al., 2013b). A virtual HTS
was conducted by Tomlinson and co-workers, who identified 2 compounds
consisting of an anthracene scaffold (Tomlinson et al., 2009). They proceeded
to test anthracene-based compounds and show that the inhibitors bind to the
S1 pocket via docking study (Tomlinson and Watowich, 2011). Another HTS
study conducted by Balasubramanian and colleagues identified a series of
compounds consisting of catechol and polyphenolic scaffolds to work against
both DENV and WNV proteases (Balasubramanian et al.,, 2016). Two of the
compounds, tolcapone and tannic acid, were already used to treat both viral
and non-viral diseases. Next, Lee and colleagues utilised a small molecule
inhibitors screen that they have previously tested against HCV protease (Lee et
al., 2017). In the study, the top 10 potent compounds against ZIKV protease can

be categorised into 2 scaffolds, sulphonamide conjugated with either
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benzothiazole or thiazole group. Of which 2 have IC50 value below 10 uM and

displayed competitive inhibition.

HTS also identified non-competitive allosteric inhibitors that prevent the
interaction between the NS2B cofactor and NS3 protease. Johnston and
colleagues screened a library from the National Institutes of Health (NIH) against
WNV protease and identified non-competitive inhibitors consisting of a 5-
amino-1H-pyrazol-3-yl scaffold (Johnston et al., 2007). Another group screened
another library from NIH National Cancer Institute and identified an allosteric
inhibitor with ECso of 280 nM, 810 nM and 1 uM for YFV, DENV-2 and ZIKV
respectively (Brecher et al., 2017). Next, Swaminathan’s group identified
benzimidazole and quinoline derivatives that bind to the allosteric site of DENV
protease (Beesetti et al., 2018; Raut et al., 2015). These inhibitors displayed
antiviral effects against all dengue serotypes in a cell-based assay. Wu and
colleagues screened an in-house library and identified diaryl thioethers as a
potential scaffold (Wu et al., 2015a). The benzothiazole derivative containing
inhibitor was found to have low ICspand ECspagainst DENV-3. To improve on the
hydrophobicity, a proline residue was used to substitute an aromatic residue to
enhance solubility by Millies et al (Millies et al., 2019). The series of allosteric
inhibitors containing benzothiazole and proline residues scaffold have sub-
micromolar 1Csp against both DENV and ZIKV. A library targeting histone-
modifying enzymes were screened against DENV, WNV and ZIKV protease (Yao
et al., 2019). The inhibitors have ICso values within the nanomolar range against
all three flaviviruses. Furthermore, the inhibitory exhibited significant antiviral

activities in cells and mouse models of Zika virus infection.
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HTS was also employed for drug repurposing. Li group screened NIH Chemical
Genomic Center Pharmaceutical Collection library and identified compounds
that can prevent interaction between NS2B cofactor and NS3 protease (Li et al.,
2017b). Three approved drugs, temoporfin, niclosamide, and nitazoxanide,
were found to have nanomolar potency against ZIKV. A follow-up study also
identified Erythrosin B, an FDA-approved food additive, inhibiting numerous

flaviviruses with ECso within the low micromolar range (Li et al., 2018e).

Other than HTS, a small compound library also identified competitive inhibitors
against the viral protease. Lai and colleagues designed a series of hybrid
derivatives of 1,2-Benzisothiazol-3(2H)-one and 1,3,4-oxadiazole and tested
them against DENV and WNV protease (Lai et al., 2013a). Nine compounds were
able to inhibit 50% of both DENV and WNV proteases activity at 10 uM. Another
study was conducted by Weng et al to modify a methionine—proline dipeptides
into fused-bicyclic derivatives, with the most potent inhibitor having an ECso
value of around 39 puM (Weng et al., 2017). Inhibitors against DENV protease
was developed using thiadiazoloacrylamide as a scaffold by Li and colleagues
(Liu et al., 2014). Six of the inhibitors were found to have an ICsp of less than 5

uM.
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Figure 1.16. Chemical scaffolds of the inhibitors from the compound screening library.
(A) Competitive and (B) allosteric inhibitors.

1.4.1.2 Peptidomimetics

Peptidomimetics inhibitors are substrate mimicking compounds that bind to the
active site of viral protease. The first series of peptidomimetics inhibitors were
designed by Leung and colleagues (Leung et al., 2001). The inhibitors were
designed based on the substrate recognition sites of the viral polyprotein. They
contain peptide sequence from P6 to P2’ residues of NS3/4A and NS4B/5

cleavage site with a non-cleavable a-keto amide bond at the P1-P1’ junction.
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They also improved the inhibition efficiency by replacing the P1’-P2’ residues

with an aldehyde warhead.

Subsequent studies aim to identify new chemical groups by the modification of
the N- and C-terminal of peptidomimetic inhibitors, to improve membrane

permeability and inhibition efficiency for future drug development.

Yin and co-workers investigated the effect of C-terminal modifications, they
discovered those peptide inhibitors with electrophilic warheads can improve
the inhibitory effect on viral protease (Yin et al., 2006b). A follow-up study by
the same group further analysed a series of tetra-peptidyl aldehyde inhibitors
against dengue NS3 protease (Yin et al., 2006a). They observed that the P, side-
chain interaction with the protease is the most important followed by P13, P3 and
Ps. At the same time, they also show that the C-terminal aldehyde warhead,
dipeptide, tripeptide, as well as uncharged P1 residue, could also be potent
inhibitors. The same set of tetra-peptidyl aldehyde inhibitors was also tested on
WNYV protease (Knox et al., 2006). SAR analysis reveals that a residue capable of
both m-stacking and hydrogen bonding is favoured in the S1 pocket, while a
positively charged residue is preferred in the S2 pocket. In another study,
Stoermer and colleagues synthesised and tested a series of tripeptidyl inhibitors
with C-terminal aldehyde group and different N-terminal cap against WNV
protease (Stoermer et al., 2008). Phenylacetyl-Lys-Lys-Arg-aldehyde is stable in
serum, cell-permeable and displays antiviral activity ECso value of 1.6 uM.
Motivated by the previous finding, Schuller and co-workers, tested another

series of tripeptidyl inhibitors with C-terminal aldehyde group and different N-
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terminal cap (Schuller et al.,, 2011). In contrast, Phenylacetyl-Lys-Arg-Arg-
aldehyde was found to be the most potent against DENV, supporting previous
findings that P2-arginine and P2 lysine are favoured for DENV2 and WNV
respectively. Kang and colleagues also illustrated that while P3 residues can
improve inhibition activity, acetyl-Lys-Arg-aldehyde is sufficient for high
potency against WNV and ZIKV protease (Kang et al., 2013; Li et al., 2017a). The
crystal structures of ZIKV in complex with acetyl-Lys-Arg-aldehyde was also

solved (Li et al., 2017a).

Instead of using a C-terminal aldehyde warhead, studies were also carried out
using boronic acid at the C-terminal (Lei et al., 2016; Nitsche et al., 2017). The
crystal structures of both ZIKV and WNV protease in complex with the dipeptidyl
boronic acid inhibitors had been solved (Lei et al., 2016; Nitsche et al., 2017).
However, although there are high inhibitory effects in a biochemical assay, the
inhibitors lack activity in a cell-based assay. This could be attributed to the high

polarity of both the P1-P2 residues as well as the boronic acid moiety.

With regards to N-terminal modification, Steuer and colleagues tested a series
of inhibitors with N-terminal styryl derivatives coupled to an a-ketoamide
(Steuer et al., 2011). However, this series of inhibitors only displayed modest
inhibition to DENV protease. Another study conducted by Klein group explored
a series of retro-peptides coupled with different N-terminal caps, Cap-Arg-Lys-
Nle (Nitsche et al., 2012). Retro tripeptide hybrids were found to display
stronger inhibitory activity. Subsequently, the group retained the tripeptide

sequence and explore rhodanines or thiazolidinediones derivatives as N-
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terminal capping group (Nitsche et al., 2013). Thiazolidinedione-based peptide
hybrids have the highest inhibitory effects against DENV protease while
rhodanine-capped peptide hybrids are more potent in cell-based assay due to
their high cellular permeability ability. Subsequently, the group optimised C-
terminal residues and identified phenylglycine as having improved potency as
compared to norleucine (Behnam et al., 2014). Afterwards, Cap-Arg-Lys-Phg
was used as a backbone for other independent optimisation experiments. Next,
the group further tested and optimised other thiazolidinedione-based peptide
hybrids, Thiazolidinedione-cap-Arg-Lys-Phg, and identified numerous inhibitors
with high potency against both DENV and WNV proteases (Bastos Lima et al.,
2015). The group also tried using and optimising benzoyl derivatives instead of
thiazolidinediones derivatives as the N-terminal capping group. One study
replaced the arginine residues in Cap-Arg-Lys-Phg with phenylalanine analogues
coupled with different benzoyl derivatives as N-terminal capping group (Weigel
et al., 2015). Another study optimised phenylglycine residues of cap-Arg-Lys-
Phg with phenylglycine derivatives coupled with different N-terminal benzoyl
derivatives (Behnam et al., 2015). Several of the protease inhibitors in the series
reduced DENV and WNYV replication in cell-based assays, with compound 104
having the lowest ECsp value of 3.4 uM against DENV infection. Recently, to
enhance the cellular permeability, the group developed a new series of non-
peptidic inhibitors while retaining the phenylglycine element (Kuhl et al., 2020).
The compounds have high potency and selectivity with low cytotoxicity.
Kouretova and colleagues also investigate the inhibitory effects of P1’ residues

in the presence of the N-terminal capping group (Kouretova et al., 2017).
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Although some of the inhibitors displayed high inhibitory effects for both WNV
and DENV in biochemical assays, the inhibitors lack activity in cell-based assays.
Using the same inhibitors, Phoo and co-authors reported three co-crystal
structures using ZIKV protease (Phoo et al., 2018). The structures revealed that
the residues in S1-S3 pockets involved in the interaction with the basic residues
appears to be relatively conserved. On the other hand, the N terminal cap
moieties can adopt different conformations, highlighting the possibility of
introducing modification to improve the inhibitors’ functionality. Furthermore,

uncleavable P1’ residues can contribute to improved inhibition.

Other than modifying the two termini, cyclization of the peptide inhibitors was
also explored. The optimisation of conotoxin, MrlA, generated a cyclic peptide
inhibitor with a K;j value of 2.2 uM against DENV protease (Xu et al., 2012). HTS
of organic macrocyclic peptidomimetic compounds was carried out by Takagi
and colleagues (Takagi et al., 2017). Their findings show that optimising the
position of arginine and aromatic residues, can lead to an improvement in
inhibition in cell-based assays. Furthermore, by replacing the amide bond at the
P1-P1’ site with an amino methylene moiety, it stabilized the cyclic peptides
against hydrolysis by NS2B-NS3 protease. Allosteric, unnatural macrocyclic
peptides were also identified using display screening and were shown to display

sub-micromolar inhibition efficiency against ZIKV (Nitsche et al., 2019).
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1.4.1.3 Structure-activity relationship (SAR) studies

Although, both molecular docking and X-ray crystallography are used in SAR
studies. This section will only be focused on SAR studies by X-ray crystallography.
The first NS3 protease-inhibitor co-crystal structure was solved by Erbel and
colleagues using a peptidomimetics inhibitor, Benzoyl-Nle-Lys-Arg-Arg-H (Erbel
et al., 2006). Since then, other co-crystal structures were also solved (Table 1.3).
By comparing the published protease-inhibitor co-crystal structures, some key
findings can be observed. Firstly, the peptidomimetics inhibitors typically adopt
the horseshoe-like conformation. Secondly, there is a low RMSDs value between
the various co-crystal structures of the same virus, highlighting that the
protease conformation remains the same regardless of the types of inhibitors
bound. Next, the residues in S1-S3 pockets involved in the interaction with the
inhibitors also appear to be relatively conserved. Furthermore, the S1 pocket
can allow different residues to bind, ranging from small fragment inhibitors to
bulky aromatic groups. Lastly, different P4 moieties can adopt different
conformations, highlighting the possibility of modifying the P4 moieties to

improve the inhibitors’ functionality.
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Table 1.3. Published Protease-Inhibitor Co-crystal Structure

Virus PBD Ligand References
Code
WNV  2FP7 Benzoyl-Nle-Lys-Arg-Arg-H (Erbel et al., 2006)
21J0 BPTI (Aleshin et al., 2007)
3E90  2-napthoyl-Lys-Lys-Arg-H (Robin et al., 2009)
2YOL 3,4-dichlorophenylacetyl-Lys-Lys-GCMA (Hammamy et al.,
2013)
5IDK Benzoyl-(4-CH;NH;)-Phe-Arg-H (Nitsche et al., 2017)
DENV 3U1l Benzoyl-Nle-Lys-Arg-Arg-H (Noble et al., 2012)
3ull BPTI
A4M9T DTNB (Yildiz et al., 2013)
6MO0 Compound 2 (Yao et al., 2019)
6M0O1 Compound 8
6M0O2 Compound?9
ZIKV 5LCO  Borate dipeptide inhibitor (Lei et al., 2016)
5GPI KKGE reverse peptide (Zhang et al., 2016)
5H4I Benzimidazole-1-ylmethanol
5H6V  Acyl-Lys-Arg-H (Li et al., 2017a)
5Y0OD  5-amino-1-((4-methoxyphenyl)sulfonyl) -  (Li et al., 2018d)
1H-pyrazol-3-yl benzoate
5YOF  Acyl-Lys-Arg-H
5ZMQ Phenylacetyl-Lys-Lys-Arg-COOH (Phoo et al., 2018)
5ZMS  4-guanidinomethyl-phenylacetyl-Lys-Lys-
Arg-H
5Z0B  4-guanidinomethyl-phenylacetyl-Arg-

Arg-Arg-4-amidinobenzylamide
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1.4.2 NS3 Helicase Inhibitors

For NS3 helicase, 2 main enzymatic activities can be targeted, ATPase activity
and RNA unwinding activity. However, based on the structural study of ATP
binding to NS3, it was observed that there is a lack of specific amino acid
interaction with the ATP, making it hard to design inhibitors that target the
ATPase active site. Furthermore, it was observed that the RNA binding pocket
of the NS3 helicase is shallow (Lim et al., 2013b; Luo et al., 2008a). Another
challenge of NS3 helicase inhibitors will be to ensure that the specificity of the
inhibitors, as many host helicases also belong to the SF2 superfamily (Lim et al.,
2013b). To address these challenges, two novel binding sites were identified in
ZIKV helicase using direct fragment-based screening by X-ray crystallography
(FBS-X) (Munawar et al., 2018). The first site is at the interface between NS3-
NS5 interaction while the second interface is at the interdomain hinge region

that provides conformational flexibility for enzymatic activity.

Similar strategies such as in silico docking and HTS were also employed to

identify potential antiviral candidates against NS3 helicase.

From in silico docking study, ivermectin was found to inhibit NS3 helicase
unwinding activity of Dengue, West Nile and Yellow Fever virus at sub-
micromolar range (Lim et al., 2013b; Mastrangelo et al., 2012). Another docking
study also identified epigallocatechin-3-gallate, a green tea polyphenol, which
interacts with protein residues at both the ATPase and RNA binding site of ZIKV
NS3 helicase (Kumar et al., 2020). In vitro ATPase assay also revealed that the

inhibitor has an inhibitory potency at the nanomolar range.
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HTS using both cell-based assay and biochemical assay also identified small
molecules that target NS3 helicase. A novel small compound inhibitor, ST-610,
showed marginal activity against Dengue NS3 helicase unwinding activity and
only resulted in a lesser than 10-fold decrease in virus load in a mouse model
(Byrd et al., 2013; Lim et al., 2013b). Suramin act as a non-competitive inhibitor
and inhibit DENV NS3 helicase activity with a K;i value of 0.75 = 0.03 uM
(Basavannacharya and Vasudevan, 2014). While most groups utilised high-
throughput unwinding assay to identify potential inhibitors against NS3 helicase,
Sweeney and colleagues developed a high-throughput ATPase assay and
identified two classes of inhibitors, benzothiazole and pyrrolone derivatives,
which target DENV and WNV (Sweeney et al., 2015). The pyrrolone inhibitors

are also specific against DENV and not HCV.

1.4.4 NS4B Inhibitors

Most NS4B inhibitors are identified via cell-based screening experiments. Using
a replicon-based HTS assay, Patkar and colleagues identified two compounds
that inhibit YFV replication from a library of 34000 compounds (Patkar et al.,
2009). The inhibitors, CCG-4088 and CCG-3394, have ECso of 0.4 uM and 1.48
UM respectively and were suggested to act on Lysine128 of NS4B. Similarly using
a replicon system, Shi’s group screened 1.8 million compounds library and
identified aminothiazole NITD-618 that specifically inhibits only the four dengue
serotypes, with an ECsp of 1.0 uM, but not other related flaviviruses or positive-
sense RNA viruses (Xie et al., 2011). Escape mutants were mapped to have

P104L mutation, suggesting that NITD-618 acts via preventing NS3-NS4B
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interaction. HTS from numerous groups also identified P104 as a hotspot for
escape mutants with their NS4B inhibitors (Hernandez-Morales et al., 2017; van
Cleef et al., 2013). Other residues targeted includes F164 by inhibitor SDM25N
and T108 by inhibitor JNJ-1A (Hernandez-Morales et al., 2017; van Cleef et al.,

2013).

For the first time, using an improved dual replicon screening, Shi’s group also
identified spiropyrazolopyridone compound-14a that is capable of inhibiting
DENV-2 and DENV-3 both in vitro and in vivo (Wang et al., 2015; Zou et al.,
2015a). After the success of NS4B inhibitor compound 14a in preclinical testing,
the group seeks to improve potency against the other serotypes. Unfortunately,
despite guided modifications, the Compound 15 (JMX0254) is still not potent
against DENV-4 and exhibited ECso of 0.78, 0.16 and 0.035 uM against DENV-1
to DENV-3 respectively (Xu et al., 2019a). Finally, a pan serotype inhibitor NITD-
688 was identified to show high potency against all four dengue serotypes with
favourable pharmacokinetics and efficacy in both rats and dogs (Moquin et al.,
2021). Similarly, Neyts’ group also identified another pan serotype inhibitor,
JNJ-AQ7, that block the interaction between NS3 and NS4B, demonstrating
strong potency in the DENV-infected mouse model (Kaptein et al., 2021). A first-
in-human phase 1 clinical study was completed, the compound demonstrated
antiviral activity and was well-tolerated in humans. Currently, phase 2a clinical

trials are ongoing in Singapore and New York (ClinicalTrials.gov, 2020, 2021).

A safe and effective NS4B inhibitor against YFV-infected hamsters were also

successfully developed (Guo et al., 2016).
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1.4.4 NS5 Methyltransferase Inhibitors

Due to the high homology of flavivirus MTase to the host, targeting the S-
adenosine-L-methionine binding site will be challenging. However, a flavivirus
MTase unique pocket, next to the SAM binding site, was identified from a
structural study (Dong et al., 2010). Subsequently, numerous compounds were
developed to target this pocket (Chen et al., 2013; Lim et al., 2011; Vernekar et
al.,, 2015). Although there are improvements in selectivity towards flavivirus
MTase, no successful lead compound with high potency was identified.

Nevertheless, this unique pocket remains a potential target for Mtase inhibitors.

Hence, to identify new target sites as well as potential lead compounds, FBS-X
were also conducted against DENV MTase (Coutard et al., 2014). From the study,
five fragments exhibited slightly inhibitory activity against DENV Mtase. Three
novel binding sites were also revealed. To improve the inhibitory activities of
the fragments, the group proceeded to link the fragments together
(Benmansour et al., 2017). Despite, the conjugated fragments demonstrating a
10-100-fold improvement in inhibition of the 2’-O MTase, the potency was still

not ideal.

Alternatively, Geiss and colleagues seek to target the GTP binding site and the
guanylyltransferase activity of NS5 (Geiss et al., 2011). HTS identified numerous
hits with three compounds having ICso of less than 10 uM against guanylation
activity. Virtual HTS were also performed on 5 million compounds (Podvinec et
al., 2010). Of which, only four exhibited ICso values of less than 10 uM in in-vitro

assays.
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1.4.5 NS5 RNA dependent RNA polymerase Inhibitors

The NS5 RdRp is an attractive drug target as the RdRp domain is absent in the
host cell, thus enabling the development of antiviral with low toxicity.
Furthermore, by comparing the crystal structures of the different flavivirus, it
reveals similar architecture among the RdRp, suggesting the possibility of
developing compound with board activity against the flavivirus (Lu and Gong,
2013; Malet et al., 2007; Wang et al., 2017; Zhao et al., 2017). There are 2 main
classes of RdRp inhibitors, nucleotide analogue inhibitors (NIs) and non-

nucleoside inhibitors (NNIs).

Nls, in their corresponding triphosphate state, works by competing with
substate NTPs and terminate elongation. (Lim et al., 2013b). There are several
advantages to using Nls. Firstly, as the polymerase active site is conserved, there
is a high barrier to emerging resistance. Secondly, it can have pan-flaviviral
inhibitors. Next, there could be cell type-specific activity, depending on the
enzymes present in the cell to convert it into the triphosphate form. However,
the toxicity of Nls is unpredictable as evident in the drug NITD-008 (Lim et al.,
2013b). Only Balapiravir managed to enter a clinical trial, however, it did not
improve the clinical outcomes in patients despite a low EC50 value from the in-

vitro study (Lim et al., 2013b; Low et al., 2017; Nguyen et al., 2013).

NNIs works by binding to the polymerase and blocking the conformational
changes needed for its activity. One of the major drawbacks of using NNiIs, is the

potential for mutation near the binding site, giving rise to resistance virus.
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Hence, a good understanding of the mechanism and binding interaction of the

NNIs to the polymerase is essential (Lim et al., 2013b).

Using the FBS-X approach, Noble and colleagues identified a conserved, novel
site that is located between the thumb and palm subdomain of the RdRp and
the priming loop (Noble et al., 2016). Subsequently, the group improved the
potency of the fragment hits to generate a potent inhibitor with ECso of 1.8 to
2.3 uM against the four DENV serotypes (Yokokawa et al., 2016). This novel site
was later termed as the ‘N pocket’. Mechanism study shows that the inhibitors
targeting the N pocket were shown to primarily act by inhibiting the de novo
initiation polymerase activity (Lim et al., 2016). The inhibitors were modified
and improved to target ZIKV RdRp (Gharbi-Ayachi et al., 2020). Structural
comparison between DENV and Zika RdRp revealed that the N pocket of ZIKV
RdRp has a smaller volume, thus only the core scaffold, consisting of the
thiophene and phenyl rings, from the DENV inhibitor were retained (Gharbi-

Ayachi et al., 2020).

From the HTS screening of 16,240 fragments, Shimizu and colleagues identified
a potent compound, RK-0404678, having ECsp of around 6.0 uM (Shimizu et al.,
2019). A further structural study revealed that the compound binds to two
unique conserved binding sites, within the thumb domain and the RNA tunnel
(Shimizu et al., 2019). Another class of inhibitor, pyridobenzothiazole inhibitor,
was also shown to bind to two unique sites, RNA tunnel and cavity B (Cannalire

et al., 2020; Tarantino et al., 2016).
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Table 1.4. Published RdRp-Inhibitor Co-crystal Structure

Virus PBD Code Ligand References

DENV  5F3T JF-31-MG46 (Noble et al., 2016)
5F3z PC-79-SH52
5F41 FD-83-KI26
S5HMW Compound 5 (Yokokawa et al.,
SHMX Compound 10 2016)
SHMY Compound 15
5hmz Compound 23
S5HNO Compound 4
513P Compound 27 (Lim et al., 2016)
513Q Compound 23
5K5M Compound 27
51IS Compound 27
5JIR Compound 29
51Q6 HeE1-2Tyr (Tarantino et al., 2016)
61ZX RK-0404678 (Shimizu et al., 2019)
6122 RK-0404678

ZIKV 6LD2 Compound 7 (Gharbi-Ayachi et al.,
6LD3 Compound 13 2020)
6LD4 Compound 14
6LD5 Compound 15

1.4.6 Drug Repurposing Clinical Studies

Other than the dengue-specific NS4B inhibitor by Johnson & Johnson, clinical
studies were also carried out on other antiviral drugs for repurposing (Low et al.,
2017; Wilder-Smith et al., 2019). These drugs include Balapiravir, NS5
nucleoside inhibitor for HCV (Nguyen et al., 2013); Chloroquine, an antimalarial
drug to prevent virus entry (Tricou et al., 2010); Celgosivir, an inhibitor of host
a-glucosidase to induce viral protein misfolding (Low et al., 2014); Lovastatin,
cholesterol synthesis inhibitor to prevent the formation of the replication
organelles (Whitehorn et al., 2016) and lvermectin, antiparasitic drugs that can
target NS3 helicase activity (Suputtamongkol et al., 2021). While, these drugs

were generally well-tolerated, but they do not reduce viraemia.
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1.5 Scope of the thesis

During the last decade, flavivirus has come into the spotlight due to the
increasing frequency and larger magnitude of outbreaks. To exacerbate the
situation, globalisation and climate change will further accelerate the
geographical expansion of Aedes mosquito vectors, exposing more people to
flavivirus infection (Ebi and Nealon, 2016; Lee et al., 2013; Liu-Helmersson et al.,

2016; Liu et al., 2019).

To date, there are only clinically approved vaccines against YFV, JEV and TBEV
and a sub-optimally vaccine against DENV (Collins and Metz, 2017; Scherwitzl et
al., 2017). Currently, there is a lack of effective antiviral treatment for flavivirus

infection, patients can only rely on supportive care and symptomatic treatment.

Flavivirus’ replication occurs on the virus-induced membrane-associated
replication complex. The viral replication complex is made up of all seven of the
viral NS proteins, viral RNA and host factors (Brand et al., 2017; Lescar et al.,
2018). Although many antiviral inhibitors were identified to target these
individual NS proteins, with NS4B inhibitors showing promising results in phase
1 clinical trial, none of these inhibitors has yet been approved as a direct-acting
antiviral inhibitor against the flavivirus (Kaptein et al., 2021; Lim et al., 2013b; Low
et al., 2017; Moquin et al., 2021). Hence, in this study, we will employ a variety
of techniques to further characterise two of the viral drug-target, NS3 and NS5, as
well as the whole replication complex to target the different stages of the

flavivirus’ lifecycle.
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Firstly, there are only limited numbers of NS3 protease-inhibitor complex
structures available, with most of them focusing on linear peptidomimetics
inhibitors. Hence, we aim to characterise NS3 protease with other novel

inhibitor designs, to guide and optimise future inhibitors’ design.

Secondly, while there are crystal structures of fragments inhibitors binding to
the RdRp, the structural information of inhibitors binding to the RdRp remains
limited. Hence, we aim to elucidate catalytically relevant polymerase ternary
complexes to facilitate the design of the inhibitors. Furthermore, with the
induced conformation changes of the RdRp upon RNA binding, other potential

allosteric sites might also be formed and discovered.

Thirdly, although, numerous studies have characterised the respective NS
protein components of the RC, using both structural and functional approaches,
as well as the protein-protein interactions between different NS proteins (Brand
et al., 2017; Lescar et al., 2018; Tay and Vasudevan, 2018). Neither the details
of viral RNA replication nor the dynamics of these proteins in the replication
complex during the replication process have yet to be fully identified (Brand et
al., 2017; Lescar et al., 2018; Tay and Vasudevan, 2018). Thus, we hypothesise
that by understanding the whole flavivirus replication complex, it can provide
unique insights and develop alternative approaches and target sites to manage

the diseases caused by the flavivirus.
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The specific aims of the thesis are:

1. Structural characterisation of NS3 protease in complex with (a) small
molecule inhibitors and (b) cyclic peptidomimetics inhibitors to
understand the structural basis of NS3 protease in recognising different
substrates for optimisation of inhibitors design.

2. Structural characterisation of NS5 in complex with the RNA substrate to
understand the mechanism of RNA synthesis.

3. Characterisation of the minimal replication complex to understand the
dynamic interaction between the NS proteins and the precise molecular

mechanism of various stages of viral replication.
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Chapter 2: Materials and Methods

2.1 Plasmids, inhibitors and oligonucleotides

2.1.1 Plasmids, molecular cloning and mutagenesis

The ZIKV bivalent protease plasmid, bZiPro, was obtained from Kang Lab,
Experimental Drug Development Centre (EDDC), A*STAR. The DENV-4 bivalent
protease, bD4Pro construct plasmid was synthesized by Biobasic Asia Pacific Pte

Ltd.

The Dengue-4 RdRp, Dengue-3 NS5, U1A and human STAT2 plasmids were
subcloned by Nanyang Technological University Protein Production Platform

(NTU-PPP).

The priming loop deletion mutants of DENV RdRp were generated in the lab
using the NEB Q5 site-directed mutagenesis kit (New England Biolabs, United
States) according to the manufacturer’s protocol. The transformed colonies
were sub-cultured overnight in Luria Broth (LB) with appropriate antibiotics at
37 °C. The plasmids were then purified using AxyPrep Plasmid Miniprep Kit
(Axygen) and sent for verification and Sanger sequencing (Bio Basic Asia Pacific

Pte Ltd., Singapore).

The NS5-U1A fusion protein was generated using the megaprimer PCR cloning
methodology (Barik, 2002). The pair of megaprimers were generated by
amplifying the U1A gene with flanking sequence from the NS5 plasmid using the
KOD FX NEO PCR kit (Toyobo, Japan) according to the manufacturer’s protocol.

Subsequently, the megaprimers were purified using the Monarch® PCR & DNA
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Cleanup Kit (New England Biolabs, United States) according to the
manufacturer’s protocol. The megaprimers were used to insert the U1A gene
into the NS5 plasmid using the KOD FX NEO PCR kit (Toyobo, Japan). The PCR
reaction was subjected to Dpnl digestion and transformed into NEB® 5-alpha
Competent E. coli (New England Biolabs, United States). Then, the plasmids
were purified from transformed bacterial colonies using AxyPrep Plasmid
Miniprep Kit (Axygen, United States) and sent for verification and Sanger

sequencing (Bio Basic Asia Pacific Pte Ltd., Singapore).

The ZIKV MR766 Infectious Clone (IC) plasmid was received from Evans Lab,
Icahn School of Medicine at Mount Sinai, USA. Codon-optimised HisTev-eZiNS3-
StrepHisSumo-NS5 plasmid was synthesised by Biobasic Asia Pacific Pte Ltd. The
various protein constructs used in the bacterial reporter assay were generated
using the megaprimer PCR cloning methodology (Barik, 2002). The pair of
megaprimers were generated by using the ZIKV MR766 IC plasmid to amplify
the respective NS protein genes with flanking sequence from the HisTev-eZiNS3-
StrepHisSumo-NS5 plasmid using the KOD FX NEO PCR kit (Toyobo, Japan)
according to the manufacturer’s protocol. The primers used were summarized
in Table 2.2. Subsequently, the megaprimers were purified using the Monarch®
PCR & DNA Cleanup Kit (New England Biolabs, United States) according to the
manufacturer’s protocol. The megaprimers were used to insert the NS genes
into the plasmid using the KOD FX NEO PCR kit (Toyobo, Japan). The PCR
reaction was subjected to Dpnl digestion and transformed into NEB® 5-alpha
Competent E. coli (New England Biolabs, United States). Then, the plasmids

were purified from transformed bacterial colonies using AxyPrep Plasmid
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Miniprep Kit (Axygen, United States) and sent for verification and Sanger

sequencing (Bio Basic Asia Pacific Pte Ltd., Singapore).

All the plasmids used in the experiments are summarised in Table 2.1 and Figure

A

bziPro [as ns28 %6 1 NS3 177

bD4Pro [ NS3 177

B

D4R 269 893

D4R APl6aa | 269 793 800 893

D4R AP|15aa | 269 787 805 893

D3 NS5 6 895

U1A 2 283

D3NS5-UIA 6 900 2 283

hSTAT2 2 713

c

HisSumo-cNS2B-NS3-NS4A-2k-NS4B-NS5 NS3  NS4A 2k-NS4B NS5
HisTev-eZiNS3-StrepHisSumo-NS5 HisTEV NS3 StrepHisSumo NS5
HisTev-cNS2B-NS3-StrepHisSumo-NS5 HisTEV NS3 StrepHisSumo NS5
HisTev-fINS2B-NS3-StrepHisSumo-NS5 HisTEV NS3 StrepHisSumo NS5
HisTev-eZiNS3-2k-NS4B-StrepHisSumo-NS5 HisTEV NS3  2k-NS4B  StrepHisSumo NS5
HisTev-eZiNS3-NS4A-2k-NS4B-StrepHisSumo-NS5 HisTEV NS3 NS4A 2k-NS4B | StrepHisSumo NS5
HisTev-cNS2B-NS3-NS4A-2k-NS4B-StrepHisSumo-NS5 | HisTEV - NS3  NS4A 2k-NSAB | StrepHisSumo NS5
ZIKV Bacterial luciferase reporter WN t ”\nmls'u'm iferase BS | Viral 3’ UTR | T7 Term
ZIKV Mini-genomic RNA |5' Stem LoopA| 5 UAR| | 5'Cs |u1A Binding RNA| 3cs I ‘ 3 UAR | 3’ Stem Loop

HisSumo-eZiNS3FL-F-FlagHisSumo-NS5-Strep NS3 FlagHisSumo NS5

Figure 2.1. The graphical representation of the protein constructs used in the thesis.
(A) The protease construct used in Chapter 3. Both bZiPro and bD4Pro are expressed
as bivalent constructs consisting of NS2B (residue 49 — 96) and NS3 (residue 1 — 177).
(B) The protein constructs used in Chapter 4. The residue numbers are indicted. All
the D4R constructs consist of residue 269 to 893. Residue 794 — 799 were removed in
APl6aa construct while residue 788 — 804 were replaced by GG in the API15aa construct.
The D3 NS5-U1A construct involved a direct fusion between D3 NS5 (residue 6 — 900)
and U1A (residue 2 — 283). (C) The protein constructs used in Chapter 5. The various
polyprotein designs are shown. The reporter plasmid encodes the ribosome binding
site (RBS), start codon and luciferase gene in a reverse complementary direction that is
flanked by the viral UTR. The mini-genomic RNA consists of a U1A protein recognition
sequence flanked by ZIKV 5’ and 3’ UTR.
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2.1.2 Inhibitors

The fragment compound library used in Chapter 3.1 was received from Dr
Congbao Kang Lab, EDDC, A*STAR. Cyclic peptidomimetics inhibitors generated
via click reaction used in Chapter 3.2.1 were received from Dr Christoph Nitsche
Lab at Australian National University (ANU). Cyclic peptidomimetics inhibitors
used in Chapter 3.2.2 were received from Prof Torsten Steinmetzer Lab from

Philipps University (PU).

2.1.3 Oligonucleotides

All the DNA and RNA oligonucleotides are synthesis by IDT (Integrated DNA
Technologies). The list of DNA primers and RNA oligonucleotides used were

summarized in Table 2.2 and Table 2.3 respectively.
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Table 2.1. The plasmids used in experiments. The residues number of the protein construct are stated in parenthesis.

No. Constructs (aa) Origin Purpose
1 bZiPro Kang Lab, EDDC, Protease Inhibition Assay, Co-crystal structure
NS2B (49 - 96), NS3 (1-177) A*STAR
2 bD4Pro Biobasic Protease Inhibition Assay
NS2B (49 — 96), NS3 (1- 177)
3 D4 RdRp (269 — 893) NTU PPP Mutagenesis, Crystallization Screening, Polymerase Assay
4 D4 RdRp Priming Loop 6aa Mutant From Cloning Crystallization Screening, Polymerase Assay
5 D4 RdRp Priming Loop 15aa Mutant From Cloning Crystallization Screening, Polymerase Assay
6 D3 NS5 (6 — 895) NTU PPP Mutagenesis, Polymerase Assay
7 U1A (2 —283) NTU PPP Mutagenesis
8 D3 NS5-U1A From Cloning Complex Formation, Polymerase Assay
9 hSTAT2 (2 -713) NTU PPP Complex Formation
10  ZIKV MR766 Infectious Clone (IC) Matthew Evans Mutagenesis
11 HisSumo-cNS2B-NS3-NS4A-2k-NS4B-NS5 NTU PPP Bacterial luciferase reporter assay
12 HisTev-eZiNS3-StrepHisSumo-NS5 Biobasic Mutagenesis, Bacterial luciferase reporter assay
13 HisTev-cNS2B-NS3-StrepHisSumo-NS5 From Cloning Mutagenesis, Bacterial luciferase reporter assay
14 HisTev-cNS2B-NS3-StrepHisSumo-NS5 GNN From Cloning Bacterial luciferase reporter assay
Mutant
15 HisTev-fINS2B-NS3-StrepHisSumo-NS5 From Cloning Bacterial luciferase reporter assay
16 HisTev-eZiNS3-2k-NS4B-StrepHisSumo-NS5 From Cloning Bacterial luciferase reporter assay
17 HisTev-eZiNS3-NS4A-2k-NS4B-StrepHisSumo-NS5  From Cloning Bacterial luciferase reporter assay
18 HisTev-cNS2B-NS3-NS4A-2k-NS4B-StrepHisSumo-  From Cloning Bacterial luciferase reporter assay
NS5
19 ZIKV Bacterial luciferase reporter Biobasic Bacterial luciferase reporter assay
20  ZIKV Mini-genomic RNA Biobasic Complex Formation
21 HisSumo-eZiNS3FL-F-FlagHisSumo-NS5-Strep From Cloning Complex Formation

90



Table 2.2. The primers used in mutagenesis and cloning

Mutation Target Orientation | Sequence
Priming Loop 6aa D4 RdRp Forward CATCACCAGTGGATGACGACCG
Deletion Reverse CGTGCGGGAGGTCGGGAA
Priming Loop D4 RdRp Forward GGCACGACCGAAGATATGCTGAAAG
15aa Deletion Reverse GCCCCATTCCGTCGGCACTGC

_ Forward ATGAAGAGATTCAGGAAGGAAGAGGAGTCGGAGGGAGCCATTTGGATGGCAGTTCCCGAG
U1A Megaprimer | U1A Reverse GAATTCGGATCCGTATCCACCTTTACTGCTATTTCATCTTGGCAATGATATCTGAGTCGG
HisTev-cNS2B- HisTev-cNS2B- | Forward AGTGTCCGGGAACAACTGCGTGGTGA
ZiNS3- ZiNS3- Reverse GCCATCCTCTTGAGCCGATC
StrepHisSumo- StrepHisSumo-
NS5 GNN Mutant | NS5
C-terminal NS2B Forward GTGGAGGAGGATGGCCCACCCATGAGAGAAATCATACTCAAGGTGGTCCTGATGGCCATC
Megaprimer ZIkV MR766 IC Reverse CCACAGGGCCCCAGACCGTTTCCCAGTCTTCACATACACATACCACGCTCCTGCAGCAAA

_ Forward ACAGAGAACCTGTACTTCCAGAGCATGGGC AGCTGGCCCCCTAGTGAAGTTCTCACAGCC

NS2B Megaprimer | ZIKV MR7661C = erse GGGGGCAGGCACATCCCACAGGGCCCCAGACCTTTTCCCAGTCTTCACATACACATACCA
2k-NS4B Forward AGCTTCAAGGAGTTTGCCGCCGGCAAGCGGTCTCCCCAAGATAACCAGATGGCAATTATC
Megaprimer ZIVMR7661C I erse GGGGTGGCTCCAAGCGCTGCCGGCTGCGCCACGTCTCTTAACCAGGCCAGCGTTTCTCGT
NS4A-2k-NS4B Forward AGCTTCAAGGAGTTTGCCGCCGGCAAGCGG GGAGCGGCTTTGGGAGTAATGGAGGCCCTG
Megaprimer ZIVMR7661C I erse GGGGTGGCTCCAAGCGCTGCCGGCTGCGCCACGTCTCTTAACCAGGCCAGCGTTTCTCGT
HisSUmo. HisSUMO- Forward TACAAAGACGATGACGACAAGGGGTCTGGGCTCGTCCCC
0ZiNS3EL-E- eZiNS3- Reverse GTCAGCGCTGCCGGCTGCGAACCGCTTGCCGGCGGCAAA

FlagHisSumo-NS5

StrepHisSumo-
NS5
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Table 2.3. The RNA oligonucleotides used in the experiments.

RNA Sequence

T2-4 AUGGCC

T4-4 CGAUGGCC

T4-6 GCAUGGCGCC

T4-8 GCAUGGGCGCCC

T31 GGGAGAUGAAAGUCUCCAGGUCUCUCGGAAA

P8 UGUUCCGA

T30-6 GGGAGAUGAAAGUCUCCAGGUCUCGCUAGC

T8-11 Hairpin UUUUUUUUUUAGGACCGCUC(FAM)GGCGGUCCUAA
T8-11 U1A Hairpin UUUUUUUUUUAGGACCGCAUUGCACUCCGCGGUCCUAA
19-19 Hairpin UUUUUUUUUUAGGACCGCUC(FAM)GGCGGUCCUAAAAAAAAAAA

92



2.2 Protein expression and purification

All the protein expression plasmids were transformed into Escherichia coli
Rosetta T1R. An overnight starter culture was prepared by growing the
transformants in LB medium, supplemented with appropriate antibiotics, at
37 °C for 18 hours. The overnight culture will be used to grow LB medium until
ODeoo of 0.8-1.0 was reached. Subsequently, 1 mM Isopropyl B-D-1-
thiogalactopyranoside (IPTG) was added to induce protein overexpression for
18 hours at 18 °C. Cells were harvested via centrifugation at 6000 rpm for 10

minutes at 4°C.

2.2.1 Protease expression and purification

The purification protocol for bZiPro was adapted from (Zhang et al., 2016). Cells
were resuspended in resuspension buffer (1X phosphate-buffered saline (PBS),
supplemented with 160 mM Sodium chloride (NaCl), 5 % glycerol and 5 mM f3-
Mercaptoethanol (B-ME)). The cells were lysed by sonication at 70 % intensity
using a 5-sec on/off cycle for 5 minutes. Subsequently, the cells were subjected
to another round of lysis via the homogenizer (GEA) at 900 - 1000 bar for 15
minutes. To remove the unbroken cells and cell debris, centrifugation of the
lysate was carried out at 35,000 rpm for 1 hour at 4 °C. The supernatant was

collected.

Ni NTA Beads 6FF beads (Bio Basic Asia Pacific Pte Ltd., Singapore) equilibrated
with resuspension buffer was incubated with the supernatant for 1.5 hours at
4 °C with slight agitation. The beads were then washed with 10 column volume

(CV) of resuspension buffer supplemented with 20 - 40 mM imidazole. Finally,
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the protein of interest was eluted with 5 CV of resuspension buffer with 300
mM imidazole. The N-terminal Histidine affinity tag was cleaved by thrombin
protease (GE Healthcare) and dialyzed overnight in the 1X PBS dialysis buffer as
per manufacturer protocol. The cleaved His-tag was removed by flowing the
dialyse through Ni-NTA agarose beads and the flow-through fraction was
collected. The fractions were concentrated and purified using HiLoad 16/600
Superdex 75 pg (GE Healthcare) column with SEC150 buffer (25mM HEPES, pH
7.5, 150 mM NaCl, 2mM DTT, 5% glycerol). Fractions were pooled, concentrated
using Amicon® Centrifugal Filter Units with 10 kDa molecular weight cut-off via
centrifugation at 3500g. The purified proteins were aliquoted and flash-frozen

with liquid nitrogen for storage.

The purification protocol for bD4Pro was similar as described above, with

changes to using Tobacco Etch Virus (TEV) protease for affinity tag cleavage.

2.2.2 NS5, RdRp and hSTAT2 purification

The purification protocol for NS5 and RdRp was adapted from (Zhao et al., 2015c)
Cells were resuspended in resuspension buffer, as previously described. The
cells were lysed by sonication at 70 % intensity using a 5-sec on/off cycle for 5
minutes. Subsequently, the cells were subjected to another round of lysis via
the homogenizer (GEA) at 900 - 1000 bar for 15 minutes. To remove the
unbroken cells and cell debris, centrifugation of the lysate was carried out at

35,000 rpm for 1 hour at 4 °C. The supernatant was collected.

Ni NTA Beads 6FF beads (Bio Basic Asia Pacific Pte Ltd., Singapore) equilibrated
with resuspension buffer was incubated with the supernatant for 1.5 hours at
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4 °C with slight agitation. The beads were then washed with 10 column volume
(CV) of resuspension buffer supplemented with 20 - 40 mM imidazole. Finally,
the protein of interest was eluted with 5 CV of resuspension buffer with 300
mM imidazole. The Histidine affinity tag was removed by TEV protease and
dialyzed overnight in the SEC300 buffer (25mM HEPES, pH 7.5, 300 mM NaCl,
2mM DTT, 5% glycerol) at 4 degrees Celsius. The cleaved His-tag was removed
by passing through the dialyse through Ni-NTA agarose beads. Subsequently,
the sample was concentrated and purified via using HiLoad 16/600 Superdex
200 pg (GE Healthcare) column with SEC300 buffer. The fractions were
concentrated using Amicon® Centrifugal Filter Units with 50 kDa molecular
weight cut-off via centrifugation at 3500g. The purified proteins were aliquoted

and flash-frozen with liquid nitrogen for storage.

The purification protocol of RdRp priming loop mutants and NS5-U1A fusion
protein followed the same approach as that for wild-type proteins. While for
hSTAT2, the purification protocol was similar as described above, with changes

to using SUMO Protease for affinity tag cleavage.

2.2.3 Fusion HisSumo-eZiNS3FL-F-FlagHisSumo-NS5-Strep purification

Cells were resuspended in a resuspension buffer, as previously described. The
cells were lysed by sonication at 70 % intensity using a 5-sec on/off cycle for 5
minutes. Subsequently, the cells were subjected to another round of lysis via
the homogenizer (GEA) at 900 - 1000 bar for 15 minutes. To remove the
unbroken cells and cell debris, centrifugation of the lysate was carried out at

35,000 rpm for 1 hour at 4 °C. The supernatant was collected.
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Ni NTA Beads 6FF beads (Bio Basic Asia Pacific Pte Ltd., Singapore) equilibrated
with resuspension buffer was incubated with the supernatant for 1.5 hours at
4 °C with slight agitation. The beads were then washed with 10 column volume
(CV) of resuspension buffer supplemented with 20 - 40 mM imidazole. Finally,
the protein of interest was eluted with 5 CV of resuspension buffer with 300
mM imidazole. Next, the protein sample was subjected to the Strep-Tactin® XT
column (IBA lifesciences, Germany) according to the manufacturer protocol.
Subsequently, the sample was concentrated and purified via using HilLoad
16/600 Superdex 200 pg (GE Healthcare) column with SEC150 buffer. The
fractions were concentrated using Amicon® Centrifugal Filter Units with 100 kDa
molecular weight cut-off via centrifugation at 3500g. The purified proteins were

aliquoted and flash-frozen with liquid nitrogen for storage.

2.3 Crystallization

2.3.1 Protease-inhibitor co-crystallization and structural determination

The bZiPro and inhibitor compound were incubated on ice for 1 h at a molar
ratio of 1:3 with a final protein concentration of 40 mg/mL. A hanging-drop
vapour diffusion experiment was set up by mixing the protein mixture with an
equal volume of the reservoir solution as stated in Table 2.4 and incubated at
18 °C. The crystals formed after forty-eight hours and were cryoprotected using
the reservoir solution supplemented with 20 % glycerol. The crystals were flash-
freeze and stored in liquid nitrogen and shipped to various synchrotrons for data
collection. The synchrotrons include MXII beamline at Australian Light Source

(Melbourne, Australia), PSIll beamline at Swiss Light Source (SLS) Paul Scherrer

96



Institut, (Villigen Switzerland) and TPSO5A beamline at the National Synchrotron
Radiation Research Center (Hsinchu, Taiwan). Data processing were carried out
using XDS data processing package (Kabsch, 2010; Wojdyla et al., 2018).
Molecular replacement using the program PHASER MR, with the model (PDB
code 5GPI), were performed to determine the solutions of the complex
structures (McCoy, 2007; Vagin and Teplyakov, 2010; Zhang et al., 2016).
PHENIX Xtriage was used to calculate the twin laws (k, h, -I) (Adams et al., 2010).
The model was subjected to multiple rounds of manual rebuilding using Coot
and refinement using the PHENIX refine and the calculated twin law (Afonine et
al., 2012; Emsley and Cowtan, 2004). The final data collection and refinement
statistics are reported in Chapter 3. The structures were deposited in the

Protein Data Bank.

Table 2.4. The crystallization reservoir conditions for bZiPro crystals formation.

Inhibitor Crystallization Reservoir Conditions

Compound 6 and 16,
Peptide 2C,
Inhibitor 3 and 7

0.2 M Ammonium sulfate, 0.1 M Sodium acetate
trihydrate pH 4.6, 30% Polyethylene glycol (PEG) 2000

Peptide 1C, 0.2 M ammonium sulfate, 0.1 M sodium acetate
Inhibitor 1 and 8 trihydrate pH 4.6, 25% PEG 4000

2 M ammonium sulfate, 0.1 M sodium acetate trihydrate

Inhibitor 9 and 14 oH 4.6

Inhibitor 15 2 M ammonium sulfate, 5 % propanol

2.3.2 Dengue RdRp Pl mutant crystal screenings

The RdRp and RNA were incubated on ice for 1 h, at a molar ratio of 1:1.2 with
a final protein concentration of 8 mg/mL. High throughput screenings of the

crystallization conditions were set up using sitting drop vapour diffusion method
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with crystallization kits, CrystalScreen, Index, GridScreen, Natrix, PEGlon Screen,
and PEGRxScreen (Molecular Dimensions, United States). The screenings were
set up on INTELLI-PLATE® 96 (Art Robbins Instruments, United States) using the
Mosquito nanopipette dispenser (SPT Labtech, United States) to mix the
protein-RNA solution with the crystallization conditions at a 1:1 ratio. The plates
were incubated in the crystallization hotel (Formulatrix, United States) at 20 °C

and the progress was monitored using Rock Imager (Formulatrix, United States).

2.4 Biochemical Assay

2.4.1 Protease inhibition assay

The protease inhibition assay was adapted from (Phoo et al., 2016). bD4Pro and
bZiPro at a final concentration of 3 nM were incubated with varying
concentrations of inhibitor compounds in assay buffer containing 20 mM Tris
pH 8.5, 10 % glycerol, 0.01 % Triton X-100 for 1 h at room temperature. The
measurements were started by adding the Bz-nKRR-AMC peptide substrate
(Peptide Institute Inc, Japan) at 10 uM and 50 uM for bZiPro and bD4Pro
reactions respectively. The Synergy H1 Microplate Reader (BioTek) was used to
measure the fluorescence readings at 1-minute intervals over 10 minutes with
the excitation wavelength (Aex) at 380 nm and emission wavelength (Aem) at
460 nm. The assays were conducted as triplicates at 37 °C. The inhibitors’
concentrations were transformed into a logarithmic scale using the Transform
function, Graph Pad Prism 8. Initial velocities were calculated from the
fluorescent reading and normalized using Normalize function, GraphPad Prism

8. The normalization was performed referencing the initial velocities from the
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reactions without enzyme as 0% and the reactions without inhibitors as 100%.
IC50 values were calculated by plotting normalized initial velocities against

log(concentrations) and non-linear regression curve fitting.

2.4.2 Polymerase elongation assay

For the elongation assay, the protein and RNA are mixed at 500 nM in assay
buffer (25 mM HEPES pH 7.5, 0.01% Triton X-100, 2.5 mM TCEP, 2.5 mM MgCl,,
2.5 mM MnCl3, 1 mM of NTP and 0.4 unit/uL Murine RNAse Inhibitor (NEB)). The
reactions were incubated at 30 °C for 1 hour. The reactions were quenched by
mixing 1:1 with RNA loading dye. The RNAs are resolved using a 20% UREA Page,
run 2h15min at 200V. The gel was stained with FluroRed Dye (1%t Base,
Singapore) as per the manufacturer’s protocol and imaged using ChemiDoc™

MP Imaging System (Biorad. United States).

2.4.3 Bacterial negative-sense RNA synthesis luciferase reporter assay

The Escherichia coli BL21(DE3) Rosetta T1R cells were transformed with the
reporter plasmid and/or the protein expression plasmids. An overnight starter
culture was prepared by growing the transformants in LB medium
supplemented with appropriate antibiotics at 37°C for 18 hours. The overnight
culture will be used to grow LB medium until ODego of 0.8-1.0 was reached. The
protein was subsequently induced at 37°C for 3 hours by the addition of 1ImM
IPTG. Next, the ODgoo Wwere measured and converted to E.coli cell concentration
(ODgoo of 1.0 = 8 x 108 cells/ml). Subsequently, 5*10° numbers of cells were
harvested per condition. Renilla luciferase assay was performed using Pierce®

Renilla Luciferase Glow Assay Kit (Thermo Fisher Scientific, USA) with slight
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modification to the manufacturer’s protocol for cell lysis. The lysis step was
modified to use 500 pl of 1X cell lysis buffer, followed by sonication at 30 %

intensity using a 2-sec on/off cycle for 1 minute.

2.5 Protein-RNA complex screening by size-exclusion chromatography

2.5.1 NS5-U1A fusion protein in complex with T8-11 U1A hairpin RNA and
hSTAT2
The protocol was adapted from (Wang et al., 2020). The NS5-U1A, hSTAT2 and

U1A hairpin RNA were incubated on ice for 1 hourin a 1:1:1.2 molar ratio. The
mixture was then loaded onto Superdex 200 10/300 column (GE Healthcare)
pre-equilibrated with buffer containing 25 mM Tris-HCI (pH 7.5), 175 mM Nacl,
2 mM MgCl,, 5 mM DTT. The fractions were collected and analysed by SDS-PAGE.
NS5-U1A and hSTAT2 protein samples were also loaded individually onto the
column to serve as a reference for the complex formation.

2.5.2 In-vitro protein-RNA complex reconstitution using ZIKV mini-genomic

viral RNA.

The protein and ZIKV mini-genomic RNA were incubated on ice for 1 hour in a
1:1.2 molar ratio. The mixture was then loaded onto Superdex 200 10/300
column (GE Healthcare) pre-equilibrated with buffer containing 25mM HEPES
(pH 7.4), 150 mM NaCl and 5mM DTT. The fractions containing the eluate were
collected and analysed by SDS-PAGE. DENV-4 NS3, DENV-4 NS5 RdRp and ZIKV
NS3-5 fusion protein samples as well as the ZIKV mini-genomic RNA were also
loaded individually onto the column to serve as a reference for the complex

formation.
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Chapter 3: Biochemical and structural characterisation of the

substrate-binding site of Flavivirus’ NS2B-NS3 protease

Flavivirus NS2B-NS3 protease is an attractive antiviral target due to its’ essential
role in viral polyproteins processing and maturation. Additionally, the NS2B-3
protease also contributes to evading host immune response by cleaving and
inactivating host proteins. However, the progress towards successful drug
candidates has been slowed, mainly due to the polarity and the depth of the
protease active site (Lim et al., 2013b; Poulsen et al., 2014). Structural studies
aim to solve these problems by gaining a deeper understanding of how the
inhibitors bind to the protease’s active site and to promote structure-based

optimization of any potential inhibitors.

Recently, using the bivalent Zika protease construct (bZiPro), a reliable
crystallization protocol to produce high diffracting crystals was established.
Furthermore, the bZiPro have a preformed empty active site making it suitable
for soaking as well as co-crystallisation to capture the protease-inhibitor
complex structure. Several bZiPro-inhibitor structures were solved in recent

years (Li et al., 2018d; Li et al., 2017a; Phoo et al., 2018; Zhang et al., 2016).

In this chapter, we aim to study the interaction between bZiPro with other
molecules, it will further our understanding of the substrate-binding site of Zika
protease for future drug development via SAR studies. Firstly, we identified
twenty-two unique fragments that are capable of binding to ZIKV protease, the
co-crystal structures of bZipro in complex with two of the fragments were also

reported. Next, two series of cyclic peptidomimetics inhibitors were designed.
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For the first series, the inhibitors reached sub-micromolar range inhibitory
activity against ZIKV protease while the inhibitors in the second series managed
to achieve nanomolar inhibitory activity against ZIKV protease and sub-
micromolar range inhibitory activity against DENV and WNV protease. We also
managed to capture the first crystal structure of the viral protease with a bound

cyclic peptidomimetics inhibitor design.

3.1 Fragments screening and structural characterization of fragments

molecule targeting Zika virus NS2B-NS3 protease

Although, there are advancements in the development of some small molecule
compounds and peptidomimetics inhibitors as mentioned in Chapter 1.3.1.
Those inhibitors still faced challenges dealing with poor druggability and
pharmacokinetics parameters such as oral absorption and membrane
permeability. Thus, other small molecules with different scaffolds design can be

explored for their suitability in solving those challenges.

In this section, we seek to explore alternative compounds using the fragment-
based drug design (FBDD) approach, which starts by finding small molecules that
are capable of binding to the protein of interest. These identified fragments will
subsequently be expanded or linked to produce leads with improved binding
affinity and efficacy. Previously, a small fragment (EN300) was also found in the
S1 pocket of the bZiPro as shown by the X-ray crystal structure (Zhang et al.,

2016).
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Firstly, to identify fragments that bind to the Zika protease, the HTS thermal
shift assays were conducted by Kang’s Lab. From a fragment library of 1685
fragments, twenty-two fragments were found to improve the stability of the
eZiPro, enzymatic self-cleavage construct, by at least 0.6 °C (Figure 3.1.1). The
identified hits were grouped into four unique clusters based on the type of the
aromatic ring cores (Figure 3.1.1). The first group is made up of compounds with
a 6-membered ring. The next group comprises of a 5-membered heterocyclic
compound. And the last two groups comprise of 6-6 and 6-5 fused bicyclic

structures respectively.
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Figure 3.1.1. Identified fragments against eZiPro using thermal shift assay. Twenty-
two fragments were identified. The structural formulas of the fragments and the
temperatures change are illustrated. These compounds are grouped into four clusters
(represented in different colours) based on the design of their aromatic core. (The
screening experiment is carried out by Kang’s Lab, EDDC)

Next, protease inhibition assays were also carried out by Kang’s lab on these
identified hits. However, all the fragments do not show any measurable IC50
values (< 200 uM). This could be attributed to the fragments being small, thus

unable to bind strongly to the protease to cause any significant inhibitory effects.
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To understand the molecular interactions between the protease and the
fragment hits, co-crystallization studies were carried out using bZiPro. The
structures of bZiPro in complexes with compounds 6 and 16 were solved at a
resolution of 1.9 A and 1.95 A respectively (Figure 3.1.2 and 3.1.3, and Table
3.1.1). Similarly to EN300, both of these fragments bind to the S1 pocket of the
active site (Zhang et al., 2016). However, the two compounds have different
modes of interaction with the protease. The interactions between compound 6
and the protease are mediated by the hydrogen bonding between the hydroxyl
group of compound 6 and the side-chain oxygen of D129 as well as between the
carboxyl group of compound 6 and S135. m-it interaction was also observed
between the benzene ring in compound 6 and Y161. Whereby in compound 16,
hydrogen bonding exists and between the amine hydrogen of compound 16 and
the backbone oxygen of Y130 as well as carbonyl oxygen of compound 16 and
the hydroxyl group of S135. The binding of the fragments does not induce any

conformational or structural changes to NS2B and NS3.
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Compound 6 Compound 16

Figure. 3.1.2. The crystal structures of bZiPro in complex with the identified
compound 6 and 16. (A) Zoomed view of the interactions between NS3 and the
compounds. NS2B and NS3 are represented as cartoons and coloured in magenta and
yellow, while compound 6 and 16 are shown as orange and cyan sticks respectively.
The bZiPro residues involved in interactions with the fragments are labelled and shown
as sticks. The interactions are shown in black dashed lines. (B) Electrostatic potential
map of bZiPro in complex with compound 6 and 16.

Figure 3.1.3. Electron
density map of crystal
structures of bZiPro in
complex with the
compound 6 and 16 (A)
The electron density maps
(2mFo-Fc) is represented

as blue mesh and
3 contoured at 1o. (B) The
omit map (mFo-Fc) is
represented as green mesh
5;35 and contoured at 3c. The
neighbouring residues are
shown as sticks in yellow.

D129
Y130

Compound 6 Compound 16
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Table 3.1.1. X-ray data collection and refinement statistics

Data Collection Statistics

bZiPro + Compound 6

(PDB Code: 6L4Z)

bZiPro + Compound 16

(PDB Code: 6L50)

Wavelength (A)
Resolution range (A)

Space group
Unit cell a, b, c
o, B, 7 (A) (9
Total reflections

Unigue reflections
Multiplicity
Completeness (%)
Mean Ifsigma (l)

R meres

R-meas

R-pim

CC1/2

cCc*

0.9537
4576 - 1.9
(1.968 - 1.9)
P212121

59.549 59.525 214.556

90 90 90
370115 (36242)

61183 (6015)
6.0 (6.0)

99.93 (100.00)
14.09 (1.69)
0.5746 (1.109)
0.6247 (1.215)
0.2429 (0.4897)

0.812 (0.27)
0.947 (0.652)

0.9537
42.3-1.95
(2.02 - 1.95)
P212121

59.744 59.909 214.833

9090 90
418435 (41495)

56428 (5506)
7.4 (7.5)

98.46 (97.62)
27.73 (3.20)
0.2506 (0.647)
0.2698 (0.6946)
0.09903 (0.2515)

0.977 (0.586)
0.994 (0.86)

Refinement Statistics

Reflections used in refinement
Reflections used for R-free

anrk
RfrEE

Number of non-hydrogen
atoms

macromolecules

ligands

solvent
Protein residues
RMSD (bonds) (A)
RMSD (angles) (°)
Ramachandran favored (%)

Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)

Clashscore
Average B-factor
macromolecules
ligands
solvent

61152 (6015)
3012 (293)
0.1785 (0.2701)
0.2244 (0.2918)
5807

5622
11
174
761
0.003
0.58
95.55

432
0.13
0.18

6.32

32.29
32.32
34.67
31.31

56428 (5505)
1999 (194)
0.2149 (0.3763)
0.2348 (0.3575)
5707

5629
7

71
760
0.004
0.67
96.75

3.25
0.00
0.00

7.86

31.63
31.70
35.19
26.25

Statistics for the highest-resolution shell are shown in parentheses.
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To probe the molecular interaction between the proteases and the two
compounds, solution NMR was also carried out by Kang’s Lab. Superimposition
of the 1H-15N-HSQC spectra of 0.6 mM bZiPro with and without 2.4 mM

compounds confirmed their molecular interactions in solution (Figure 3.1.4).
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Figure 3.1.4. NMR studies on the identified compound 6 and 16 (A) *H-°N-HSQC
spectra of bZiPro with and without compound 6 and 16. The *H-*N-HSQC spectra of
bZiPro with and without the compounds are illustrated in red and black respectively.
(The experiment is conducted by Kang’s Lab, EDDC).

Using the two fragments as starting points, computer-aided fragment
optimisations were also conducted using a recently developed browser app,
DeepFrag (Green and Durrant, 2021). Optimised fragments with a cosine
similarity score of greater than 0.8 were illustrated in Figure 3.1.5A and further
evaluated using PyMOL. Of particular interest, compound 6-1 established an
additional hydrogen bonding with the main chain carbonyl oxygen of Y130

(Figure 3.15B).
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Figure 3.1.5. Computer-aided lead optimisation of compound 6 and 16. (A) The
chemical structures of the predicted fragment optimisation of compound 6 and 16,
with a cosine similarity score of greater than 0.8, are illustrated. (B) The molecular
representation of bZiPro in complex with compound 6-1. NS2B (magenta) and NS3
(yellow) are shown as cartoon representations, while the fragments are shown as
orange. The bZiPro residues involved in interactions with the fragments are labelled
and shown as sticks. The interactions are shown in black dashed lines.

3.1.1 Discussion

In this section, we reported two crystal structures of ZIKV protease in complex
with fragment molecules 6 and 16. The inhibition potencies of these compounds
were also evaluated. While the fragment molecules do not have any measurable
IC50 values up to 200 uM. The co-crystal structures do provide suggestions to

improve inhibitor design.
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The binding sites of these two fragments coincide with the side chain of P1
residues of peptidomimetics inhibitors and substrate. Thus, the positively
charged P1 residue of peptidomimetics inhibitors could be replaced by an
unnatural amino acid-fragment conjugate. Such modification could help to

reduce the peptide characteristics and improve cellular permeability.

Additionally, together with previous studies and our current study, the S1
pocket was shown to be a hotspot for fragment binding (Li et al., 2018d; Zhang
et al., 2016). Thus, these fragments can be used as lead compounds for further
expansion to improve the binding and potency of the inhibitors. While the S2
pocket is negatively charged and is unsuitable as a potential site for fragment
expansion, the S1’ site can serve as an alternative. Targeting the S1’ site can also
be used to target specific flavivirus, given their different preferences for the
residues at P1’ to P3’ position (Shiryaev et al., 2007a). Subsequently, the
inhibitory activities of the modified fragments will be confirmed in both

enzymatic and cellular antiviral experiments.

3.2 Structural characterization of cyclic peptidomimetics inhibitors targeting

Zika virus NS2B-NS3 protease

While there are many studies on the development of linear peptidomimetics
inhibitors via the various N- and C-terminal modifications, as previously
mentioned in Chapter 1.4.1, cyclic substrate analogues as potential inhibitors

against flavivirus protease are relatively unexplored.

109



Macrocyclic peptides are a promising modality for drug discovery, having the
combination of advantages of both small molecules and antibodies (Morrison,
2018; Vinogradov et al., 2019). Macrocyclization reduces the conformational
freedom of peptide derivatives and helps to pre-organise to a favourable
orientation for binding, reducing the entropic cost of binding (Buckton et al.,
2020; Vinogradov et al., 2019). Furthermore, macrocyclization may also help to
improve other pharmacokinetic considerations such as membrane permeability

and metabolic stability (Cary et al., 2017; Vinogradov et al., 2019).

Hence, in this section, we seek to understand how does bZiPro interact with two
series of macrocyclic peptides and explore their inhibitory potency against the
viral protease.

3.2.1 Structural characterization of cyclic peptidomimetics inhibitors

generated via click reaction involving cysteine and activated nitriles

In the first series, the cyclic inhibitor was generated via a head-to-side chain
cyclisation method involving an N-terminal cysteine residue and the unnatural
amino acid 3-(2-cyano-4-pyridyl)-alanine (Cpa) (Table 3.2.1). The inhibitor is
synthesized by Nitsche’s Lab, ANU. Protease inhibition assay was carried out and
it was revealed that the cyclic peptide 1b was highly potent with a K; value of
0.14 uM (Figure 3.2.1B). The enzymatic cleavage of the cyclic peptide 1b is
extremely slow, although it resembles the substrate sequence, which could be
likely due to the conformational rigidity of the inhibitor. It took around 20 h of
incubation for half of cyclic peptide 1b to be cleaved into the linear peptide 1c

by bZiPro (Figure 3.2.1D). The experiments are carried out by Nitsche’s Lab, ANU.
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Table 3.2.1. Design and inhibition constant of the peptide inhibitor. The linear peptide
1a underwent macrocyclization to produce cyclic peptide 1b in an aqueous solution (pH
7.5). The cyclic peptide 1b has a K; value of 0.14 uM (The experiments were conducted
by Nitsche’s Lab, ANU.)

Linear peptide Cyclic peptide Ki(bZiPro)

N=
SI N )
la CGKRKSCpa-NH; 1b o_ﬁS—N 0.14 £0.30 uM
T\GKRKS CONH,

Next, to understand the mode of interaction of bZiPro with peptide 1b, a protein
co-crystallisation study was carried out. However, a cleaved product 1c was
observed in the crystal structure (Figure 3.2.1C, Figure 3.2.2 and Table 3.2.3).
Given that peptide 1b has a half-life of 20 h, the cleaved product 1c can be
attributed to the high protease concentration and extended incubation period

under co-crystallization conditions, favouring enzymatic digestion.

The co-crystal structure reveals hydrogen bonding between the C-terminal
carboxyl oxygen atom of the P1 lysine and amide nitrogen of G133 and S135.
The other C-terminal carboxyl oxygen atoms interact with the side-chain
nitrogen of H51. Furthermore, the P1 amide nitrogen also forms hydrogen
bonding with the carbonyl oxygen of G151 and hydroxyl oxygen of S135. The
hydrogen on the side chain amine of the P1 lysine residue interacts with the
side-chain oxygen of D129 and the carbonyl oxygen of Y130. One of the terminal
hydrogens on the side chain of the P2 arginine interacts with the carbonyl
oxygens of S81, G82 (both NS2B) and side-chain oxygen of NS2B D83. Another
hydrogen on the side chain of the P2 arginine is in close contact with the side-
chain oxygen of N152. The P3 lysine carbonyl oxygen and amide NH interact
with the G153 amide NH and carbonyl oxygen respectively. Furthermore, the P3

lysine carbonyl oxygen makes close contact with the hydroxyl group of Y161.
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Superimpositions of the complex with previously reported co-crystal structures
of bZiPro in complex with substrate-derived ligands show similar interaction
networks at P1 and P; position and an overall P1-P3 backbone orientation (Figure
3.2.3) (Phoo et al., 2018). However, instead of having a U-shaped conformation
as previously observed, the main chain residues are directed towards a nearby
hydrophobic groove (Figure 3.2.2D) while the Ps lysine side chain of 1c is

reorientated inwards (Figure 3.2.3).
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Figure 3.2.1. Digested derivative 1c interacting with the bZiPro. (A) Schematic
representation of the enzymatic cleavage of 1b to 1c by bZiPro, with 1b having a half-
life time of around 20 h. The enzymatic cleavage site is coloured in blue. (B) Dixon plot
for macrocyclic peptide 1b and bZiPro, showing peptide 1b as a competitive inhibitor
with a Ki value of 0.14 mM. Error bars indicated one standard deviation. (C) Zoomed

view of the interactions between NS3 and 1c. NS2B and NS3 are represented as
cartoons and coloured in magenta and yellow, while the 1c is represented as green
sticks. The residues involved in interactions with 1c are also labelled and shown as sticks.
(D) LC-MS chromatogram and corresponding mass spectra of 1b after 20 h of
incubation with 1% bZiPro. Around 50% of 1b was enzymatically cleaved into 1c after
20 h of incubation. (The chemical synthesis, inhibition assay and LC-MS analysis were
conducted by Nitsche’s Lab, ANU.)

112



Figure 3.2.2. Crystal Structure of inhibitor 1c in complex with bZiPro (A) Crystal
structure of Zika virus protease NS2B-NS3 (bZiPro) in complex with peptide 1c (PDB
code: 6JPW). NS2B and NS3 are represented as cartoons and coloured in magenta and
yellow, while the 1c is represented as green sticks. (B) Omit map (mFo-DFc) of 1c with
bZiPro coloured in green and contoured at 3c. (C) The electron density map (2mFo-Fc)
of 1c is coloured in blue and contoured at 1c. (D) Hydrophobicity map of bZiPro in
complex with 1c. The hydrophobic regions are coloured in red. 1c is shown as sticks.

Figure 3.2.3. Comparison of co-crystal structures of peptide inhibitors in complex with
bZiPro. (A) Superimposition of the structure of bound 1c (PDB code: 6JPW) and the
peptide TGKR (carbons in cyan) (PDB code: 5GJ4). (B) Superimposition of the structure
of bound 1c (PDB code: 6JPW) and the bound inhibitor 4-guanidinomethyl-
phenylacetyl-Arg-Arg-Arg-4-amidinobenzylamide (carbons in orange) (PDB code: 5Z0OB).
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Enzymatic cleavage product that remains bound to bZiPro was also observed for

other linear substrate-derived peptides (Phoo et al., 2018).

The cyclic bZiPro peptide 1b binds with high affinity to the protease, has a long
half-life of 20 h and remains bound with extensive binding interactions with the
protease even after cleavage, displaying promising features for lead

compounds.

Thus, using peptide 1 as a lead, peptide 2 - 5 with different linkers, containing
either Dap, Dab, Orn or Lys, were designed for further SAR study. Additionally,
to simplify the chemical synthesis method, the C-terminal Cpa group was
replaced with 2-cyanoisonicotinamide (CINA) (Table 3.2.2). The chemical

modifications are performed by Nitsche’s Lab, ANU.

To compare the differences in inhibition potential contributed by the linker,
inhibition assays were carried out. All of the cyclic peptides act as competitive
inhibitors of bZiPro (Table 3.2.2). Derivative 2b with the shortest linker displays
a significantly high affinity with a K; of 0.64 uM. Interestingly, although peptide
2b and 3b only in one methylene group, there is a stark difference in inhibition
potential. Peptide 2b with a Dap-based linker displayed more than 20 times
stronger inhibitory activity than analogue 3b with a Dab-based linker. This result
suggests that cyclisation linkers are important in mediating the pre-
conformation for binding to maximize affinity. In our study, the most
constrained peptide with the shortest linker has the highest inhibitory activity.
Although the higher inhibitory activity can also be contributed to the Dap

chemical group in 2b, an isostere of serine, facilitates binding to the S1’ pocket.
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Table 3.2.2. Sequences and inhibition constant of investigated peptides 2 - 5. The
linear peptide sequence before macrocyclization and chemical structure of the cyclic
peptide inhibitors after macrocyclization are shown respectively. The CINA group is
highlighted in blue while the P1’ groups are highlighted in red. The inhibition constant
of the cyclic inhibitors and linear peptide 2c are also indicated. (The experiments were
conducted by Nitsche’s Lab, ANU.)

Linear peptide

Cyclic peptide

Ki(bZiPro)

2a CGKRK-Dap (CINA)-NH,

3a CGKRK-Dab (CINA)-NH,

4a CGKRK-Orn (CINA)-NH,

5a CGKRK-Lys (CINA)-NH;

L~
2b 07 N HN

3b Arg NH o N0

4b

5b AT

NH, Lys

0.64 £ 0.01 uM

14.3 +0.70 pM

1.76 £ 0.31 uM

7.24+0.34 uyM

Linear peptide

Ki(bZiPro)

2c I I

[H-Dap(CINA)-NH:] Cys-Gly-Lys-Arg-Lys-OH

50.2 + 1.20 M
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Next, a co-crystallization study was carried out to study the SAR. Like 1b, we
observed the enzymatic cleaved linear derivative 2c in complex with bZiPro
instead of 2b (Figure 3.2.4 and Figure 3.2.5). Derivative 2c resulted from the
enzymatic cleavage between P1 Lys and Pi’ Dap(CINA) of 2b, which further

suggests the Dap-based residue is capable of acting as a serine isostere in P1’.

To verify that the inhibition activity is from the cyclic peptide 2b not by the
hydrolyzed product 2c, inhibition assay was carried out using the chemically
synthesized 2c and we found a K; value of 50.2 uM, which is around 78 fold
weaker than the cyclic analogue 2b (Table 3.2.2). Furthermore, proteolytic
stability of 2b was also examined with 0.1% bZiPro. After 8 h incubation, only a
minor amount of the cleaved product 2c was observed (Figure 3.2.4B), further
demonstrating that the K; value of 0.64 uM arises from the un-cleaved
compound 2b. Thus, as observed with peptide 1b, the appearance of cleaved
product 2c in the crystal structure can be attributed to the high protease
concentration and extended incubation period under co-crystallization

conditions, favouring enzymatic digestion.
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Figure 3.2.4. Digested derivative 2c interacting with the bZiPro. (A) Schematic
representation of the enzymatic cleavage of 2b to 2c by bZiPro. The enzymatic cleavage
site is coloured in blue. (B) LC-MS chromatogram and corresponding mass spectra of
2b after 8 h incubation with 0.1% bZiPro. (C) Zoomed view of the interactions between
NS3 and 2c. NS2B and NS3 are represented as cartoons and coloured in magenta and
yellow, while the 2c is represented as green sticks. The bZiPro residues involved in
interactions with 2c are also labelled and shown as sticks. (The inhibition assay and LC-
MS analysis were conducted by Nitsche’s Lab, ANU.)

Figure 3.2.5. Crystal Structure of inhibitor 2c in complex with bZiPro. (A) The electron
density maps (2mFo-Fc) of 2cis represented as blue mesh and contoured at 1 0. (B) The
omit map (mFo-DFc) of 2c is represented as green mesh and contoured at 3 o.
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In a single asymmetric unit of the crystal structure, there were four bZiPro
molecules. 2c was found in one of the molecules while residues K14 to E17 from
another molecule was bound to the active site of the neighbouring NS3
molecule in reverse orientation, occupying the S4 to S1 pockets of bZiPro as
observed in a previously reported structure (Zhang et al., 2016). The peptide 2¢
adopts a similar binding mode as peptide 1c, showing similar P; and P;
interactions and P1-Ps; backbone conformations with a flipped P3 lysine side

chain (Figure 3.2.6).

Figure 3.2.6. Comparison of co-crystal structures of peptide 1c and 2c in complex with
the Zika virus NS2B-NS3 protease (bZiPro). Superimposition of the structure of bound
2c (PDB code: 7DOC) (carbons in green) and peptide 1c (PDB code: 6JPW) (carbons in
cyan).

118



Table 3.2.3. X-ray data collection and refinement statistics

Data collection
statistics

bZiPro + Peptide 1C

(PDB Code: 6IPW)

bZiPro + Peptide 2C
(PDB Code: 7D0OC)

Wavelength (A)
Resolution range l[f'x}l

Space group
Unitcell a, b, c
o, B, 7 (A) (9
Total reflections

Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma (I)
Rrerge

R-meas

R-pim

CC1/2

Ccc*

Refinement statistics

Reflections used in
refinement
Reflections used for R-
free

anrk

Rfree

Number of non-
hydrogen atoms
macromolecules
ligands
solvent
Protein residues
RMSD (bonds) (A)
RMSD (angles) (%)
Ramachandran favored
(%)
Ramachandran allowed
(%)
Ramachandran outliers
(%)
Rotamer outliers (%)
Clashscore
Average B-factor
macromolecules
ligands
solvent

0.95373

46.1-1.951(2.021- 1.951)

P212121

60.107, 60.473, 215.488, 90,

90, 90
779343 (65254)

57901 (5412)
13.5 (12.1)

99.41 (94.30)
20.77 (3.73)
0.09683 (0.6722)
0.1007 (0.702)
0.02738 (0.1986)

0.999 (0.839)
1 (0.955)

57868 (5394)
1997 (188)

0.2068 (0.2755)
0.2489 (0.3089)
6461

5720
177
564
773
0.006
1.18
97.09

2.64
0.26

0.69

0.88

34.59
33.05
48.66
45.79

0.95372
45.63 - 1.904 (1.972 -
1.904)

P212121

59.15 59.61 215.07 90 90

90
798071 (71537)

60261 (5640)
13.2 (12.7)
99.39 (94.08)
12.20 (2.01)
0.1312 (0.8121)
0.1365 (0.8459)
0.03716 (0.2344)

0.997 (0.925)
0.999 (0.98)

60243 (5630)
2981 (281)

0.2092 (0.2947)
0.2286 (0.2750)
5928

5501
56
371
765
0.004
1.06
96.11

3.76
0.13

0.00

16.95
45.77
45.19
69.21
50.88

Statistics for the highest-resolution shell are shown in parentheses.
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3.2.2 Structural characterization of cyclic peptidomimetics inhibitors

generated via reversely incorporated lysine or ornithine residues

The second series of cyclic inhibitors were designed and synthesised using an
alternative method. Macrocyclization occurs via using a lysine or ornithine
mimetic compound as the P1 residue. The inhibitor is synthesized by the
Steinmetzer’s Lab, PU. The compound can be reversely incorporated where the
side chain amino group forms a peptide bond with the P2 residue and the a-
amino group exists as a free guanidine. Such structures would enable the
carboxyl group to be available for macrocyclization to a P4 residue via a linker

segment.

Firstly, the series of inhibitors were generated using 4-aminomethyl substituted
phenylacetyl (Phac) moiety as the P4 residue and y-aminobutyric acid (GABA) as
the linker segment (Table 3.3.1). To determine the binding mode of the
inhibitors to the protease, co-crystallization studies were conducted. In this
series, the crystal structures of bZiPro in complex with inhibitor 1 and 3 were
determined (Figure 3.3.1). Based on the structure of inhibitor 1, only one
nitrogen of the P1 guanidino group was interacting with the side chain of

Asp129 (Figure 3.3.1A).

In contrast, the co-crystal structure of bZiPro-inhibitor 3 showed an improved
interaction network between the P1 guanidino group and the side chain of
Asp129, the P1 guanidino group also formed additional interaction with Gly159
(Figure 3.3.1B). The conformation of the inhibitor was also further stabilized by

an intramolecular hydrogen bonding between the P1 guanidine and the P4
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carbonyl oxygen. Furthermore, the P4 residue acted as a hydrophobic shield and
help to displace competing water molecules from disrupting the electrostatic
contacts between the inhibitor and Asp129. The structure also revealed a
relatively long linker segment, which prompts the further optimization for a

more constrained conformation.

To examine the role of the guanidino group on the binding affinity, amino
analogues 5 and 6 were also been prepared as reference compounds. Both
amino compounds displayed poor potency, indicating the importance of the P1

guanidino moiety in establishing interaction with the protease (Table 3.3.1).

To optimize the linker region, a series of meta-substituted Phac inhibitors were
synthesized (Table 3.3.2). The direct analogue meta-substituted inhibitor 7 was
found to have more than 10 times improvement against bZiPro than inhibitor 3.
Subsequently, the replacement of the GABA linker by shorter linkers such as 3-
alanine or glycine leads to the improvement of the inhibition potency of
inhibitor 8 and 9. Particularly, inhibitor 9 was the most potent inhibitor
displaying K; values ranging from 1.6 nM to 142 nM against the various tested

viral protease.
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Table 3.3.1. Chemical formulas and inhibition constant of the 4-aminomethyl-phac-
derived inhibitors. The chemical structure at the top is the generic chemical structure
of the 4-aminomethyl-phac-derived inhibitors series. The different P1 residues are
shown as a box and illustrated in the table. The inhibition constants against various viral
proteases are also indicated. (The chemical synthesis and inhibition assay against WNV
protease were conducted by Steinmetzer’s Lab, PU.)

(e]
E/ HN o
R
[¢]

Ring p1 K (uM)
size bZiPro WNYV protease bD4Pro
(0]
* +
1 26 N 0'3%286‘ 6.30 +0.49 11.0+ 1.0
NH
(0]
2 25 \Hm w N 0846:0111  27.8:44 117 £5
NH
(0]
o +
3 2 A 0.0701 + 497+0.50  4.73%0.50
N N 0.0092
NH
(0]
a4 25 \ﬁﬂﬂ 3.61+1.33 22.0+4.0 60.5+5.7
NH
(0]
5 26 WN 247472 68.1£5.0 94.5+11.6
NH, H
(0]
6 25 > v 13.2+1.7 31.7+3.6 30.6 +3.9
NH,

However, further shortening of the linker using 3-amino-Phac in combination
with glycine, lead to a significant decrease in the inhibitory potency of inhibitor
10. Subsequent attempts to restore potency by using the longer -Alanine or
GABA instead of glycine to the 3-amino-Phac residue, only resulted in a minor
improvement for inhibitors 12 and 13. This suggests that both the number of
linker atoms as well as the proper positioning of the peptide bond can influence
the inhibitory potency. Surprisingly, the shortest analogue 11 displays a
relatively strong potency.
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Figure 3.3.1. Crystal Structure of the 4-aminomethyl-phenylacetyl-derived inhibitors.
(A) Zoomed view of the interactions between bZiPro with inhibitor 1. NS2B and NS3 are
represented as cartoon and coloured in magenta and grey, while inhibitor 1 is

represented as yellow sticks. Selected bZiPro residues involved in interactions with

inhibitor 1 are also labelled and shown as sticks. Water molecules are represented as
red spheres. (B) Zoomed view of the interactions between bZiPro with inhibitor 3. With
the incorporation of a P1 residue in R-configuration, more extensive interactions were

observed between the P1 guanidine and Asp129.

A crystal structure was also solved for bZiPro in complex with inhibitor 9 (Figure

3.3.2). The mode of interactions of the P1 — P3 residues are similar to the

interactions observed for the complex with inhibitor 3.
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Table 3.3.2. Chemical formulas and inhibition constant P4 meta-substituted Phac-
residue inhibitors. The chemical structure at the top is the generic chemical structure
of the P4 meta-substituted Phac-derived inhibitors series. The different P4 linker
residues are shown as a box and illustrated in the table. The inhibition constants against
various viral proteases are also indicated. (The chemical synthesis and inhibition assay
against WNV protease were conducted by Steinmetzer’s Lab, PU.)

HN___NH,
NH
Ring . Ki (nM)
size Linker bZiPro WNYV protease bD4Pro
H (o]
7 25 oj”vg\** 433+0.35 702 + 83 286+ 9
'i!tw 3
H (o]
8 24 ojN@* 3.88+0.81 374+ 44 182+5
'l_i"l\‘”m 2
H (o]
9 23 OTN@* 1.5740.32 138 +31 14210
2L
o o
10 22 HLQQ\)* 1420+270 476002500 60600 + 5300
WEE
(e}
11 20 : 37.3+47 153004800 128050
__._TE
1O
12 23 (N + 80.2%9.7  4280+310 7960550
Mlllj
(o] o
13 24 W)*gg\)* 106429  16500+4600 5800 + 360
WEE
H [e)
14 23 ?;r”w* 182+51  1390+320 3600 * 380
O Hm
15 23 [ * 3.52£1.09 23721 12544
HN
ke
o Hm
16 23 © 428422  6710£320 2810+ 180
HN r
ke
o Hm
17 23 " 7.74£0.66 439+ 28 486 £ 27
T
H\/@\i*
18 23 17.7£0.5 850 * 68 4080 * 260

3 O
e
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Figure 3.3.2. Crystal structure of bZiPro in complex with inhibitor 9 Zoomed view of
the interactions between bZiPro with inhibitor 9. NS2B and NS3 are represented as
cartoon and coloured in magenta and grey, while inhibitor 9 is represented as yellow
sticks. Selected bZiPro residues involved in interactions with inhibitor 9 are also labelled
and shown as sticks. Water molecules are represented as red spheres. (A) bZiPro in
complex with inhibitor 9 is represented in surface with NS2B in pink and NS3 in grey.
The omit map (mFo-DFc) is represented as green mesh and contoured at 3 o. The
interaction networks for the P1 guanidine, P2 Lys and P3 Lys are shown in panel B, C
and D respectively. Two conformations were observed for NS2B residues Asp83 and
Ser85.
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Two other crystal structures were also solved for bZiPro complexes with the
inhibitors 7 and 8. The elongated inhibitors were observed to have a widened
backbone conformation. For inhibitor 7, the P4 phenyl ring was observed to
have a significant 1.4 A displacement from that of analogue 9. Else, the P1

guanidino groups assume an exact position in all three structures (Figure 3.3.3A).

Alanine or p-Alanine as well as Valine and p-Valine (14-17) were also used to
replace glycine in inhibitor 9. For both pairs, the R-configured linker residue
displayed a stronger potency. However, inhibitor 9 remains to be the most
potent among these analogues and the D-Proline derivative 18. Based on the
structural analysis of bZiPro in complex with the alanine and p-Alanine inhibitors
14 and 15, the side chains of the linker residue were observed to orientate
toward the solvent and does not form any interactions with bZiPro. The binding
mode remains the same as compared to inhibitor 9. However, for inhibitor 14,
there is a shift of the carbonyl group by 1.5 A (Figure 3.3.3B). In turn, the P4 aryl
ring was also displaced. These differences may account for the decreased

potency of the inhibitor 14 as compared to 9 and 15.

Two additional analogues based on inhibitor 9 were also designed (Table 3.3.3).
For inhibitor 19, the P1 amino group displayed dramatically reduced potency
with Ki values of 23 to 282 uM against the tested proteases. Similarly, when a
urea moiety (-NHCONH;) was used at the P1 position, inhibitor 20 also showed

a reduced potency of 12 to 135 uM.
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Aspl29
14 (with L-Ala) M

Figure 3.3.3. Comparison of co-crystal structures of cyclic peptide in complex with the
bZiPro The inhibitors are illustrated as sticks. The differences in distances are
represented as lines and given in A. (A) Superimposition of the structure of bound
inhibitor 9 with analogues 7 and 8. (B) Superimposition of the structure of bound
inhibitor 9 with inhibitors 14 and 15.

Table 3.3.3. Chemical formulas and inhibition constant of compound 9 analogues. The
chemical structures of the compound 9 analogues are illustrated. The inhibition
constants against various viral proteases are also indicated. (The chemical synthesis
and inhibition assay against WNV protease were conducted by Steinmetzer’s Lab, PU.)

No. Ki (kM)
bZiPro WNV protease bD4Pro
NH,
(0]
N—©)
19 OTNH Ve 23 99 282

0.

NH MNHZ
NH

OW

NH,
NH,

20 T ) 12 68 135
NH OQ\/\/\NHZ

127



The subsequent modification includes using linear amino acids to replace the P4
aryl ring, which contributed seven atoms to the backbone of the inhibitor (Table
3.3.4). Inhibitor 21, which contains five atoms long GABA residue, were found
to have the weakest potency. The GABA residue might not be long enough for
cyclization. Subsequent stepwise elongation using 5-aminovaleric acid or 6-
aminocaproic acid significantly restored potency, however, the potency of the
more rigid compound 9 is still approximately 10-fold better than inhibitors 22
and 23 against bZiPro. An additional peptide bond was proposed to stabilize the
inhibitor conformation. Hence, various combinations of glycine and [3-Alanine
residues were used to replace the aliphatic amino acid (24-27). Interestingly,
inhibitor 25 possesses a comparable potency to inhibitor 9 against bZiPro and

even a slightly stronger potency against WNV protease.

The crystal structures for the two most potent inhibitors with P4 aliphatic amino
acids, inhibitor 24 and 25, were also determined (Figure 3.3.4). As observed with
the other inhibitors, the binding mode of P2 and P3 residues remains similar to
inhibitor 9. However, the conformation of the linker segment differs
significantly depending on the length of the carbon atoms of the linker. In
inhibitor 24, the shortening of the linker by one atom leads to a rotation of the
P3-P4 amide bond by nearly 180°, leading to a loss of the intramolecular
hydrogen bond between the P1-guanidine and the P4-carbonyl oxygen (Figure
3.3.4A). While for inhibitor 25, with the same number of carbon atoms as
inhibitor 9, the intramolecular hydrogen bond is maintained (Figure 3.3.4B).
Interestingly, in inhibitor 25, all the three carbonyls of the linker point toward

the same nitrogen of the P1 guanidino group, forming a chelate-like structure
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(Figure 3.3.4B). However, in doing so, it results in a slight lengthening of both

salt bridges to D129.

Table 3.3.4. Chemical formulas and inhibition constant of P4 aliphatic amino acids

inhibitors. The chemical structure at the top is the generic chemical structure of the

P4 aliphatic inhibitors series. The different P4 linker residues are shown as a box and

illustrated in the table. The inhibition constants against various viral proteases are also

indicated. (The chemical synthesis and inhibition assay against WNV protease were

conducted by Steinmetzer’s Lab, PU.)

HN_ _NH,
NH
Ring . Ki ()
No. size Linker bZiPro WNV protease bD4Pro
(o]
H
o N\/\)J\
21 21 T * 124+8 6700 + 520 6090 + 470
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PN S
O N
22 22 T 2 16.7+3.4 1220+ 20 1120 + 50
I:Ijlm
o
O N
23 23 T s 15.4+2.6 973 + 173 1990 + 90
I:LTW
H\i
(o] N *
24 22 T Hﬁof 3.74+0.20 129+ 7 378 +27
I:I“Tm
H\)?\ /\i
(@] N
25 23 T N * 1.72+0.03 68.6 +13.1 160 +5
HN
o R T
26 23 T VWOT * 7.35+0.39 468 +3 815+ 79
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(o] H\)k
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27 23 ﬁﬁﬁg ' 12.8+05 974 + 134 2720 +190
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i D129 Vs D129

Figure 3.3.4. Crystal structure of bZiPro in complex with P4 aliphatic amino acids
inhibitors (A) bZiPro in complex with inhibitor 24. (B) bZiPro in complex with inhibitor
25. bZiPro is represented in surface with NS2B in pink and NS3 in grey while the
inhibitors are illustrated as green (24) and orange (25) sticks. Polar contacts of the P1
guanidines are presented as black dashed lines (distances in A).

Four linear reference compounds were prepared to explore the effect of
cyclization on inhibitory efficacy (Table 3.3.5). Inhibitor 28 is more than 1000-
fold weaker than analogue 9 against bZiPro. The reduction in potency was
hypothesized to be due to the increased conformational flexibility, but also by
charged P1 carboxyl group, which is near Asp129 in the S1 site. By changing to
anon-charged amide analogue 29 or acetylated compound 30, a more than 100-
fold improved potency was observed. Finally, the complete removal of the -NH-
CO- segment of inhibitor 9 generated the derivative 31. Upon binding to the
protease, the increased flexibility of the homoagmatine group would contribute

to a stronger entropic penalty resulting in reduced potency.
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Table 3.3.5. Chemical formulas and inhibition constant of linear inhibitors. The
chemical structure at the top is the generic chemical structure of the linear inhibitor
series. The different P1 residues of the inhibitors are shown as a box and illustrated in
the table. The inhibition constants against various viral proteases are also indicated.
(The chemical synthesis and inhibition assay against WNV protease were conducted by
Steinmetzer’s Lab, PU.)

NH,
¢ 1% g 8
Ho g \H

NH,
Ki (nM)
No. R P1
° bZiPro WNV protease bD4Pro
NH
A 75000 +
28 H-Gly e N2 2040+600 51600 + 700 -
ﬁuw% 3400
NH

L
29 H-Gly Ale N2 136426 1550 + 380 775 + 47
ﬁHWrNHz
NH

BS
30 Ac e N2 948+0.61 1480 + 100 1210 + 90
fi\u/\/\/ggNHz

NH 18100 +
31 Ac ANWNXNH 88.2+3.8 4940 + 530 8100
N N 2 1200

From the study, 24 inhibitors were found to have Ki values of less than 1 uM
against bZiPro. Generally, these inhibitors are about 55- to 200-fold weaker
against WNV protease and bD4Pro respectively. The difference in potencies
could be because of the different NS2B residues at position 83; Asp83 in ZIKV,
corresponding to Asn84 in WNV and Thr84 or Ser84 in DENV1-4. ZIKV Asp83 has
previously been suggested to interact with P2 Lysine or Arginine of substrate-
analogue inhibitors. Nevertheless, the inhibitors show a strong correlation
potency ranking across the flaviviruses (Figure 3.3.5). This trend can be
attributed to the rather conserved active site architecture across the flaviviruses
protease, suggesting that the current macrocyclic inhibitor design can serve as

a basis for future pan-flavivirus protease inhibitors development.
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Figure 3.3.5. Correlation of the pK; values across flaviviruses Correlation of the pK;

values for the inhibition of bZiPro and the (A) WNV protease or the (B) bD4Pro for the
top 24 inhibitors with Ki values of less than 1 puM against bZiPro. The pK; against
bZiPro/WNV protease and bZiPro/bD4Pro displayed a strong positive correlation of
0.98 and 1.05 respectively. The inhibitors displayed around 55-fold (10%74) or 200-fold
(10%3%) weaker activity against WNV protease and bD4Pro as compared to bZiPro.

Next, we seek to investigate the antiviral activity of the 2 most potent inhibitors,
inhibitor 9 and 25. For the initial screening, A549 cells were infected using ZIKV
luciferase reporter virus with an initial inhibitor concentration of 20 uM.
Ribavirin, a nucleoside inhibitor, was used as the positive control at a
concentration of 100 uM. The luciferase activities were measured 48 hours
post-infection (Figure 3.3.6A). A reduction in luciferase activity was only
observed for inhibitor 9. Thus, we proceed to evaluate if inhibitor 9 resulted in
any cellular cytotoxic effect (Figure 3.3.6B). No cytotoxic effect was observed

after 48 hours with inhibitor concentration up to 80 uM.

Subsequently, plaque assays were conducted to examine if inhibitor 9 resulted
in any reduction in virus titers (Figure 3.3.6C). A549 cells were infected by the
French Polynesia ZIKV strain H/PF/2013. At 24 h p.i., a slight reduction of the
virus titers has been observed in the supernatants, but not with the cell lysate.

However, no significant differences were observed 48 h p.i.
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Lastly, the effect of inhibitor 9 on the expression of ZIKV proteins was also
examined. Immunofluorescence microscopy analyses using ZIKV NS1 (green)-
and E (red)-specific antibodies revealed that inhibitor 9 did not affect the

number of ZIKV-infected cells as compared to the DMSO-treated control (Figure

3.3.6D).
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Figure 3.3.6. In vitro antiviral activity of inhibitor 9(A) Antiviral testing using a ZIKV
luciferase reporter virus. A549 cells were infected with the ZIKV luciferase reporter
virus in the presence of the protease inhibitors (20 uM) and ribavirin (100 uM) was as
reference compound. At 48 h p.i. luciferase activity was determined. The results are
described as means = SD from at least five independent experiments. The statistical
significance was compared to the DMSO control group. ** =p > 0.01; **** = p > 0.0001.
(B) Cell cytotoxicity assay. A549 cells were treated with different inhibitor
concentrations for 24 and 48 h. The relative metabolic activity was determined using
the PrestoBlue™ cell viability reagent. DMSO, Triton-X 100 (1 %) and cycloheximide
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(CHX, 0.1 %) served as controls. All relative values were normalized to the DMSO
control. The results are presented as means + SD from at least two independent
experiments. (C) Inhibition of ZIKV propagation. The number of intracellular and
extracellular plaque-forming infectious viruses after treatment with inhibitors 9 (80 uM)
was determined 24 and 48 h p.i. by plague assay. The results are presented as means +
SD from at least three independent experiments. All relative values were normalized to
the DMSO control. (D) Influence on ZIKV proteins after treatment with inhibitor 9. A549
cells were infected with the ZIKV French Polynesia strain (H/PF/2013) at an MOl of 1 in
the presence of the inhibitors at 80 uM or DMSO (0.8 %) as control. The cells were fixed
with 4 % formaldehyde 24 and 48 h p.i. and analyzed using NS1- (green) and E (K87)-
(red) specific antisera. Nuclei were visualized with DAPI (blue). The images were
obtained using the Leica Stellaris 8 System at 40X Magnification. (The experiment is
conducted by Steinmetzer’s Lab, PU)
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Table 3.3.6. X-ray data collection and refinement statistics.

Data Collection Statistics 1 3 7 8 9 14 15

PDB: 6KK2 PDB: 6KK3 PDB: 6KPQ PDB: 6KK4 PDB: 6Y3B PDB: 6KK5 PDB: 6KK6

Wavelength (A) 0.95372 1 0.97924 0.95373 0.9184 0.97924 0.95373

Beamline ALS, MXII TPS, 05A SLS, PSIII ALS, MXII BESSY, MX SLS, PSIII ALS, MXII

14.1

Detector ADSC MX300HS PILATUS 2M-F ADSC PILATUS 6M PILATUS 2M-F ADSC

Quantum 315r Quantum 315r Quantum 315r

Detector Detector Detector

Space group P45;22 P45;22 P45;22 P2:2124 P21212: P45;22 P2:2:2;

Unitcell a, b, ¢ (A) 42.442.4 42.642.6 42.642.6 48.860.483.2 48.660.583.1 425425 48.660.7 83.4

215.7 215.3 214.2 2154

Matthews coefficient (A3/Da) 2.2 2.3 2.2 2.7 2.5 2.2 2.9

Solvent content (%) 44 45 45 55 50 45 57

Resolution range (A) 42.4-2.02 53.8-2.05 42.6 -2.62 41.6-1.74 48.9-1.59 42,5 -2.03 42.0-1.74

(2.10-2.02) (2.12 - 2.05) (2.71 - 2.62) (1.80-1.74) (1.69 — 1.59) (2.10 -2.03) (1.80-1.74)

Total reflections 189875 160734 85505 (8791) 289548 197383 170433 290724

(16956) (16002) (27245) (32248) (16674) (27264)

Unique reflections 13825 (1265) 13375 (1289) 6571 (629) 25939 (2483) 33699 (5398) 13722 (1317) 25997 (2478)

Multiplicity 13.7 (12.8) 12.0 (12.4) 13.0 (14.0) 11.2 (11.0) 5.9 (6.0) 12.4 (12.7) 11.2 (11.0)

Completeness (%) 99.4 (95.2) 99.9 (100.0) 99.8 (99.8) 99.7 (97.4) 99.8 (99.7) 99.8 (99.5) 99.6 (96.2)

Mean I/sigma (1) 35.1(3.0) 10.6 (1.8) 12.1(1.8) 36.0 (7.3) 21.2 (3.1) 18.5(1.8) 21.6(2.8)

Wilson B-factor (A2) 39.7 32.0 52.3 20.8 21.1 39.4 24.2

Rmerge 0.196 (0.593) 0.155 (1.36) 0.192 (1.64) 0.044 (0.336) 0.043 (0.484) 0.091 (1.37) 0.073 (0.912)

CCup2 0.99 (0.96) 1.00 (0.72) 1.00 (0.84) 1.00 (0.96) 1.00 (0.86) 1.0 (0.86) 1.00 (0.83)
Refinement statistics

Resolution range (A) 42.4-2.02 53.8-2.05 42.56 - 2.62 41.6-1.74 48.9-1.59 42.5-2.03 42.0-1.74

(2.09 - 2.02) (2.12 - 2.05) (2.71-2.62) (1.80-1.74) (1.64 — 1.59) (2.10-2.03) (1.80-1.74)

Reflections work 13136 (1204) 12702 (1223) 6225 (595) 24642 (2344) 32014 (3146) 13036 (1249) 24698 (2357)

Reflections free 689 (61) 673 (66) 346 (34) 1297 (123) 1685 (165) 686 (68) 1299 (121)
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Rwork 0.219 (0.235) 0.189 (0.257) 0.218 (0.313) 0.162 (0.212) 0.162 (0.203) 0.198 (0.274) 0.172 (0.225)
Rfree 0.256 (0.298) 0.217 (0.351) 0.246 (0.309) 0.184 (0.243) 0.188 (0.263) 0.231 (0.308) 0.181 (0.255)
Protein residues (NS2B / 39 /156 38 /154 38 /153 39/ 161 38 /159 38 /153 38 /152
NS3)
Inhibitor atoms 47 47 47 46 45 46 46
Water molecules 38 76 4 143 129 51 99
Other ligand atoms 0 0 0 4 11 0 11
RMSD (bonds) (A) 0.008 0.015 0.009 0.017 0.007 0.008 0.007
RMSD (angles) (°) 1.23 1.66 1.38 1.86 0.92 1.25 1.29
Ramachandran favored (%) 96.8 97.3 95.7 96.9 96.4 96.3 97.3
Ramachandran allowed (%) 3.2 2.7 4.3 3.1 3.6 3.7 2.7
Ramachandran outliers (%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Average B-factor (A?) 49.7 36.9 62.8 27.5 30.0 46.9 32.7
Protein 49.2 36.0 62.7 26.5 29.5 46.7 32.1
Inhibitor 65.2 51.2 64.4 18.3 20.0 49.2 22.5
Water molecules 49.2 44.6 53.2 40.0 39.0 50.2 43.2
Other ligands - - - 38.8 40.8 - 58.2

Statistics for the highest-resolution shell are shown in parentheses.
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Data Collection Statistics 24 25
7VLH 7VLI
Wavelength (A) 0.9537 1.000
Beamline ALS MX2 SLS X06DA
Detector ADSC  PILATUS 2M-F

QUANTUM

315r
Space group P4322 P4322
Unit cell a, b, c (A) 40.9, 40.9, 42.5,42.5,
214.4 215.7
Matthews coefficient (A3/Da) 2.1 2.3
Solvent content (%) 41 45
Resolution range (A) 40.26 - 2.62 41.65 - 2.39
(2.72 - 2.62) (2.47 - 2.39)
Total reflections 74659 206864
(7078) (19831)
Unique reflections 6110 (580) 8604 (812)
Multiplicity 12.2 (12.2) 24.0 (24.4)
Completeness (%) 99.4 (98.3) 99.6 (98.7)
Mean I/sigma (l) 16.6 (1.8) 14.5(1.2)
Wilson B-factor (A?) 56.0 48.8
Rmerge 0.132 (1.26) 0.300 (3.65)
CCip2 1.00 (0.95) 1.00 (0.76)

Refinement statistics

Resolution range (A) 40.26 - 2.62 41.65 - 2.39
(2.71-2.62) (2.47 - 2.39)
Reflections work 6087 (579) 8579 (807)
Reflections free 305 (30) 430 (41)

Rwork

0.239 (0.347)

0.230 (0.389)

Rfree

0.289 (0.362)

0.288 (0.442)
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Protein residues (NS2B / 38/153 38 /152
NS3)
Inhibitor atoms 42 43
Water molecules 3 8
Other ligand atoms 5 5
RMSD (bonds) (A) 0.001 0.004
RMSD (angles) (°) 0.53 0.99
Ramachandran favored (%) 96.26 93.55
Ramachandran allowed (%) 3.74 6.45
Ramachandran outliers (%) 0.00 0.00
Average B-factor (A?) 67.0 53.9
Protein 66.7 53.6
Inhibitor 83.1 65.4
Water molecules 61.5 49.9
Other ligands 87.6 71.9

Statistics for the highest-resolution shell are shown in parentheses.
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3.2.3 Discussion

In this section, we report several crystal structures of ZIKV protease in complex
with both cyclic peptidomimetics inhibitors and digested derivatives. The
inhibition potencies of these compounds were also evaluated. For both series
of the cyclic peptidomimetics inhibitors, we demonstrated that the cyclic forms
have a stronger inhibition potency as compared to their linear analogues. The
inhibition constant of peptide 2c is 78 times higher than the inhibition constant
of 2b. While for inhibitor 28 to 31 also showed 6 to 1000-fold weaker in
inhibition potency than inhibitor 9. Thus, showing that a lower entropic barrier

of binding might be an important contributor to its significantly higher affinity.

Furthermore, both series of cyclic inhibitors also show relatively conserved
binding mode to the S1- S3 pockets of the ZIKV protease as compared to
previously solved co-crystal structures with linear peptides (Lei et al., 2016; Li et

al., 2017a; Phoo et al., 2018; Zhang et al., 2016).

From the SAR analysis of both series, we have also observed the size of the cyclic
backbone serves as a key factor influencing the inhibition potential. In the first
series, comparing the inhibition constants of cyclic peptide 2b — 5b, cyclic
peptide 2b displays a significantly higher potency with its smallest 24-
membered backbone. Although peptide 2b and 3b only differ in one methylene,
2b is more than 20 times stronger than 3b. The stronger affinity to 2b can be
partially attributed to the Dap used in 2b is an isostere of serine, allowing it to

fit nicely into the S1’ pocket of the protease’ active site.
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In the second series, the inhibition constants of inhibitors 7-10 demonstrated
that an optimal ring size of 23 atoms displayed the strongest potency against all
three viral proteases. Further truncation beyond the 23-membered ring leads
to a dramatic decline in potency as illustrated by inhibitor 10. Interestingly, for
the cyclic series without the aryl ring (21 — 27), the 23-membered inhibitor 25
also displayed the strongest potency, although further truncation of the ring

was still tolerated for inhibitor 24.

Other than the ring size, the positioning of the amide bond in the connecting
linker segment also influences the inhibitory potency. A 23-membered inhibitor
12, shows a relatively weak inhibition constant of 80 nM against bZiPro. A similar
observation was also noticed between compound 25 and 27, although the

difference in inhibition potency is less significant of 8-fold differences.

Given that DENV, WNV and ZIKV proteases share similar substrate preferences
for basic residues at the P1-P3 position, these macrocyclic inhibitors can serve
as pan-flavivirus protease inhibitors. For the second series, the inhibitors are
about 55- to 200-fold weaker against WNV protease and bD4Pro respectively as
compared to bZiPro. The difference in potencies could be because of the
different NS2B residues at position 83. ZIKV Asp83 was observed to interact with
P2 Lysine or Arginine of substrate-analogue inhibitors. However, the residue
was not conserved, corresponding to Thr84 or Ser84 in DENV1-4 and Asn84 in
WNYV, leading to a lower affinity towards the inhibitors. To improve the potency
of the inhibitors against DENV and WNV protease, specific SAR studies can also

be carried out using DENV and WNV proteases respectively.
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Using peptidomimetics inhibitor designs, only two groups managed to
synthesise inhibitors with antiviral activity ECso value within the micromolar
range (Behnam et al., 2015; Stoermer et al., 2008). Phenylacetyl-Lys-Lys-Arg-
aldehyde displays ECso value of 1.6 uM against WNV infection (Stoermer et al.,
2008). While compound 104 displays ECso value of 3.4 uM against DENV
infection (Behnam et al., 2015). Despite, inhibitor 9 displaying the strongest
inhibition potency to date, with a Kjvalue of 1.57 nM, the cyclic inhibitor was
not able to inhibit ZIKV replication in a cell-based assay. Based on our
understanding of the peptide inhibitors, we can only assume that, despite
macrocyclization, the highly charged amino acid residues still lead to an overall
weak membrane permeability, hampering their antiviral efficacy. Moving
forward, parallel artificial membrane permeability assay should be incorporated
into the inhibitor screening workflow, to assess membrane permeability in

parallel to inhibition efficiency.

Nevertheless, these potent cyclic peptides with their well-resolved bZiPro-
inhibitor complexes provide a basis for future pan-flavivirus protease inhibitors

development.
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Chapter 4: Biochemical and structural characterisation of Flavivirus’

NS5-RNA complex

The Flavivirus NS5 C-terminal RdRp domain plays a critical role in replicating the
viral genome during both de novo initiation and elongation steps. However, the
exact mechanism of nucleotide additional catalytic cycle and the proposed
conformational changes from initiation to elongation phase remains to be
elucidated. Structural studies on catalytically relevant polymerase-RNA complex
will help to understand flavivirus RNA replication, unravel any structural
changes and potential inhibitor allosteric sites formation during various steps of
RNA synthesis. Furthermore, as the NS5 RdRp is highly conserved and does not
have any host homologs, it is an attractive antiviral drug target. By elucidating
catalytically relevant polymerase ternary complexes with their substrates, it will

also aid in the discovery and development of specific competitive inhibitors.

In this chapter, two methods were explored to capture the NS5-RNA complex.
The first method involves designing the RdRp priming loop deletion mutants.
While the priming loop deletion mutants retain their RNA polymerisation
activity, but it does not help in the formation of protein crystals for X-ray
crystallography. The second method involves fusing an RNA binding domain to
NS5 to improve the affinity of RNA binding, and to facilitate the capturing of

RNA at the active site.
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4.1 Crystallization of the DENV NS5 RdRp priming loop mutant-RNA complex

4.1.1 Designs of RdRp priming loop deletion constructs

From the crystal structure of apo dengue NS5 and RdRp, the RNA tunnel was
observed to be too narrow to accommodate dsRNA. The priming loop was
mainly associated to be involved in the formation of the AG dinucleotide primer
in the initiation step of RNA synthesis, the priming loop was hypothesized to
retract and widen the RNA tunnel, as the enzyme transit from the initiation step
to the elongation step of the RNA synthesis. Thus, the priming loop deletion
mutants were conceptualised to accommodate dsRNA for structural study.
Selisko and colleagues also demonstrated that a six amino acids priming loop
deletion mutant has increased catalytic activity, due to the ease of
accommodating dsRNA (Selisko et al., 2012). As such two different priming loop
deletion constructs were generated, APl6aa with deletion from residue 794 to
799 and APl15aa by replacing residue 788 — 804 with two glycines, to capture

the RdRp in complex with RNA during the elongation step (Figure 4.1.1).

A
a30 a3l
DENV3 Q5UB51 00 TT T T 000000000
780 0 800 810 820
WPBERTHWS I HEAGRWMT TEDMLBVWNRVW IEBIN
R TEW S T HEGEEWMT TEDMLVWNR VW I jofaIN

A7s

DENV3_Q5UB51
DENV1_P33478
DENV2_P29990 [ V I
DENV4_Q5UCB8 |CEENBAT EYF ) TISkENT

JEV_P27395 *G SWSIH
WNV_Q90Q6P4 G I
YFV_Q6DV88 SERTIWS T HENESGNIWMT TEDMLIIVWNR VW I SiN

ZIKV_Q32ZE1l

Priming Loop

B

Mtase RdRp
NS5 784  Priming Loop 807
D4R 269  TEWFP TSRTT WSIHA HHQWM TTEDM 893
D4R APl6aa 269 TEWFP TSRT- ----- HHQWM TTEDM 893
D4R API15aa 269 TEWGG ---------- ----- TTEDM 893
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D3R + T4-6 D3R APl6aa + T4-6 D3R API15aa + T4-6

Figure 4.1.1. Dengue RdRp priming loop deletion construct. (A) The primary sequence
conservation of priming loop in the Flavivirus’ RdRps are presented through Espript
(Gouet et al., 2003). The secondary structures are labelled on top of the alighment,
spring icon and (TT) are used to represent alpha helixes and turns respectively. The
amino acid residues which are highly conserved are boxed in red columns, while the
amino acid residues which share similar functional groups are boxed in blue. (B) All the
D4R constructs consist of residue 269 to 893. Residue 794 — 799 were removed in
APl6aa construct while residue 788 — 804 were replaced by GG in the API15aa construct.
(C) The protein structure of D3R was obtained from PDB: 2J7U. The representative
protein structures of the priming loop mutant constructs were modified from PDB:
2J7U. Structures of the RdRp with T4-6 RNA were modelled via structural superposition
using Foot and Mouth Disease Virus polymerase-RNA structure (PDB: 2E9R) in Pymol
(Delano, 2009). The structures are represented in the cartoon. The RdRp is coloured in
blue while the priming loop is coloured in cyan.

4.1.2 Biochemical characterisation of RNA for suitability

Next, different RNAs were tested for their suitability in forming elongation
complex with the RdRp constructs. The designs of the RNAs used in this study
were modified from previously published RdRp-RNA crystal structures of Foot
Mouth Disease Virus, Enterovirus-71 and Poliovirus (Figure 4.1.2A) (Ferrer-Orta

et al., 2007; Gong and Peersen, 2010; Shi et al., 2019).
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The RNAs were assessed for elongation activity by D4R APl6aa (Figure 4.1.2B).

The RNAs were able to be extended by the RdRp, showing suitability for crystal

screening.
A T2-4 I—» Downstream T31/P8 Downstream
5’-AUGGCC3’ r 5'G G
3’-CCGGUA-5’ 5’-UGUUCCGA{3’ GGAGAU ~A
AAA(;(»;’CMCUCUGGACCUCUG AA
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5’-GCAUGGC \I;T
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5'.GCA UGGC(JQ‘:I;” \ UAGAGG 3’-CGAL \,'\JCUCUGGACCUCUGAA
3’-CCGCGGUACG-5’ 5’
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B RNA T24 T2-4 T44 T44 RNA  T4-6 T4-6
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gnt — 11 nt —» .
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Figure 4.1.2. Elongation activities of RdRp using different RNA substrates. (A) The
designs of RNA substrate were modified from previously published RdRp-RNA crystal
structures of Foot Mouth Disease Virus, Enterovirus-71 and Poliovirus. The blue oval
indicates the potential RdRp binding site. (B) 20% UREA PAGE profile to monitor
nucleotide incorporation by D4R API6aa. The reactions without ATP served as negative
controls.

4.1.3 Crystallization of DENV polymerase priming loop mutant-RNA elongation

complexes

The RARp-RNA complexes were assembled in the absence of NTPs or 1 mM
ATP/GTP by incubating the various RdRp protein with the pre-annealed RNA at
a 1:1.2 molar ratio on ice for 1 hour. Slight precipitation was observed and was
clarified by centrifugation before being screened using commercial

crystallization kits.
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Out of all the screening conditions, only 1 condition, Peglon D1, manage to have
plate crystal formation after 14 days in drop containing D4R-T4-6. While for
several conditions, microcrystals formed after 5 days for D4R APl6aa in complex
T4-6 and T4-8 RNAs and 14 days for D4R in complex with T4-6 and T4-8 RNAs
(Figure 4.1.3 and Table 4.1). All the positive hits were illuminated with
ultraviolet light and were confirmed to be protein crystals. Despite various
attempts to optimise the screening conditions, the microcrystals do not increase
in size to proceed for data collection. Unexpectedly, the plate crystal formed in

Peglon D1 cannot be reproduced for data collection.

Table 4.1.1. Crystallization buffer conditions that resulted in microcrystal/crystal

formation. Most of the crystallization conditions produced microcrystals while only
one condition generated protein crystals.

Buffer Condition Crystal Form Protein Construct RNA
Peglon D1 Plate D4R T4-6
PegRx C2 Micro-crystal D4R T4-6
Natrix D7 Micro-crystal D4R T4-6
Index F1 Micro-crystal D4R T4-8
PegRx C2 Micro-crystal D4R T4-8
PegRx D6 Micro-crystal D4R APl6aa T4-6
PegRx G2 Micro-crystal D4R APl6aa T4-6
PegRx C3 Micro-crystal D4R APl6aa T4-8
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B Protein Construct: D4R APl6aa

RNA: T4-6
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Day O Day 5
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Day O Day 5
Figure 4.1.3. Crystals obtained from the screening of DENV-4 RdRp-RNA complexes
(A) Images from screening D4R in complex T4-6 and T4-8 RNAs. (B) Images from

screening D4R APl6aa in complex T4-6 and T4-8 RNAs. The boxed areas were enlarged
and shown on the right.
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4.1.4 Discussion

In this section, we have designed various priming loop deletion mutants. Given
that the priming loop is mainly involved in the initiation stages of RNA
replication, it was expected that the mutants can still participate in the
elongation of the RNA substrate. Next, different designs of RNA were assessed

for their suitability in forming the elongation complex through RNA extension.

The NS5-RNA were mixed directly and used for crystal screening. While
numerous crystallization buffer conditions enable the growth of protein
microcrystals. Buffer optimization did not help in increasing the size of the

crystal formation.

A previous study by Wu et al. shows that the elongation complex formed
precipitation and can be resuspended with a reaction buffer containing 200 mM
NaCl (Wu et al., 2020). This suggests that the precipitants formed during the
incubation consist of an active elongation complex which was always removed
before crystallization set up. This also suggests that upon RNA binding,
conformational changes occur, and higher salt concentration is essential to

stabilise the complex formation.

Although the priming loop is no longer obstructing the RNA tunnel, the priming
loop deletion mutants might not represent the conformation of the RdRp at the
elongation stage as other global conformational changes could also be expected.

Thus, it might not form a proper protein-RNA complex for crystallisation.
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4.2 Biochemical characterisation of the NS5-U1A fusion protein

To improve the binding affinity of NS5 to RNA, the fusion of an RNA recognition
motif (RRM) to NS5 was hypothesised. Among the protein with known RRM, the
interaction between spliceosomal U1l small nuclear ribonucleoprotein A (U1A)
and the hairpin Il of the U1snRNA was well characterised (Law et al., 2006).
While the U1A protein contains 2 RRMs, the N-terminal RRM was enough for
binding to the hairpin Il with high affinity (Law et al., 2006). Hence, the fusion
protein was designed with the N-terminal RRM of U1A directly fused to the C-
terminal ends of the NS5 protein. The last five C-terminal residues of NS5 were
restored to the NS5 protein to aid in the folding and improve the solubility of

the fusion protein (Figure 4.2.1A).

Next, biochemical assays were conducted to check if the addition of the U1A
motif affected the activity of NS5. Firstly, a polymerase assay was carried out
using T8-11 hairpin RNA. Both the fusion protein and NS5 were able to fully
elongate T8-11 RNA (Figure 4.2.1B). Subsequently, the polymerase assay was
repeated using T8-11 U1A hairpin RNA, which contains a U1A recognition
sequence, AUUGCAC. Interestingly, while NS5 were about to elongate the RNA
from 38 bases to 46 bases, the fusion protein only manages to elongate a
fraction of the RNA, with most of the T8-11 U1A remaining unchanged (Figure

4.2.1C).
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Figure 4.2.1. Biochemical characterisation of the NS5-U1A fusion protein (A) The NS5-
U1A fusion protein design. The N-terminal RRM, residues 1 — 98, were linked to NS5
protein, residues 6 — 900. (B) The polymerisation activity of NS5 protein on T8-11
hairpin RNA. Both NS5-U1A and wild type NS5 were able to elongate T8-11 hairpin RNA
from 31-mer to 39-mer with reference to the 19-19 RNA control. (C) The polymerisation
activity of NS5 protein on T8-11 U1A hairpin RNA. Wild type NS5 can completely
elongate T8-11 U1A hairpin RNA from 38-mer to 46-mer, however, the NS5-U1A only
manage to elongate some of the RNA to 46-mer RNA.

Recently, an EM structure was solved for NS5 in complex with human STAT2
protein (Wang et al., 2020). Hence, instead of X-ray crystallography, we
attempted to capture the EM structure of NS5-U1A fusion protein in complex
with STAT2 and U1A RNA. To purify the triple complex, the NS5-U1A protein
were incubated with the STAT2 and U1A hairpin RNA at a 1:1:1.2 molar ratio on
ice for 1 hour. Subsequently, they were purified using the S200 gel filtration
column. We managed to isolate the triple complex as shown by the shift in the
peak elution volume at 12.5 ml, in contrast to the peak elution volume of 14.1
and 13.2 ml for the individual NS5-U1A and hSTAT2 respectively (Figure 4.2.2).

Comparing the UV250:UV260 ratio, it also indicated a protein-RNA complex. The
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eluted samples were further examined using SDS PAGE and UREA PAGE, which
also shows the co-elution of NS5-U1A, hSTAT2 and T8-11 U1A RNA, indicative of
the complex formation (Figure 4.2.2). Next, to ensure that the triple complex
remains functional, a polymerase assay was also conducted by the addition of
ATP to the eluted sample. The purified complex retains the polymerase activity

(lane 2) as compared to the crude mixture (Lane 3) (Figure 4.2.2C).
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Figure 4.2.2. Purification of NS5-U1A Fusion Protein in complex with T8-11 U1A
hairpin RNA by Gel Filtration (A) S200 purification profile of 0.25 mg Apo NS5-U1A
fusion protein and 0.25 mg hSTAT2 protein. The absorbance at UV2s and UV,so are
represented in red and blue curves respectively. The NS5-U1A has a peak elution
volume of 14.1 ml while hSTAT2 has a peak elution volume of 13.2 ml. SDS-PAGE
analysis revealed protein bands with a molecular weight of 115.4 kDa and 82.5 kDa
which correspond to D3 NS5-U1A and hSTAT2 respectively. (B) S200 purification profile
of NS5-U1A fusion protein in complex with hSTAT2 and T8-11 U1A hairpin RNA. The
triple complex has a peak elution volume of 12.5 ml and the excess T8-11 U1A RNA
eluted at 16.9 ml. SDS-PAGE analysis revealed the co-elution of D3 NS5-U1A and
hSTAT2. (C) Polymerase activities of NS5-U1A protein after gel filtration. Lane 1:
Purified NS5-U1A/hSTAT2/T8-11 U1A hairpin RNA triple complex. Lane 2: Purified NS5-
U1A/hSTAT2/T8-11 U1A hairpin RNA triple complex with the addition of 500uM ATP.
Lane 3: Crude NS5-U1A/hSTAT2/T8-11 U1A hairpin RNA with the addition of 500uM
ATP. Lane 4: Crude NS5/hSTAT2/T8-11 U1A hairpin RNA with the addition of 500uM
ATP.
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Subsequently, cryo-EM imaging was performed on the purified triple complex.
The cryo-EM dataset was only able to process and achieve the highest resolution
of around 7A. Nevertheless, using the recently solved cryo-EM structure of the
ZIKV NS5-hSTAT2 complex (Wang et al., 2020), the NS5 and STAT2 could be
modelled into the low-resolution density map (Figure 4.2.3). However, no extra
density was observed to model both the U1A domain and the RNA. This result
strongly suggests that the U1A domain is flexible and was likely averaged out
during the data processing cycle. Furthermore, despite being able to purify an
RNA bound complex, the RNA-NS5 complex remains unstable to be visualised

under EM.

Figure 4.2.3. Cryo-EM structure of the NS5-U1A-hSTAT2 RNA triple complex. (A) The
cryo-EM density map is represented in surface views. The cryo-EM structure of the ZIKV
NS5-hSTAT2 complex (PDB: 6WCZ) was used as a reference and fitted into the cryo-EM
density map. U1A-RNA structure (PDB: 1URN) was used to model an RNA-bound state
for NS5. The protein structure is represented in the cartoon, with the NS5 is coloured
in blue, hSTAT2 in orange and U1A in pink. (The cryo-EM data collection and processing
are conducted by Dr Zhang Kuo)
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4.2.1 Discussion

In this section, we have introduced an RRM to DENV-3 NS5 protein to improve
its binding affinity to RNA. This approach was successful, and an active protein-
RNA complex was isolated using liquid chromatography (Figure 4.2.2).
Interestingly, while the NS5-U1A fusion protein remains functional with catalytic
activity, it is unable to polymerise all RNA substrates with the U1A recognition
sequence (Figure 4.2.1B & C). This finding may suggest that upon RNA binding
to the U1A domain, the U1A domain could restrict the NS5 protein from binding
and elongate the RNA in cis. However, neighbouring NS5 can still interact and
elongate the RNA in trans. Future experiments to increase the linker length
between NS5 and U1A domain or the use of longer RNA can be considered to
promote the polymerisation of the RNA with the U1A recognition sequence.
Enzyme kinetic studies can also be conducted to assess the influence of RNA

binding and motility on the catalytic rate of NS5.

An article by Bronzoni et al reported that U1A protein interacts with YFV NS5
between residue 431 and 448 (Bronzoni et al., 2011). The interaction residues
show sequence conservation of 71% with DENV-3 NS5, which suggests that U1A
protein may also interact with DENV-3 NS5 protein and position the RNA away
from the active site for polymerisation. As such, other RRMs with no known
interaction with the NS5 protein can also be considered to prevent any

conformation bias introduced due to protein-protein interactions.
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Unfortunately, while we were able to isolate the RNA bound complex, the
interaction to the RNA is still mainly contributed by the U1A domain, the binding
of RNA by NS5 remains unstable for the visualisation of RNA at the RNA tunnel
of the RdRp. As such, other strategies should be explored to lock the RNA into

the RNA tunnel of the RdRp in addition to using RRM to improve affinity to RNA.

Nucleoside inhibitors can be explored to capture the elongation complex
structure. Recently, remdesivir was used to capture the elongation complex

structure of SARS-CoV-2 with double-stranded RNA (Yin et al., 2020)

Alternatively, formaldehyde crosslinking is also commonly used to study
protein-nucleic acid interaction through the formation of a reversible covalent

bonding to form protein-RNA complexes (Hoffman et al., 2015).
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Chapter 5: Biochemical Characterisation of the Minimal Replication

Complex

Several processes of the viral genome replication occur within the replication
complex. Although numerous studies have characterised the individual NS
protein components of the RC as well as the protein-protein interactions
between different NS proteins as discussed in Chapters 1.2.4 and 1.2.5.
However, neither the precise molecular mechanisms of the viral RNA replication
nor the dynamics of these proteins in the replication complex during the
replication process have yet to be fully identified. By understanding the
flavivirus replication complex, it can provide unique insights and develop
alternative target sites to manage the diseases caused by the flavivirus, in
contrast, to directly inhibit the viral enzymatic activities. This is exemplified by
the success of NS4B inhibitors which works by disrupting NS3 and NS4B

interactions.

In this chapter, we developed a simple bacterial reporter assay to identify the
key players involved during negative-sense RNA synthesis. C-terminal NS2B, NS3
and NS5 were identified to be sufficient for negative-sense RNA synthesis from
the assay. Furthermore, we also attempt to reconstitute a minimal active
replication complex for structural study. NS5 and viral RNA can be reconstituted

as a complex in vitro, while NS3 binding is unstable.
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5.1 Assay development to characterise negative-sense RNA synthesis

Currently, the conventional methods of studying the functionality of the
flavivirus replication complex involved the use of replicons or infectious clones.
Furthermore, these methods usually study the viral RNA replication as a whole
process without detailed analysis of the different stages of RNA replication.
Hence, there is a need to develop a robust in-vitro replication system that can
segregate and study the various individual molecular events. In doing so, it can
allow scientists to characterise the dynamic changes from one process to
another as well as the molecular architectures of the replication complex during

the different stages of replication.

In this section, we explored the possibility of a unique assay to study the first
step of viral RNA replication, negative-sense RNA synthesis. The negative-sense
RNA serves as a template for the generation of numerous strands of positive
RNA, for viral translation and the genome of progeny virus. To date, there are
limited studies on the negative-sense RNA synthesis, although mainly NS3 and

NS5 were proposed to be involved in the process.

Hence, we developed a simple reporter assay system in a bacterial system that
aims to identify the viral proteins required to form a minimal functioning
replication complex that are essential for negative RNA synthesis. The bacterial
system was proposed due to the lack of eukaryotic host factors. Furthermore, E.
coli cells are fast-growing and easily manipulated. The design of the reporter
assay is that the ribosome binding site (RBS), start codon and renilla luciferase

gene, are encoded in a reverse complementary direction. In the absence of a
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functional RC, the ribosomes are unable to recognise the RBS in reverse
complementary direction, to translate the mRNA and produce the renilla
luciferase proteins. Only in the presence of an active and functional RC, the
negative-sense RNA will be synthesised and revert the reporter gene in 5’-3’ end
direction for translation. To ensure that the RC will recognise the reporter RNA,
the reporter’s gene is flanked by the 5’ and 3’ UTR of the viral genome. The

design of the reporter assay is illustrated in Figure 5.1.1.

5.1.1 Proof of concept of the reporter assay

To test the concept and functionality of the reporter assay, a native Zika C-
terminal NS2B-5 protein construct was used. It was observed that only E. coli
cells that were transformed with both the reporter plasmid and protein
expression vector plasmid show an increase in luciferase reading (Figure 5.1.1E).
This demonstrated that only in the presence of viral protein, acting as a
functional RC, will the negative-strand RNA encoding the reporter in the correct
orientation be synthesised, allowing the translation of the luciferase protein.
The result verifies that this approach can be used to detect negative-strand RNA

synthesis.
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Figure 5.1.1. Negative-sense RNA synthesis detection using a reporter assay. (A) The
reporter plasmid design. The reporter expression system encodes the ribosome binding
site (RBS), start codon and luciferase gene in a reverse complementary direction that is
flanked by the viral UTR. The whole expression system is under the control of the T7
promoter. (B) The design of the reporter assay with the E. coli cells transformed with
only the reporter plasmid. Upon induction, the positive reporter RNA will be
synthesised. However, as the RBS and start codon are in the reverse complementary
direction, the ribosomes are unable to bind and translate the mRNA to produce the
luciferase protein. (C) The design of the reporter assay with the E. coli cells transformed
with only the plasmid encoding viral proteins. Upon induction, the RNA encoding the
viral proteins will be synthesised. The viral proteins are unable to generate luciferase
readout. (D) The design of the reporter assay. E. coli cells are transformed with plasmid
encoding viral proteins and the reporter plasmid. Upon induction, RNA from both
plasmids will be synthesised. If the viral proteins form a functional replication complex,
it will synthesis a negative-sense RNA using the reporter RNA as a template. The
negative-sense RNA, with the functional element in the 5 to 3’ direction, will
subsequently be translated to produce luciferase protein for luciferase assay
measurement. (E) Native Zika C-terminal NS2B-5 protein construct and the
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luminescence reading generated from 5E9 E. coli cells transformed with different
plasmids. The results are described as means £ SD from at least three independent
experiments. The statistical significance was compared independently to the buffer
control, reporter plasmid only control group, protein-only control group. * =P < 0.05;
** = P < 0.01; non-significance ns= P > 0.05.

5.1.2 Characterisation of the involvement of NS protein during negative-sense

RNA synthesis

Next, we seek to investigate what is the minimal functional unit required for
negative RNA synthesis. 6 different protein constructs containing different

combinations of NS proteins were generated (Figure 5.1.2).

Firstly, since NS3 and NS5 contain all the enzymatic domains of the replication
complex, we wanted to investigate if just NS3 and NS5 will be sufficient to
generate the negative-sense RNA However, from the luminescence reading,
there was no significant increase in luminescence reading compared to the
negative control, indicating that NS3 and NS5 were unable to constitute as a

functional replication complex (Figure 5.1.2A).

Next, we hypothesised that the introduction of membrane regions can help to
localise the proteins onto a membrane, to limit diffusion and promote protein
and RNA interaction. The C-terminal membrane region of NS2B was introduced
into the second protein construct. It was observed that there is an increase in
luminescence reading, indicating the presence of a functional replication
complex (Figure 5.1.2B). NS5 polymerase GNN mutant was also introduced into
the second construct. The mutant eliminates the increase in luminescence

reading, validating the functionality of protein construct 2.
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To test if different membrane regions can also contribute to the formation of an
active replication complex. 4 other constructs with different membrane regions
were designed. Construct 3, 5 and 6 were able to generate a slight increase in
luminescence reading compared to the negative control (Figure 5.1.2C - F).
Surprisingly, construct 3 and 6 were not able to generate luminescence reading
as high as construct 2 even though they contain the protein components found

in construct 2.
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Figure 5.1.2. Different Non-Structural Protein Constructs and negative RNA synthesis
activity. The construct design and luminescence reading from 5E9 E. coli cells are
shown. (A) Construct containing only NS3 with cofactor NS2B and NS5. (B) Construct
containing C-terminal membrane region NS2B, NS3 with cofactor NS2B and NS5. (C)
Construct containing NS2B, NS3 and NS5. (D) Construct containing NS3 with cofactor
NS2B, 2K-NS4B and NS5. (E) Construct containing NS3 with cofactor NS2B, NS4A, 2K-
NS4B and NS5. (F) Construct containing C-terminal membrane region NS2B, NS3 with
cofactor NS2B, NS4A, 2K-NS4B and NS5. The results are described as means + SD from
at least three independent experiments. The statistical significance was compared
independently to the reporter plasmid only control group. * =P <X 0.05; ** =P < 0.01;
non-significance ns= P > 0.05.
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5.1.3 Discussion

Out of the 6 constructs tested, construct 2 (Figure 5.1.2B) produced the highest
luciferase signals, suggesting that the C-terminal membrane region of NS2B is

required for the functionality of the replication complex.

However, even though construct 3 (Figure 5.1.2C) and construct 6 (Figure 5.1.2F)
have similar protein components found in construct 2, it unable to generate
luciferase signals as high as in construct 2. Furthermore, construct 6 is
representative of the native construct used in the validation experiment (Figure
5.1.1E), with differences in codon usage optimisation and the addition of more
affinity tags. This could be because E. coli is incapable of folding the extra
membrane proteins component correctly, suggesting the limitation of this

system.

Interestingly, non-induced samples have a higher signal luciferase signal than
the induced samples. Both the protein and reporter plasmids are under the
control of T7 polymerase. During the non-induced state, leaky expression of the
T7 promoter provides a small amount of both reporter RNA and viral protein
RNA for the reporter assay to function. However, upon IPTG induction, the
reporter plasmid in a high-copy number pUC-57 vector could drive the over-
production of the reporter RNA instead of viral protein RNA for translation. Thus,
in contrast to the non-induced state, viral proteins are produced in a less

optimal state, leading to low readout.
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The reporter system can also be further expanded to detect capped RNAs, which
are foreign in the bacterial system, such as using anti-7-methylguanosine cap

antibody.

Even though, our bacterial reporter system can help to putatively identify the
protein components involved in the negative sense RNA synthesis and allow us
to assemble a minimal functioning replication complex. However, the lack of an
authentic host membrane system might not fully represent the situations found
in infected cells, given the essential role of remodelled ER membrane as the site
of RNA replication. Furthermore, the role of host factors in viral RNA replication
should also be considered. PABPC1 and CDSE1 also bind the vRNA and may be
involved in its translation, synthesis or stability. While the OST complex may
function as a scaffold and act to synchronise RC assembly. Thus to fully dissect
the players in the negative-sense RNA synthesis, this reporter assay can be
systematically carried out in other biological systems, such as cell-free systems
to verify the effects on the addition of membrane and in mammalian cells to

study the influence of host factors.

5.2 In vitro reconstitution of replication complex for structural study

To date, while the protein structures of some of the NS proteins were solved.
We still do not have a clear understanding of the protein arrangement and
stoichiometry of the replication complex. In this section, we aim to perform in
vitro reconstitution of the replication complex, using individually expressed and
purified components of the replication complex, for structural studies. In doing

so, we can identify novel interaction sites for drug targeting.
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A mini genomic viral RNA containing 5’UTR, 3’"UTR and the functional elements,
UAR and CS, of a genomic viral RNA were designed (Figure 5.2.1A). The RNA was
synthesised by in-vitro transcription and purified. Gel electrophoresis reveals a

band size of around 295 bases that correspond to the expected RNA size (Figure

5.2.1C).
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Figure 5.2.1. In-vitro transcription of ZIKV mini-genomic viral RNA. (A) The design of
the ZIKV mini-genomic viral RNA. The linearised and cyclised genomes were shown on
the top and bottom respectively. (B) lon-exchange chromatography purification profile
of in vitro transcript RNA. The absorbance at UV.s0 and UV,go are represented in red
and blue curves respectively. (C) The purity of the eluted peak was analysed with 2%
formaldehyde-agarose gel. The band corresponds to the size of the mini-genomic RNA
of 295 bases.

To reconstitute the replication complex, the components were incubated on ice
and purified using gel filtration chromatography. The gel filtration profiles were
compared to analyse for any changes in peak elution volume to suggest complex
formation. No shift in the peaks was observed for the reaction mixture
containing NS3 and the viral RNA, suggesting that despite NS3 functioning as the
viral helicase, it is unable to bind the mini-genomic RNA (Figure 5.2.2D). On the
other hand, there is a clear shift in peak elution volume for the reaction mixture
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containing NS5 RdRp and viral RNA as well as the mixture containing NS5 RdRp,
NS3 and viral RNA from 11.0 ml to 10.6 ml and 10.7 ml respectively as compared
to their individual protein constituents (Figure 5.2.2E and 5.2.2F). The shift in
peak is indicative of a putative complex formation between NS5 RdRp and the
viral RNA. Despite the addition of NS3 protein, it does not lead to any further
shift in the peak, suggesting that NS3 protein might not bind strongly to the

RdRp-RNA complex.

A ZIKV Mini-genomic RNA B DENV-4 NS3
140 140
120 120
100 11.0 100 141
80 80
2 60 2 0
£ £
40 40
20 20
0 0 I
20 5 10 15 20 25 20 10 15 20 25
Volume/mL Volume/mL
C DENV-4 NS5 RdRp D ZIKV Mini-genomic RNA + DENV-4 NS3
~A0 280 14.0
120
- 230
20 - 180
2 <
< 60 £ 130
£ 11.0
40 80
20 b 30
0 20
20 5 10 15 20 25 10 15 20 25
Volume/mL Volume/mL

E ZIKV Mini-genomic RNA + DENV-4 NS5 RdRp

140

F  ZIKV Mini-genomic RNA + DENV-4 NS3 + NS5 RdRp

140
120 120 10.7
100 10.6 100
- 80 - 80
E 60 <é 60
40 40
20 20
0 e 0
20 5 10 15 20 25 20 5 10 15 20 25
Volume/mL Volume/mL

Figure 5.2.2. In-vitro reconstitution of viral replication complex. (A) Gel filtration
profile of ZIKV mini-genomic RNA. (B) Gel filtration profile of 0.5 mg DENV-4 NS3
protein. (C) Gel filtration profile of 0.5 mg DENV-4 NS5 RdRp. (D) Gel filtration profile
of DENV-4 NS3 with viral RNA. (E) Gel filtration profile of DENV-4 Rdrp with viral RNA.
(F) Gel filtration profile of DENV-4 NS3, NS5 Rdrp and viral RNA. The absorbance at
UVa60 and UVag0 are represented in red and blue curves respectively.

167



Next, to improve the binding affinity of NS3 to the complex, the NS3-NS5 fusion
protein was designed. Multiple rounds of optimisations were carried out to
improve the purity and yield of the full-length fusion protein. Finally, a
phenylalanine mutation at the P1’ residue position was introduced to prevent
the viral protease from cleaving the NS3-NS5 junction. Various affinity tags

pairings were also explored.

As shown in Figure 5.2.2, the presence of NS5 RdRp enables the association
between the viral protein and RNA. The complex formation leads to the
appearance of 2 additional peaks of elution volume of 9.2 ml and 10 ml (Figure
5.2.3D). Negative staining EM imaging was also conducted for the fusion protein
with and without the viral RNA (Figure 5.2.3C and Figure 5.2.3E). However, both

samples were not sufficiently homogenous which impedes further analysis.
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Figure 5.2.3. In-vitro reconstitution of NS3-5-RNA viral replication complex. (A) Gel
filtration profile of ZIKV mini-genomic RNA. (B) Gel filtration profile of 0.25 mg ZIKV
NS3-5 fusion protein. Sample from elution volume 9 to 11 ml were analysed with SDS-
PAGE analysis. A protein band with a molecular weight of 205 kDa corresponds to ZIKV
NS3-5 fusion protein. (C) Representative negative-staining EM image of ZIKV NS3-5
fusion protein. (D) Gel filtration profile of ZIKV NS3-5 fusion protein with viral RNA.
Sample from elution volume 9 to 11 ml were analysed with SDS-PAGE analysis. A
protein band with a molecular weight of 205 kDa corresponds to ZIKV NS3-5 fusion
protein. (F) Representative negative-staining EM image of the peak with an elution
volume of 9.2 ml for the mixture containing ZIKV NS3-5 fusion protein with viral RNA.
The absorbance at UVa60 and UV,go are represented in red and blue curves respectively.
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5.2.1 Discussion

In contrast to the smaller RNA used in chapter 4, RNA remains bound to NS5
and the complex is purifiable using gel filtration liquid chromatography. The
longer viral mini-genomic RNA can establish more charge-charge interaction
with NS5 to form a stable complex. However, more analysis is required to
investigate if the complex formed is of any biological significance, and if the RNA

is binding at the catalytic site.

The inability of NS3 to bind to the mini-genomic RNA can also suggest that NS3
helicase unwind and acts on the double-stranded replication intermediate
instead of the cyclised viral genome. The interaction between NS3 and NS5
might also be more prominent during positive sense RNA synthesis, where the
RNA acts as an anchor bringing both NS3 and NS5 together, with NS3 unwinding

the replication intermediate and NS5 synthesising the positive-sense RNA.

Future in-vitro reconstitution studies should consider the addition of more NS
protein to stabilise the complex formation. Alternative approaches such as using
a cell-free system can also be considered. Using a cell-free system can minimise

the chances of disrupting the replication complex during cell lysis.
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Chapter 6: Conclusion and Future Directions

In this study, we set out to further characterise two attractive viral drug targets,
NS3 and NS5. The flavivirus NS2B-NS3 protease plays an essential role in viral
polyproteins processing and contributes to the host immune evasion
mechanism by cleaving and inactivating host proteins. While the NS5 C-terminal
RdRp domain is crucial for RNA synthesis during viral replication. Together, we
hope to guide the design of antiviral compounds, to target and inhibit the

different stages of the viral life cycle.

6.1 Conclusion

Given the limited numbers of flavivirus NS3 protease-inhibitor complex
structures available as compared to HIV and HCV. We seek to study the
interaction between bZiPro with other molecules to further our understanding
of the substrate-binding site of viral protease. In chapter 3, we solved the crystal
structures of bZiPro with two small fragments molecules, two proteolytic
products of cyclic inhibitors, seven other intact peptidomimetics cyclic inhibitors.
In addition, we also determined the inhibitory potency for the two different
cyclic inhibitor series. The SAR study demonstrated that cyclic inhibitors provide
improved inhibition activity as compared to their linear counterpart and the
backbone ring size is one of the strongest determinants in influencing potency.
By understanding how the different class of small types of fragment molecules
and cyclic peptidomimetics inhibitors binds to the viral protease, it will be useful

for future lead optimisation.
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To aid in the design of specific competitive inhibitors targeting the RdRp, we
attempt to capture the polymerase-RNA complex. In chapter 4, two methods
were explored to capture the NS5-RNA complex, crystallisation of priming loop
deletion mutants of the RdRp and EM imaging of NS5-U1A fusion protein. While
the NS5-U1A RNA complex can be isolated, none of the approaches allows
visualisation of the RNA-RdRp complex, and more optimisations are required to
be carried out to obtain the ternary catalytic polymerase complex with short

RNA.

To gain an understanding of the dynamics of the replication complex, in chapter
5, we developed a simple bacterial system to study the viral negative sense RNA
replication process. Using this approach, we determined C-terminal NS2B region
is integral to promote an active replication complex. In-vitro reconstitution of
the viral replication complex was also carried out. Interestingly, in contrast to
short RNA oligo, NS5 and viral mini-genomic RNA were able to form a stable
complex. However, negative staining EM imaging revealed heterogenous

particles, rendering the sample unsuitable for further structural analysis.

6.2 Future directions and perspectives

Although, we have determined the binding mode of a new class of inhibitors,
cyclic peptidomimetics inhibitors, further optimisations are still required to
improve the proteolytic stability as well as cell-penetrating activity of these
inhibitors. Furthermore, ZIKV protease was used as the basis for the SAR studies,
modifications should be carried on our identified inhibitors to improve their

potency against other flaviviruses for the development of pan-flaviviral

172



inhibitors. In the meantime, structural studies of the protease in complex with
other unique inhibitors should also be ongoing. For example, the binding modes
of many competitive and allosteric inhibitors identified through HTS have yet to
be characterised. In doing so, it will increase our structural database to be
comparable to those of HCV and HIV, having more information to guide the

development of successful protease inhibitors.

Extensive optimisations are needed to capture the NS5-RNA complex structures.
Formaldehyde cross-linking can be explored to stabilise the complex structures

for structural determination.

The bacterial reporter system provides opportunities for further optimisation
and expansion to detect other steps of replication such as positive-sense RNA
replication and viral RNA capping. Given that C-terminal NS2B was found to
participate in negative-sense RNA synthesis, it should be included in future
stepwise in vitro reconstitution of the replication complex. The understanding
of the replication machinery will expand our understanding of viral replication
and identify new protein-protein interactions as targets for antiviral

development.

With all things considered, while DAAs is a proven antiviral therapeutic,
resistance viruses towards DAAs were observed for HCV and HIV (Matthew et
al., 2021). Escape mutants were also observed in the early studies of NS4B
inhibitors. Hence, antiviral development targeting NS3 and NS5 remains
paramount, for the development of antiviral cocktails to target the various NS

proteins (NS3, NS4B and NS5) and prevent the emergence of resistant viruses.
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To circumvent resistance to DAAs, understanding the host-virus interaction can
also reveal potential host targets for drug development. However, drug
development against host targets also faced issues such as off-targeting and
unpredicted side effects. As such, drug screening and viral pathogenesis studies
can be conducted in clinically representative models such as the use of induced
pluripotent stem cells and differentiated organoids. Recently, brain organoids
were successfully employed to study ZIKV infection (Krenn et al., 2021; Pettke

et al., 2020)
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